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2  from HARPER & ROW
I n t r o d u c t o r y  O r g a n i c  C h e m i s t r y  

ROBERT J. OUELLETTE 
Ohio State University

Memorization of reactions has been kept to a minimum in 
this practical organic chemistry text that is especially 
tailored to the needs of nonchemistry majors.

Features: organic examples are used in the introductory 
chapters reviewing general chemical principles; stereo
chemistry is introduced as early as Chapter 4; limited 
spectroscopy sections appear where each method is best 
applied; topics such as gasoline, pollution, leaded gas, 
steroid structures (cholesterol, oral contraceptives, and 
hormones, among others), and the stereochemistry of the 
boll weevil sex attractants, prostagladins, and other sub
jects included have not previously been introduced in 
beginning texts. Solved and unsolved problems; glossary; 
suggested reading. Instructor’s Manual. 1971.
Paper. 429 pp.; $7.00.

O r g a n i c  S p e c t r o s c o p y  

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

PIERRE LASZLO, Institut de Chimie 
Université de Liège, and PETER J. STANG, 
University of Utah

This compact yet comprehensive new text emphasizes the 
physical principles of spectroscopy and its applications to 
modern organic chemistry. The latest developments are 
succinctly introduced, including nuclear quadrupole 
resonance, ion cyclotron resonance, photoelectron spectro
scopy, and C-13 NMR. Intended for a one-semester 
course on the senior or graduate level. Problems; an
swers; solved problems; photographs; graphs; appen
dixes. 1971. 275 pages; $13.95.

For more information on these and 
our other texts write Dept. 275D, 
Harper & Row, Publishers, Ine. 
49 E. 33d St., N.Y. 10016.

1817

If y o u  h a d  t o  c h o o s e  
j u s t  o n e  p u b l i c a t i o n . . .
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J o u r n a l  o f  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 . . .

This internationally respected biweekly journal 
ranks numbe' one in the field of chemistry . . .

Since 1879 i: has been presenting significant origi
nal research that cuts across ALL chemical research 
areas. It is the only ACS research journal designed to 
appeal across the board.

Despite the highest manuscript rejection rate among 
ACS journals, JAC-S published 6600 pages in 1971 aione. 
The JACS subscriber pays less per page than for any 
other major journal in the world.

You’ll welcome its biweekly offering of both defini
tive articles and concise, timely communications. You’ll 
get prompt reports on important results.

To order the Journal of the American Chemical So
ciety, just complete and return the form below.

r 1
American Chemical Society |
1155 Sixteenth Street, N.W., Washington, D.C. 20036 g

Please send me the Journal of the American Chemical Society at I 
the following subscription rates: o

ASC members:
□  U.S. $22.00
□  Canada, PUAS $27.00
□  Other nations $28.00

Nonmembers:
□  U.S. $66.00
□  Canada, PUAS $71.00
□  Other nations $72.00

name

position

address

city

state/country zip

your company
nature of company’s
business
Note: Subscriptions at ACS Member Rates are for personal use only.

□  I am an ACS member □  I am not an ACS member
□  Bill me for $___________
□  Payment enclosed in the amount of $___________  (payable to

American Chemical Society). Payment must be made in U.S. 
currency, by international money order, UNESCO coupons or 
U.S. bank draft or order through your book dealer. joo
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"C hem ical Interm ediates” is m ore than a catalog, it ’s an 
idea book. In addition to descriptions o f  m any new  and 
unusual chem icals and their prices, it g ives applications, 
chem ical structures, reactions, literature references, 
toxicity, flam m ability and handling data. A ir  Products’ 
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examine chemistry books from hr W L

CONTEMPORARY ORGANIC CHEMISTRY 
By Stephen J. Weininger, Worcester Polytechnic 
Institute

This text covers most of the important organic functional 
groups as well as the biologically significant compound 
classes. It has a strong mechanistic emphasis with a cor
responding stress on the generalized structural features 
which give rise to the observed mechanistic behavior. The 
author’s ability to focus on the relevant topics results in the 
elimination of much secondary material, thus producing a 
briefer, more compact text. The book is designed for a 
one-year course in organic chemistry. The accompanying 
Instructor’s Manual suggests material to omit for a given 
level course. It also contains problems and answers. 
February 1972 / 800 pages /  $15.00 (tent.)

ESSENTIALS OF ORGANIC CHEMISTRY 
By Edward J. Barrett, Hunter College of the City 
University of New York, and John C. Powers, Jr.,
Pace College

Designed for terminal courses in chemistry, this text offers 
a concise presentation of the essential reactions and prop
erties of organic compounds and emphasizes their role In 
industrial chemistry and biochemistry. The major theme is 
the understanding of the reactivities and functions of or
ganic compounds in terms of a few theoretical principles. 
Stereochemistry is introduced very early In the develop
ment and occupies a prominent place In all discussion. 
The Instructor's Manual contains test items and solutions. 
March 1972 / 416 pages /  $10.00 (tent.)

AN INTRODUCTION TO MODERN 
EXPERIMENTAL ORGANIC CHEMISTRY 
By Royston M. Roberts, John C. Gilbert, Lynn B. 
Rodewald, and Alan S. Wingrove, all ot the University of 
Texas

The authors have, written this text from the viewpoint that 
laboratory experience should be an integral part of the first 
course in organic chemistry. It Is designed for up-to-date 
laboratory courses and emphasizes both the theoretical 
and practical aspects of a variety of organic reactions. 
Preceding the experimental procedures are complete dis
cussions of the theory upon which the experiment is based 
and of the how’s and why's involved in the experiment. 
Experimental directions are detailed and specific early in 
the text, becoming less so as the student gains experience 
in the techniques of organic chemistry. 1969 t 400 pages 
$9.00

Address your inquiries for examination copies to 
Nancy A. Hull, Dept. OC3, College Promotion.
HOLT, RINEHART AND WINSTON, INC.
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A new method for the preparation of hexachlorofulvene has been developed. The aluminum chloride catalyzed 
reaction of carbon tetrachloride and 1,2,3,4,5-pentachlorocyclopentadiene gave 4, which underwent facile de
chlorination to the desired 1. The behavior of 1 under Diels-AIder conditions was investigated. Reaction with 
cyclopentadiene showed that 1 acts primarily as the dienophile to form 5. Isomer 7 was also formed and indi
cated that 1 may also react as a diene. Hexachlorofulvene is an electron-deficient diene, but less reactive than 
hexachlorocyclopentadiene, possibly reflecting some stabilization from the dipolar resonance form. Treatment of 
1 with A1C13 gave a dimer and a difulvene.

W e h ave rep orted  p rev iou sly  th at th e  con den sation  
betw een  1 ,2 ,3 ,4 -te trach lorocyclop en tad ien e  and aro
m atic a ldeh ydes2 y ields the correspon d in g  6 -a r y l - l ,2 ,3 ,4- 
tetrach lorofu lven es. A n oth er  en try  in to  this tetra - 
ch lorofu lven e system , deve lop ed  from  tetrach loro - 
d ia zocyclopen ta d ien e ,6'6 appears to  h ave  o n ly  lim ited  
applicab ility .

S u bstitu en t ch lorine atom s m o d ify  the ch em ical 
beh av ior o f  these fu lvenes, and  enable reactions to  be 
perform ed  other than  th ose  to  w h ich  h y d roca rb on  fu l
ven es7 are n orm ally  susceptib le. In  order to  clarify  
the extent o f  th e  sim ilarities and  differences betw een  
th e  tw o  system s, w e  h ave su b jected  th e  paren t ch loro - 
carbon , h exach lorofu lven e (1 ), to  a representative set 
o f  reactions, described  in  th is and subsequent papers. 
T h e  results are also pertinen t to  w ork  d on e in  the area 
o f  a licvclic  ch loroca rb on  ch em istry .8

R o e d ig 9 * rep orted  th e  first prepara tion  o f  h exach loro
fu lven e from  the reaction  o f  h exach loropropen e and 
a lum inum ; a co -p ro d u ct  o f  th is reaction  w as octa - 
ch loro -4 -m eth y len ecyclop en ten e  (2 ). W e  h ave de-

(1) Taken in part from the Ph.D. Thesis of D. L. Crain, Purdue Uni
versity, 1958, and the Ph.D. Thesis of E. P. Wesseler, Purdue University, 
1971. Acknowledgment is made to the donors of the Petroleum Research 
Fund, administered by the American Chemical Society, for partial support 
of this research.

(2) E. T. McBee, R. K. Meyers, and C. F. Baranauckas, J. Amer. Chem. 
Soc., 77, 86 (1955). This procedure has been extended to give analogous 
fulvenes3 and related derivatives.4

(3) J. S. Meek and P. Argabright, J. Org. Chem., 22, 1708 (1957).
(4) Y. Kitahara, I. Murata, M. Ueno, K. Sato, and H. Watanabe, Chem. 

Commun., 180 (1966), and references cited therein.
(5) E. T. McBee, J. A. Bosoms, and C. J. Morton, J. Org. Chem., 31, 768 

(1966).
(6) D. Bretches, Ph.D. Thesis, Purdue University, 1970.
(7) For a recent review on fulvenes, see P. Yates, Advan. Alicyd. Chem., 

2, 59 (1968).
(8) R. West, Accounts Chem. Res., 3, 130 (1970).
(9) A. Roedig, Justus Liebigs Ann. Chem., 569, 161 (1950). Yields of

1, mp 153°, were co. 10%. The addition of chlorine to 1 gave 2. This
important result is mentioned here to exemplify the behavior of 1 under free
radical conditions.

v e lop ed  an alternate and  m ore con ven ien t synthesis o f 
1, w h ich  togeth er w ith  a s tu d y  o f  its b eh a v ior  under 
D ie ls -A Id er  con d ition s con stitu tes the prin cipal part 
o f  this report.

R esu lts  and D iscu ssion

T h e  alum inum  ch loride cata lyzed  reaction  betw een  
ca rb on  tetrach loride  and  1 ,2 ,3 ,4 ,5 -p en ta ch lorocyclo - 
pen tad ien e (3 )10 gave  octa ch loro -5 -m eth y lcy clop en ta - 
d iene (4)5'11 (Schem e I ) .  T h e  m echan ism  o f  this un
usual reaction  is n o t k n ow n , since b o th  3 and CC14 are 
capab le  o f  in teractin g  w ith  th is L ew is a c id .13'14

D ech lor in a tion  o f  4 gave  1 in  a y ie ld  o f  9 4 % . T h e  
reagent o f  ch oice  w as tr ieth y l ph osph ite , a lthou gh  so
d iu m  iod ide  and  stannous ch loride  w ere also effective . 
U sin g  this procedure, 100-g quantities o f  1 w ere m ade 
rou tin ely . T h e  fu lven e form ed  deep  red  needles 
(hexan e), m p 1 5 3 -1 5 4 °, appeared  to  be  in defin ite ly  
stable in  air, and  w as iden tica l w ith  a sam ple prepared

(10) E. T. McBee and D. K. Smith, J. Amer. Chem. Soc., 77, 389 (1955). 
An improved procedure gave 3 from the commercially available hexachloro- 
cyclopentadiene in higher yields (Experimental Section).

(11) This compound was prepared differently by H. J. Prins [Reel. Trav. 
Chim. Pays-Bas, 72, 253 (1953)'. and correctly identified later by spectral 
examination.12

(12) E. Ziegler, Z. Anal. Chem., 213, 9 (1965), and references cited therein.
(13) C. H. Wallace and J. E. Willard, J. Amer. Chem. Soc., 72, 5275 

(1950).
(14) For example, see H. P. Fritz and L. Schafer, J. Organometal. Chem. 

1, 318 (1964).
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Sch em e  I

accord in g  to  R o e d ig ’ s p roced u re .91516 T h e  ir double
b o n d  stretch ing  frequ en cy  o f  1 w as at 6.35 r 15 16 17 and  its 
u v  a b sorp tion  w as at Xmax 296 and  307 nm  (log  e 4 .24  
an d  4.21, re sp e ctiv e ly ).18

Diels-Alder Reaction.— H y d ro ca rb o n  fu lven es par
tic ip a te  readily  in  this rea ction ,7 a lthou gh  extensive 
studies h ave n ot been  undertaken . In  th is w ork , we 
sou ght reactions w h ich  w ou ld  dem on strate  beh av ior o f  
1 b o th  as a d iene and as a dienophile.

In  benzene at 60°, 1 and  cyclop en ta d ien e  gave  ad d u ct 
5 exclusively . T h e  isom eric a d d u ct 7 w as synthesized  
b y  an a lternative procedure, and w as show n to  isom erize 
q u a n tita tive ly  to  5 at this tem perature. R e p e titio n  o f 
th is D ie ls -A ld e r  reaction  at 23° gave 5 and 7 in  an 
approxim ate  ratio  o f  4 :1 , togeth er w ith  som e endo- 
d icyclop en tad ien e  (8 ), as sh ow n  b y  nm r analysis. T h e  
a d d u ct 7 w as stable under these con d ition s. In  addi
tion , a sam ple o f  1 in  benzene at ro o m  tem perature or 
at 60° w as also recovered  unch an ged  after 4  days (t ic) ; 
no ev iden ce for  D ie ls -A ld e r  d im erization  was fou n d . 
In  a related system , h exach lorocyclop en tad ien e  (9) and 
cyclopen tad ien e  are k n o w n 19 20 to  y ie ld  the tw o  adducts,

(15) 1 has been obtained in Binali quantities both by A. E. Kulikova, 
N. M. Pinchuk, and E. N. Zil’berman [Zh. Org. Khim,., 3, 1388 (1967)] and 
G. W. Calundann [Ph.D. Thesis, Purdue University, 1967].

(16) The attempted conversion of 2 to 1 with triethyl phosphite at room 
temperature failed.

(17) Compare the similar absorptions at 6.05 and 6.20 m for 2, and 6.22 ¿t 
for perehlorocyclopentene.

(18) (a) Fulvenes also possess a longer wavelength band of much lower
intensity which extends into the visible region, accounting for the color of 
fulvenes.7 This broad band reportedly9 possesses a maximum at 450 nm 
for 1. (b) The mass spectrum of 1 has been recorded by S. Meyerson and
E. K. Fields [J. Chem. Soc. B, 1001 (1966)].

(19) M. Livaf, P. Klucho, and M. Paldan, Tetrahedron Lett., 141 (1963).
(20) (a) R. Riemschneider, Monatsh. Chem., 83, 802 (1952); (b) R.

Riemschneider, Botyu Kagaku, 28, 83 (1963).

10 and  11, in  a 5 :1  ra tio ; this reaction  w as repeated  
in  order to  determ ine th e  nm r param eters o f  these 
p rodu cts. T h is  data  also verified  th e  accu ra cy  o f  th e  
previou s structural assignm ents.19 20

T h e  rearrangem ent o f  7 and 5 is o f  in terest. G en 
erally, analogous beh av ior has been  observed  in D ie ls -  
A lder addu cts con ta in in g  th e  en do-d icyclopen tad ien e  
skeletal structure. F or  exam ple, the isom erization  o f  
11 to  10 and o f  12 to  13 h ave  been  re p o rte d .19'21 R e -

(21) P. Yates and P. Eaton, T etra h ed ron , 12, 13 (1961).
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arrangem ents o f  th is ty p e  are generally  held  to  be  in
tram olecu lar,22 and  the unusually lo w  tem perature 
(6 0 °) requ ired  fo r  th e  isom erization  o f  7 to  5 supports 
this con ten tion . I t  m a y  also be  n oted  th at th e  strain  due 
to  th e  exo ch lorines in  11 is relieved  som ew h at in  10, 
b u t apparently  w ith  5 and  13 th e  increased  con ju g a 
tion  and th e  release o f  strain  in  th e  sp2 ca rb on  is o f  
m ore im portance.

T h e  structure o f  5 w as elu cidated  b y  com parison  o f 
its  nm r spectrum  w ith  th ose  o f  11 and  oth er n orbornen e 
d eriva tives .23 In  particular, th e  broaden ed  m ethine 
p ro ton  signals an d  th e  0 .15 p p m  cou p lin g  con stan t be
tw een  th e  m ethy lene  p roton s, w h ich  appear as the 
u pheld  A B  quartet, are features n orm ally  d iagn ostic 
o f  such system s. A pp aren tly , d ien oph ilic  fu lvenes 
undergo reaction  a t on e  o f  the en d ocy c lic  rather than  
th e  e x ocy clic  d ou b le  b o n d .24 T h a t th e  b eh a v ior  o f  1 
w as con sistent w ith  th is p recep t, an d  d id  n o t y ie ld  14,

w as su pported  b y  th e  fo llow in g  in form ation . F irst, 
the u v  spectrum  o f 5 con ta in ed  absorptions at 267, 
274, and  284 nm  (log  e 4 .26 ,4 .37 , and 4 .26, respective ly ) ; 
these extin ction  coefficients are a b ou t an  order o f  m ag
n itude larger th an  th e  va lues fo r  ch lorinated  c y c lo -  
pentadienes.6'26 S econ d , a m odel w as con stru cted 28 
w h ereby  th e  chem ical shifts sh ow n  w ere estim ated  for  
com p ou n d  15. A greem en t w ith  th e  correspon d in g

values fo r  5 (and also 11) w as reasonable excep t for  
the C -7  p ro ton , w h ich , as w ou ld  b e  expected , is in -

(22) R. B. Woodward and T. J. Katz, Tetrahedron, 5, 70 (1959).
(23) (a) K. Tori, K. Aono, Y. Hata, R. Muneyuki, T. Tsuju, and H. 

Tanida, Tetrahedron Lett., 9 (1966); (b) P. Laszlo and P. v. R. Schleyer, 
J. Amer. Chem. Soc., 86, 1171 (1964); (c) P. M. Subramanian, M. T. Emer
son, and N. A. LeBel, J. Org. Chem., 30, 2624 (1965).

(24) See ref 7, p 142.
(25) The following are uv data: 9, 322 nm (log e 3.17) ;26 4, 326 nm (log e 

3.23); and 5-methylpentachlorocyclopentadiene,27 308 nm (log e 3.025).
(26) H. E. Ungnade and E. T. McBee, Chem. Rev., 58, 249 (1958).
(27) R. A. Hailing, Ph.D. Thesis, Purdue University, 1965.
(28) Examination of the literature data23 on the nmr chemical shifts of 

halo- and dihalonorbornenes gave the approximate incremental values (parts 
per million), relative to norbornene, for the protons in the unknown exo-cis- 
5,6-dichloronorbornene (i). These values were added subsequently to the

corresponding ones in endo-dicyclopentadiene29 to obtain the results for 15. 
The incremental values shown in i resulted necessarily from personal judg
ments and should be treated accordingly.

(29) T. Hodgins, unpublished results.

fluenced  stron g ly  b y  the ch lorine substituents. L astly , 
th e  p h otocy cliza tion  o f 5, a reaction  fo r  w h ich  there is 
considerable p reced en t,30 gave 16 togeth er w ith  som e 
unidentified  p rodu cts. T h e  m ass spectru m  o f  16 co n 
ta in ed  the m olecu lar ion  w ith  th e  correct iso top ic  p a t
tern . In  add ition , th e  nm r spectrum  o f  16 w as sim ilar 
to  th a t o f  17, and the ir spectra  o f  these tw o  com pou n ds

w ere nearly  iden tica l betw een  6.9 and  8 .4  ¡i. T here 
w as also a stron g  d ou b le -b on d  stretch ing  absorp tion  for 
16 at 5.98 m-17 C om p ou n d  1731 w as prepared  b y  ir
rad iation  o f  10. T h is  p rod u ct, identified  prim arily  
from  th e  m eth od  o f  preparation , gave an n m r spectrum  
w h ich  con ta in ed  a single resonance (4  H ) fo r  the m eth
ine p ro ton s  and  an  u pfie ld  A B  qu artet fo r  the m ethylene 
bridge  (2 H ).

T h e  iso la tion  and subsequent dech lorin ation  o f  6, o b 
ta ined  from  4 and cyclopen tad ien e  (S chem e I ) ,  p rov id ed  
the first im portan t chem ical ev iden ce  su pportin g  the 
structure assigned12 to  4, w h ich  w as sh ow n  to  be  stable 
to  the D ie ls -A ld e r  con d itions. C o m p o u n d  6 w as 
identified  b y  the extrem ely  close  sim ilarity  o f  its nm r 
spectrum  w ith  th at o f  10. D ifferen ces in  th e  chem ical 
shifts betw een  corresponding  proton s  w ere less than 
0 .17  ppm . F o r  th is reason, the C -8  ch lorine sub
stituent was assigned th e  p os it ion  anti to  th e  ch lo 
rin ated  d ou b le  b on d . N o n e  o f  th e  isom eric st/n -chloro 
an a log  o f  6 w as isolated . T h e  fa ctors  th at con tro l the 
stereochem istry  in  th is ty p e  o f  reaction  are n o t under
s tood . In  p ro b a b ly  th e  on ly  system atic s tu d y  o f  co n 
sequence, W illiam son  and cow ork ers32 exam ined  the 
reaction  o f  3 w ith  a series o f  d ienophiles and  established 
th at th e  appropriate  p rod u cts  con ta in ed  isom ers, w h ich  
differed accord in g  to  w hether th e  ch loro  su bstitu ent on  
th e  bridg ing  m ethylene group occu p ied  a syn  or anti 
p osition . T hese  results w ere rationa lized32 in  term s o f  
th e  steric effects, e lectrostatic in teraction s, and  sub
stituent polarizabilities operating  in  th e  reactant 
com p lex .33 T h e  structure o f  6 is con sistent w ith  these 
co n ce p ts ,32'33 particu larly  in  th at th e  b u lk y  trich loro- 
m eth y l substituent occu p ies th e  less sterica lly  dem and
ing syn  position .

T h e  structure o f  7 fo llow ed  from  the m ethods o f 
preparation  and  from  spectra l data. T h u s, th e  nm r

(30) W. h. Dilling, H. P. Braendlin, and E. T. McBee, Tetrahedron, 23, 
1211 (1967), and references cited therein.

(31) (a) L. Vollner, W. Klein, and F. Korte, Tetrahedron Lett., 2967 
(1969); (b) F. Korte, W. Klein, and B. Drefahl, Naturwiss. Rundsch., 23, 
445 (1970).

(32) (a) K. L. Williamson, Y-F. L. Hsu, R. Lacko, and C. H. Youn, J. 
Amer. Chem. Soc., 91, 6129 (1969); (b) K. L. Williamson and Y-F. L. Hsu, 
ibid., 92, 7385 (1970).

(33) Bulky 5 substituents in cyclopentadienes, lying between the parallel 
planes which define the reactant complex, tend to hinder product formation. 
In principle, the least hindrance occurs in the limiting case, when the 5-car
bon atom in the cyclopentadiene has sp2 hybridization; a situation that 
could result with a good leaving group at the 5 position. In such circum
stances, a developing carbonium ion at this position would be better stabi
lized when the transition stage resembles the product with the leaving group 
in an anti position.34

(34) E. S. Gould, “ Mechanism and Structure in Organic Chemistry,”  
Holt, Rinehart and Winston, New York, N. Y., 1959, p 599.
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spectru m  o f  7 w as v e ry  sim ilar to  those o f  10 and  6. 
T h e  com p ou n d  exh ib ited  ir  d ou b le -b on d  stretching 
absorptions at 5 .98 an d  6.1 n, com parab le  to  the cor
respon d in g  o n e s17 fou n d  in  2. A lso , th e  u v  data  (Xmax 
205 nm , lo g  e 4 .2 6 )36 con firm ed  th at 7 d id  n o t con ta in  a 
con ju g a ted  d ou b le -b on d  system .

T h e  form ation  o f  7 from  1 and  cyclop en tad ien e  dem 
on stra ted  the ab ility  o f  1 to  a ct as th e  d iene under 
D ie ls -A ld e r  con d ition s. A n oth er  exam ple w as fou n d  
in  th e  reaction  o f  1 w ith  n orbornad iene. P ro d u ct 18 
(S chem e I )  w as identified  readily  b y  com p a rison 36 o f 
its  nm r spectru m  (T a b le  I )  w ith  th at o f  aldrin  (19).

Cl

T a b l e  I

N u c l e a r  M a g n e tic  R e so n a n c e  D a t a “
8S 8a 9S 9̂a 3

\JA

^ 7 a ^ ^ P , ■ ''--X — i
8a\ 10

i h

i^ - ——j
2

5 and 6C T 8 8ynd 8 anti

5 3.27 6.10 3.81 2.00 2.50
11 3.18 6.24 3.46 2.05 2.58

l 2 3 3a 7a

6« 2.38 5.60 5.85 3.98 3.60
7« 2.43 5.61 5.83 3.70 3.21

10« 2.42 5.65 5 .8 . 3.83 3.43

4a  and 8a^ 5 and 86 6 and 7« 9 synff 9 anti

18 2.57 2.90 6.32 1.35 1.52
19 2.73 2.90 6.32 1.32 1.61

“ Chemical shifts (8) in parts per million downfield from TMS. 
6 Singlet with fine structure. « Vinylic signal centered at this 
position. d J8s— 8a =  9.5 Hz. • All signals were complex multi
plets and errors may be present in the estimated chemical shifts. 
1 Singlet. » ./g.-oa =  11.0Hz.

O n  th e  oth er hand, 1 and  6 -ph en yltetrach lorofu lven e 
are rep orted 3’9 to  b e  u n reactive  tow a rd  m aleic an hy
dride, even  under m ore  extrem e co n d itio n s .37'38 T hu s, 
the beh av ior o f  1 as a d iene parallels th a t o f  9, w h ich  also 
reacts faster w ith  cyclop en tad ien e  th an  w ith  m aleic 
a n h ydride .40 T h is  order o f  rea ctiv ity  appears to  be  
ch aracteristic  o f  e lectron -deficien t dienes.

T h e  early  stages o f  a com p etition  reaction  b e 
tw een  1 and  9 w ith  norbornad iene  (an  electron -rich  
d ienoph ile) w ere m on itored  b y  nm r. T h e  results

(35) Octachlorocyclopentene20 has Xmax 230 nm (log € 4.00).
(36) (a) A. P. Marchand and J. E. Rose, J. Amer. Chem. Soc., 90, 3724 

(1968); (b) Sadtler Standard Spectra, No. 6239.
(37) We have confirmed this result for 1.
(38) Failure of 1 and maleic anhydride to react may be an equilibrium 

rather than a kinetic effect.89
(39) D. Craig, J. J. Shipman, J. Kiehl, F. Widmer, R. Fowler, and A. 

Hawthorne, J. Amer. Chem. Soc., 76, 4573 (1954). These authors observed 
facile dissociation of the Diels-Alder adduct from 6,6-dimethylfulvene and 
maleic anhydride. They noted the conversion of the adduct to a more stable 
isomer and suggested that this rearrangement proceeded via an intramolecu
lar process.21

(40) (a) J. Sauer, D. Lang, and A. Mielert, Angew. Chem., Int. Ed. Engl., 
1, 268 (1962); (b) J. Sauer and H. Wiest, ibid., 1, 269 (1962).

sh ow ed  th at 9 w as 1.7 tim es m ore  rea ctiv e .41 T h e  
low er rea ctiv ity  o f  1 com pared  to  9  w ith  b o th  n orb orn 
adiene and  m aleic anhydride depends in  p a rt o n  th e  
in trinsic rea ctiv ity  o f  the dienes, w h ich  is unrelated  to  
th e  nature o f  th e  d ienophile. F o r  exam ple, ben zene is 
n orm ally  u nreactive as a d iene under D ie ls -A ld e r  
con d ition s. H en ce, the rea ctiv ity  o f  1 m a y  m erely  
reflect its partia l arom atic ch aracter.43

In  con clu d in g  this section , th e  preferred  d ien op h ilic  
reaction  o f  1 w ith  cyclop en ta d ien e  is em ph asized .44 
T h is  s tu d y  dem on strated  th at 1 can  p a rtic ip a te  in  th e  
D ie ls -A ld e r  reaction  b o th  as a d iene and  a d ien oph ile , 
an d  th a t th e  substituent ch lorine atom s exert an  im 
p orta n t b u t n o t overrid ing  influence.

Dimerization.— A lth ou gh  1 w as fou n d  to  b e  stable  
a t 105° as show n  b y  tic, d eco m p o sit io n 45 occu rred  at 
196°. In  th e  la tter case, n o  ev iden ce  fo r  therm al 
d im erization  w as obta ined . In stead , th e  m a jor  p ro d 
u ct  w as fou n d  to  b e  2. Som e red, o ily  m ateria l w as 
also isolated , b u t  n o t identified . D im eriza tion  w as 
ob served  w hen  1 w as treated  w ith  app rox im ate ly  a 0.5 
m ole  ra tio  o f  alum inum  ch loride. T h e  p rod u ct 
m ixture in clu ded  som e 2 and a d ifu lvene. B o th  the 
dim er an d  th e  d ifu lven e appeared  to  b e  h om ogen eou s 
(tic , m eltin g  p o in t) and w ere ten ta tiv e ly  assigned  stru c
tures 20 an d  21, respective ly  (S chem e I ) .  T h e  m o 
lecu lar form ulas o f  these com p ou n d s w ere established  
from  elem ental analyses and m ass spectra , b u t  th eir 
precise structure w ou ld  n ot b e  p rov en  rigorou sly  be
cause o f  num erous isom eric possib ilities. T h u s  20, 
w h ich  reverted  to  1 on  heating, h ad  a  u v  a b sorp tion  at 
Xmax 272 nm  (log  e 4 .6 2 ); th is w avelen gth  is v e ry  sim ilar 
to  th a t o f  5 , th ou gh  the relative ex tin ction  coefficien ts 
are d ifferen t b y  the sign ificant fa ctor  o f  1.78. T h is  
data  elim inated  th e  possib ility  o f  a n orb orn en y l system  
in  20 an d  suggested  th e  presence o f  tw o  id en tica l b u t  
n on in teractin g  ch rom oph ores as sh ow n  in  th e  g iven  
structure. T h ere  are three oth er isom ers o f  th is ty p e , 
w ith  th e  cy clop en ten e  system s o n  th e  sam e side o f  th e  
cy clob u ta n e  ring or  w ith  th e  d ich lorom eth y len e  su b 
stituents a ligned. T h e  ch o ice  o f  th e  cen trosym m etric  
20 w as m ade b y  com parison  o f in frared  d a ta  w ith  th at 
fo r  a  sim ilar d im er derived  in  p rin cip le  from  te tra ch loro - 
cy c lop en ta d ien on e .46 T h e  ir spectrum  o f  20 con ta in ed  
a b ou t the sam e num ber o f  absorp tion  ban ds as in  the 
m od el46 and  fou r o f  th em  occu rred  at sim ilar w a ve
lengths.

T h e  iso la tion  o f  21 from  th e  reaction  m ixture was 
u n expected  since L ew is acid  p rom oted  dech lorin ation s 
are rare.47 T h e  red  co lor  o f  th is p ro d u ct suggested  a 
fu lven e m oiety  and  ev iden ce for  a d ifu lvene stru ctu re 
w as derived  from  spectra l com parisons. T h u s, th e  
u v  a bsorp tion  o f 21 w as at 302 n m  (log  e 5 .53). T h e

(41) T h e  reaction  conditions em ployed  here are m uch less severe than 
th ose  apparently  needed for  the reaction  o f cyclop en tad ien e and n orborna
d iene,42 as w ou ld  b e  pred icted .40

(42) J. K . Stille and D . A . F rey, J. Amer. Chem. Soc., 81, 4273 (1959).
(43) A . d iscussion on  this p o in t is g iven  b y  K . H afner, et al., Angew. 

Chem., Int. Ed. Engl., 2, 123 (1963).
(44) T h e ratio  o f 6 to  8 was > 1 0 :1  (nm r) in  this reaction.
(45) R earrangem ent o f  1 to  hexachlorobenzene was observed  at 2 5 0 -3 0 0 ° 

w hen brom in e was present.9
(46) R . M . Scribner, J. Org. Chem., 30, 3657 (1965). T h is  pap er illu 

strates the difficulties encountered  in  differentiating com plex  ch lorocarbon  
isom ers. T h e tetra ch lorocyclop en tad ien on e dim er analog o f 20 has ir ab
sorptions at 5.71 ( C = 0 ) ,  6.33, 8 .06 -8 .1 3 , 8.34, 9.35, 9.75, 10.87, 12.84, and 
13.89 m.

(47) E . N . Zilberm an , A . E . K u lik ova , and E . G . P om erantseva , J. Org. 
Chem., USSR., 3, 1158 (1967).
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spectrum  is sim ilar to  th a t o f  1 excep t th at the ex
tin ction  coefficient is greater b y  a  fa ctor  o f  2.0. T h e  
ir spectrum  o f  21 is a lso v e ry  sim ilar to  th a t o f  1. 
M olecu lar m odels sh ow  th at in  th e  2 ,2 ,-lin k ed  isom er 
there is a lack  o f  steric d istortion  w h ich  w ou ld  a llow  
cop lan arity  o f  th e  fu lven e rings and  hence th is isom er 
w ou ld  be  exp ected  to  h ave  a b a th och rom ic  sh ift in the 
u v  relative to  1. T h e  ten ta tive  ch o ice  o f  a 1 ,2 ' linkage 
in  21 w as m ade from  th e  ev iden ce  (d eve lop ed  in  a sub
sequ en t paper) th a t 1 is su sceptib le  to  a ttack  b y  elec
troph iles at th e  1 position , w hereas th e  A1C13-1  com plex  
is e lectrophilic  at the 2 p osition . T h e  structure o f  21 is 
consistent w ith  this idea.

T h e  form a tion  o f  2 and  21 is an in teresting exam ple 
o f  an alum inum  ch loride  ca ta lyzed  redox  process, 
a lthough  the exact m ech an istic  details are n o t kn ow n .

Experimental Section

Procedures and Equipment.— Melting points were determined 
with a Mel-Temp apparatus in sealed tubes and are uncorrected. 
Proton nmr spectra (Table I) were obtained on a Varian Associ
ates A-60A spectrometer; carbon tetrachloride was used as a 
solvent with tetramethylsilane as an internal standard. In
frared spectra were determined on the compounds as KBr pellets 
using a Perkin-Elmer 221 or Beckman IR -8 infrared spectro
photometer. Ultraviolet spectra were determined in 95% 
ethanol on a Bausch and Lomb Spectronic 505 spectrophotom
eter. Thin layer chromatography (tic) was carried out on glass 
plates coated with silica gel HF-254, E. Merck AG. Mass 
spectra were recorded on a Hitachi Perkin-Elmer HU-6D high- 
resoluticn mass spectrometer. Elemental analyses were per
formed by Dr. C. S. Yeh and her staff at Purdue University.

1,2,3,4,5-Pentachlorocyclopentadiene (3).-—A solution con
taining 136.5 g (0.5 mol) of 9 in 50 ml of acetone was cooled with 
an external ice bath while 113 g (0.5 mol) of stannous chloride 
dihydrate in 200 ml of acetone was added at such a rate as to 
keep the temperature near 45°. The ice bath was then re
moved and the solution was stirred an additional 30 min. The 
solution was poured into 300 ml of water and the organic ma
terial was then extracted with CC14. After removing the sol
vent from the dried extract, the product was distilled (52-53° at 
0.25 mm) rapidly to prevent dimerization, giving 95 g of mono
meric 3 (80% yield).

Octachloro-5-methylcyclopentadiene (4).-—A mixture of 95 g 
(0.4 mol) of 3, 400 ml of CC14, and 10 g (0.075 mol) of A1C13 
was stirred and heated on a water bath at 75° for 2 hr. After 
cooling, 300 ml of water was added and the organic material 
was extracted with CC14. This yielded 128 g of a brown solid, 
which was then dissolved in hot acetone to which decolorizing 
charcoal was added. After filtering, the acetone solution 
yielded 118 g (83%) of slightly yellow 4. Further purification 
by recrystallization from CC14 gave colorless crystals: mp 93.5-
94°; ir (KBr) 6.24 (s), 6.38 (w), 7.98 (s), 8.56 (m), 8.62 (m),
8.92 (w), 9.93 (m), 10.42 (m), 11.94 (s), 12.29 (s), and 14.16 M 
(s).

Anal. Calcd for C6C18: C, 20.25; H, 0.00; Cl, 79.75. Found: 
C, 20.34; H, 0.00; Cl, 79.49.

A solution of 4 in benzene was refluxed for 65 hr. A 98% re
covery of 4 was realized.

Hexachlorofulvene (1).— A solution of 118 g (0.33 mol) of 4 
in 500 ml of hexane was cooled in an ice bath while 46 g (0.36 
mol) of triethyl phosphite in 50 ml of hexane was added drop- 
wise. After 15 min following the addition, the solvent was dis
tilled off. The residue was recrystallized from CC14 and yielded 
88 g (94%) of deep red needles: mp 153-154°; ir (KBr) 6.35 
(s), 7.81 (s), 7.95 (s), 8.16 (m), 10.75 (m), 14.16 m (m).

A solution of 4 in acetone, when treated with stannous chloride 
dihydrate or sodium iodide at room temperature, gave 1 in 63 
and 98.2% yield, respectively. The latter conversion, how
ever, was co. 67%.

Synthesis of mdo-2,3,3a,7a-Tetrachloro-l-dichloromethylene- 
3a,4,7,7a-tetrahydro-4,7-methanoindene (5). A. At 60°.— 
Hexachlorofulvene (10.0 g, 0.035 mol), cyclopentadiene (2.6 g, 
0.04 mol), and benzene (30 ml) were sealed in a Carius tube and 
heated to 60° for 12 hr. The product was chromatographed on a

30 X  1.5 in. column packed with 200 mesh silica gel. Hexane 
was used as an eluent. The first fraction was 5.9 g of 1. The 
second contained 4.7 g (41% conversion, 95%  yield) of 5 as 
colorless crystals: mp 121-122°; ir (KBr) 6.24 (s), 6.34 (s),
6.86 (w), 7.53 (m), 8.00 (s), 8.07 (s), 8.17 (s), 10.26 (m), 10.61 
(m), 10.79 (m), 10.90 (s), 11.53 (m), 12.77 (m), 13.07 (s), 13.82 
(m), 14.14 (m), 14.64 y. (s).

Anal. Calcd for CnH6Cl6: C, 37.65; H, 1.72; Cl, 60.63. 
Found: C, 37.30; H, 1.60; Cl, 61.00.

B. At 23°.— A solution containing 14.2 g (0.05 mol) of 1, 10 
g (0.15 mol) of cyclopentadiene, and 70 ml of benzene was 
stirred on a water bath (23°) for 71 hr. An aliquot removed at 
this time and one at 27 hr were analyzed by nmr, which indicated 
that the ratio of 5:7:8 was approximately 4 :1 :1  The product 
was chromatographed on a silica gel column which was eluted 
with hexane. Only 0.1 g of 1 was recovered as the first fraction. 
A later fraction yielded 13.1 g (77%) of adducts 5 and 7.

Preparation of endo-4,5,6,7,8-anfi-Pentachloro-8-sf/re-tri- 
chloromethyl-3a,4,7,7a-tetrahydro-4,7-methanoindene (6).— A
solution of 13.2 g (0.037 mol) of 4, 7 ml (0.086 mol) of cyclo
pentadiene, and 30 ml of benzene was heated to 83° for 2 days in 
a sealed ampule. The product was chromatographed on a silica 
gel column. Elution with hexane gave 7.8 g of 4 and later 4.0 
g (62% yield) of 6 was isolated: mp 157-160° dec; uv max 
(95% EtOH) 214 nm (log e 3.66); ir (KBr) 6.15 (s), 6.90 (m), 
7.37 (m), 7.93 (s), 8.40 (s), 8.61 (m), 9.58 (s), 9.95 (s), 12.23 (s),
12.66 (s), 12.84 (s), 13.32 (s), 14.07 (m), 14.40 (s), 14.94 n (s).

Anal. Calcd for C „H 6C1E: C, 31.32; H, 1.53; Cl, 67.25. 
Found: C, 31.04; H, 1.33; Cl, 67.40.

endo-4,5,6,7-Tetrachloro-8-dichloromethylene-3a,4,7a-tetra- 
hydro-4,7-methanoindene (7).— Aluminum shot (1.0 g) was 
washed with 30 ml of 5%  sodium hydroxide for 3 min, three 
times with water, and twice with ethanol and then amalgamated 
with a saturated solution of mercuric chloride (50 ml). The 
amalgam was washed with water, ethanol, and pentane. A 
solution of 1.38 g (0.0033 mol) of 6 in 20 ml of pentane and 20 ml 
of ethanol was added to the amalgam. After 3 hr with occasional 
agitation, the mixture was fibered. The product 7, 1.12 g (98% 
crude yield), was isolated. After recrystallization from pentane 
a colorless solid was obtained: mp 108-109°; ir (KBr) 5.98 (s),
6.17 (s), 6.88 (s), 7.38 (m), 7.69 (w), 7.97 (s), 8.24 (w), 8.50 
(m), 8.73 (m), 8.90 (s), 9.53 (s), 9.68 (m), 9.95 (s), 10.51 (m),
10.62 (m), 11.21 (s), 12.40 (s), 12.86 (s), 13.75 (s), 14.11 (s), 
14.73 M (s).

Anal. Calcd for C „H 6C16: C, 37.65; H, 1.72; Cl, 60.63; 
mol wt, 351. Found: C, 37.65; H, 1.88; Cl, 60.4.3; mol wt, 346.

A sample of 7 was heated in benzene at 60° for 18 hr. Nmr 
analysis showed that quantitative conversion to 5 occurred. A 
similar experiment at 23° left 7 unchanged.

l,7,8,9-Tetrachloro-10-dichloromethylenepentacyclo[5.3.0.- 
02’6.03'9.06’8]decane (16).— An irradiation flask, equipped with a 
Pyrex filter and 450 W Hanovia type L lamp, was filled with a 
solution of 2.8 g (0.008 mol) of 5 in 375 ml of spectral grade 
acetone. The progress of the reaction was followed by tic, and 
after 6 days the reaction was terminated. A chromatographic 
column of deactivated silica gel was eluted with CC14 to separate 
the numerous products. Fraction three was a white solid: mp
128.5-129°; mass spectrum (75 eV) m/e 348 (M ). The nmr 
spectrum of crude 16 contained a broad singlet at 5 3.23 (4 II) 
and 2.98 (impurity), and doublets at 1.73 (1 H) and 2.15 (1 H, 
J  =  12.0 cps). •

By comparison, the nmr of 17, which was prepared similarly, 
exhibited a broad singlet at 5 3.30 (4 H) and doublets at 1.65 
(1 H) and 2.40 (1 H, J  =  12.5 cps).

l,2,3,4-Tetrachloro-10-dichloromethylene-l,4,4a,5,8,8a-hexa- 
hydro-1,4:5,8-eredo-exo-dimethanonapththalene (18).— A solu
tion of 2.0 g (0.007 mol) of 1 in 30 ml of norbornadiene was 
heated with an oil bath at 100° for 48 hr. The addition of 
acetone gave a solid material which, after recrystallization from 
ethanol, yielded 1.4 g (53%) of colorless crystals: mp 138-139°;
uv max (95% EtOH) 215 nm (log e 3.96); ir (KBr) 6.24 (s), 6.34 
(s), 6.86 (w), 7.53 (m), 8.00 (s), 8.07 (s), 8.17 (s), 10.26 (m),
10.61 (m), 10.79 (s), 10.91 (s), 11.03 (m), 12.78 (m), 13.08 (s), 
13.31 (m), 14.14 (m), 14.65 p (s).

Anal. Calcd for C13H8C16: C, 41.42; H, 2.14; Cl, 56.44. 
Found: C, 41.28; H, 2.24; Cl, 56.12.

Thermolysis of 1.— Hexachlorofulvene (1.0 g) was heated to 
196° for 18 hr in a sealed tube under N2. Column chromato
graphy using silica gel separated the products on elution with 
hexane. Approximately 0.4 g of 2 was isolated and identified
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by ir and melting point comparison with an authentic sample.26 
A red oil was also obtained, but not identified.

Dimerization of 1 with Aluminum Chloride.— To a solution of
2.84 g (0.01 mol) of 1 in 20 ml of carbon disulfide at 23° was 
added 0.67 g (0.005 mol)48 of A1C13. After stirring for 24 hr, dis
tilled water was added, and the product was extracted with CC1<. 
The crude product was chromatographed on a 40-cm column of 
silica gel. Elution with hexane gave as the first fraction a 
small amount of 1 and approximately 0.4 g of 2. A second 
larger red band consisted of a mixture of 20 and 21 (0.9 g, 46% 
yield). The latter two compounds were separated by recrystal
lization from ethyl acetate. Compound 20 was a colorless solid: 
mp 262° dec; ir (KBr) 6.29 (s), 8.07 (s), 8.34 (w), 9.66 (m),
10.70 (w), 10.97 (s), 12.02 (w), 12.81 (m), 13.52 p (s).

(48) Larger ratios of 1 to A1C1* yield larger amounts of 21 and 2 at the ex
pense of 20.

Anal. Calcd for CuCl«: C, 25.30; Cl, 74.70. Found: C, 
25.14; Cl, 75.00.

Compound 21 is a stable red solid: mp 185-186°; ir (KBr)
6.36 (s), 6.44 (s), 7.85 (s), 7.93 (s), 8.22 (m), 10.33 (m), 10.82 (s),
11.53 (m), 13.92 m (w); mass spectrum (75 eV) m/e 494 (M ), 
459 (M -  Cl), 424 (M -  Cl2, base ion), 354 (M -  CU), 282 
(M -  Cl6).

Anal. Calcd for C12C110: C, 28.90; Cl, 71.10. Found: C, 
28.65; Cl, 71.40.

Registry No.—1, 6317-25-5; 3, 25329-35-5; 4,
6928-57-0; 5, 33065-95-1; 6, 33065-96-2; 7, 33122- 
14-4; 10,33065-97-3; 11,33065-98-4; 16,33061-05-1; 
18, 33065-99-5; 19, 309-00-2; 20, 33066-00-1; 21, 
33061-04-0.

Protonation and Deuteration of the Isopropenylcyclopentadienyl 
Anion. Trapping of the Isomeric Product Mixture1 2
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Protonation of the isopropenylcyclopentadienyl anion (1) gave a mixture of 15 ±  3%  dimethylfulvene (2), 
58 ±  3%  l-isopropenyl-l,3-cyclopentadiene (3), and 25 ±  2% 2-isopropenyl-l,3-cyclopentadiene (4). Deutera
tion of 1 afforded a mixture of 10 ±  4%  2, 64 ±  3%  3, and 26 ±  2%  4. Mass spectral evidence indicates that a 
lower limit of 97% of the total product mixture was derived from reactions of 1, while 3%  of the product mixture 
was residual, un-ionized 2. Chemical trapping of the isomeric product mixture as Diels-Alder adducts of tetra- 
cyanoethylene was accomplished. Isomers 2, 3, and 4 gave on treatment with tetraeyanoethylene adducts 7- 
isopropylidene-5,5,6,6-tetracvanonorbomene (6 ), 3a,4,5,6,5-pentahydro-4,4,5,5-tetracyano-7-methylindene (7), 
and 2-isopropenyl-5,5,6,6-tetracyanonorbomene (8), respectively. The relative amounts of 6, 7, and 8 were 
within experimental error of the relative amounts of 2, 3, and 4, in the mixtures from which the adducts were de
rived.

Hine and Knight3 recently reported a study of the 
protonation of the isopropenylcyclopentadienyl anion 
(1) derived from the treatment of 6,6-dimethylfulvene

l

(2) with base. Kinetic control of the protonation was 
hoped for but was not conclusively demonstrated, 
largely because they did not show whether or not the 
dimethylfulvene present in the product mixture com
posed of 2, l-isopropenyl-l,3-cyclopentadine (3), and 
2-isopropenyl-l,3-cyclopentadiene (4) was derived from 
1 or was 2 that never was ionized.

fj 6
2 3 4 5

We have repeated part of this work and in addition 
report here a detailed study of the deuteration of 1. 
Also we succeeded in chemically trapping the thermally 
unstable (due to Diels-Alder addition) mixture of 2, 
3, and 4 as Diels-Alder adducts of tetraeyanoethylene 
(TCNE).

(1) Delivered in part at the Combined Southeast-Southwest Regional 
Meeting of the American Chemical Society, New Orleans, La., Dec 1970.

(2) (a) Abstracted in part from the M.S. Thesis of R. L. H., University of
North Carolina at Greensboro, 1971. (b) National Science Foundation
Undergraduate Research Participant, summer, 1970.

(3) J. Hine and D. B. Knight, J. Org. Chem., 35, 3946 (1970).

Results and Discussion

Several repetitions of the isomerization of dimethyl
fulvene via protonation of anion 1 gave product mix
tures in which the relative amounts of 2, 3, and 4 were 
in good agreement with previous work.3 Table I 
summarizes the results of seven experiments in which 
anion 1 was deuterated.

T able I
D euteration  of I sopropenylcyclopentadienyl A nion 1"

Run », % 3, % 4, %
1 7 63 30
2 8 64 28
3 20 57 23
4 10 64 26
5 9 66 25
6 9 67 24
7 10 65 25

10 ±  4 6 4  ±  3 2 6  ±  2

“ Equivalent amounts of 2 and potassium <er<-butoxide in 
tis(2-methoxyethyl) ether (diglyme) were mixed at room tem
perature. The homogeneous solution containing anion 1 was 
added to deuterium acetate in deuterium oxide. Products 
2, 3, and 4 were quickly extracted into CCI, or light petroleum 
ether and stored at —78° until analyzed. No evidence for the 
formation of 5-isopropenyl-l,3-cyclopentadiene (5) was found.

Relative amounts of 2, 3, and 4 in the deuteration- 
isomerization experiment were determined primarily by 
nuclear magnetic resonance (nmr) and by gas-liquid 
partition chromatography (glpc).4 Deuterium uptake 
into 3 and 4 should occur at the ring methylene positions

(4) Details of the nmr spectra of 2, 3, and 4 are described in ref 3.
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of these isomers. In the nmr spectrum of the deuterated 
isomer mixture in carbon tetrachloride, integration of 
absorption of the region r 6.8-7.0, attributed to the 
ring methylene hydrogens of 3 and 4, indicated the 
presence of 1.3-1.4 protons. This is consistent with 
the uptake of 60-70% of one deuterium into 3 and 4. 
The mass spectrum of a sample of deuterated 2, 3, and 4 
isolated by vacuum distillation indicated the presence 
of 65-70% of one deuterium in the mixture, within 
experimental error of the nmr analysis. It was im
possible from the nmr spectrum of the deuterated isomer 
mixture to establish the extent of deuterium uptake into 
dimethylfulvene due to the overlap of absorptions of 
2 with those of 3 and 4. It was necessary to have an 
estimate of the extent of deuterium uptake into 2, 
however, to confirm that the dimethylfulvene in the 
product mixture was in fact derived from anion 1 and 
was not residual, un-ionized 2. In run 7 (Table I) the 
deuteration of 1 was carried out and the product 
mixture was analyzed by gas chromatography-mass 
spectrometry (gc-ms). Evidence from gc-ms in
dicated that in the fraction containing 3 and 4 (in
separable by glpc) there was 47% nondeuterated, 50% 
monodeuterated, and 3% dideuterated product.6 The 
dimethylfulvene in the isomerization mixture was 60% 
nondeuterated, 38% monodeuterated, and 2%  di
deuterated.

Formation (and uptake of deuterium) of 3 and 4 is 
presumed to occur via reaction of 1. Likewise, 
deuterium uptake into dimethylfulvene is presumed to 
involve reaction of 1. In this experiment 1 reacted at 
the ring positions to form 3 and 4 about equally as 
readily with a proton donor as with a deuteron donor. 
It is expected that in the same medium the relative 
amounts of protium and deuterium uptake at the 
methyl position of 1 would likewise be similar. Hence 
in 2 derived from 1, essentially equal amounts of pro
tonation and deuteration are expected to have occurred. 
Thus 35-40% of the undeuterated 2 is presumed to 
come from 1, leaving the possibility that 20-25% of the 
total dimethylfulvene recovered from the isomeriza- 
tion-deuteration experiment may be 2 that never was 
ionized by base. An upper limit, therefore, of ap
proximately 3%  of the isomerization product mixture 
is residual, un-ionized dimethylfulvene, while 97% of 
the mixture is derived from 1.

Trapping of the Isomers 2, 3, and 4 as Adducts of 
Tetracyanoethylene. —As the composition of the isomer
ization product mixture changed on standing at tem
peratures much above —78°, due primarily to the 
formation of Diels-Alder adducts among 2, 3, and 4, 
it was desirable to trap the isomers chemically to give 
a mixture whose composition was stable with time and 
which could be isolated. Accordingly, because of its 
high reactivity as a Diels-Alder dienophile, TONE 
was added to the mixture of 2, 3, and 4 to trap the 
isomers as Diels-Alder adducts of TONE. Of the 
several possible monoadducts that conceivably could 
be formed by reaction of TONE with 2, 3, and 4, only 
three were observed. 7-Isopropylidene-5,5,6,6-tetra-

(5) The amount of nondeuterated product observed in this experiment is 
somewhat higher that that usually observed in the deuteration of 1. A 
considerable amount of protonation is not surprising as an equivalent 
amount of feri-butyl alcohol is formed for each mole of 2 ionized (see foot
note IS, ref 3), diluting the deuterium pool with protium. The unusually 
high proportion of nondeuterated product in this experiment is ascribed to 
the presence of adventitious moisture.

cyanonorbornene (6) was formed in the reaction 
of dimethylfulvene with TONE, while 3a,4,5,-
6,6-pentahydro-4,4,5,5-tetracyano-7-methylindene (7) 
formed by the action of TONE on 3. The remaining 
adduct, formed by treatment of 4 with TONE, was 
2-isopropenyl-5,5,6,6-tetracyanonorbornene (8).

Tetracyanoethylene acted as an efficient trap for the 
isomer mixture, as is indicated by the data in Table II.

T a b l e  II
R esults  of T r a p p in g  I som er  M ix t u r e s  

2, 3, an d  4 as  A dducts  o f  T O N E

Run *, % 3, % 4, % 6, % 7, % 8, %

1° 11 63 26 7 70 23
2 “ 13 60 27 11 65 24
3 6 10 64 26 13 59 28
4 6 9 66 25 8 68 24

11 ±  2 63  ±  3 2 6  ±  1 10 ±  3 6 6  ±  5 2 5  ±  2

° Protonation experiment. b Deuteration experiment.

Material balance was not achieved on isolated ad
ducts 6, 7, and 8. Rather, the data in Table II were 
obtained from integration of nmr spectra of the isomer 
mixture and also the mixture of adducts. Each of the 
adducts 6, 7, and 8 was isolated and identified by its 
characteristic infrared and nmr spectra and in the cases 
of 7 and 8 by elemental analysis. The trapping experi
ment was also carried out in an nmr tube and the spec
trum of the resulting mixture of adducts was exactly 
the sum of spectra of the individually isolated adducts, 
allowing estimation of the relative amounts of 6, 7, and 
8 in the trapped mixture.

Adduct 6 is a known compound, having been reported 
by Kresze.6 Adduct 7, mp 92-93°, showed weak 
absorption in the infrared at 2245 cm-1 characteristic of 
nitriles having electron-withdrawing groups a to the 
cyano group.7 The 100-MHz nmr spectrum of adduct 
7 in acetone-f4 showed absorption in four major bands, 
t  8.18, 6.3-7.0, 5.85, and 3.55-3.95 with relative areas 
of 3.0:4.08:1.05:2.0. The broadened multiplet cen
tered at t 8.18 consisting of at least four lines was 
assigned to the methyl group. The basic feature of the 
absorption in the region t 6.3-7.0 was a broadened AB 
quartet, J — 18.0 Hz, centered at r 6.78. In benzene 
solution the AB feature was lost and this region showed 
only two broadened absorptions, each integrating for 
two protons. Adduct 7, formed from deuterated 3, 
showed a marked decrease in the intensity of the ab
sorption centered at r 6.78, allowing assignment of this

(6) G. Kresze, S. Rau, G. Sabelus, and H. Goetz, Justus Liebigs Ann. 
Chem., 648, 57 (1961).

(7) L. J. Bellamy, “ Advances in Infrared Group Frequencies,”  Richard 
Clay (The Chaucer Press), Bungay, Suffolk, 1968, pp 72-73.
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Figure 2.— 100-MHz spectrum of the vinyl hydrogens Ha and 
Hb in l-deuterio-3a,4,5,6,6-pentalwdro-4,4,5,5-tetracyano-7- 
methylindene (deuterio 7 ): (A) normal spectrum, (B) decoupled 
spectrum (H„ irradiated).

Figure 1.— 60-MHz spectra of the vinyl hydrogens H„ and 
Hb of 3a,4,5,6,6-pentahydro-4,4,5,5-tetracyano-7-methylindene 
(7): (A) normal spectrum, (B) decoupled spectrum (Hd ir
radiated).

absorption to Hd. The broadened AB pattern was 
then assigned to the six-membered ring methylene 
hydrogens He and Hf. Absorption at t 5.85 was assigned 
to the methinyl proton, Hc. It is expected that an 
ally lie hydrogen adjacent to geminal cyano groups 
should be quite deshielded. Support for this chemical 
shift assignment comes from the report of Linn and 
Benson8 that a similar hydrogen in 1,1,3,3-tetracyano- 
l,3,3a,7a-tetrahydrobenzofuran (9) absorbs at r 5.14.

On the basis of their low-field appearance the eight-line 
multiplet centered at r 3.69 and the seven-line multiplet 
centered at t 3.95 (each integrating for one proton) were 
assigned to vinyl hydrogens Ha and Hb, respectively. 
Examination of Barton models suggests that a favorable 
conformation of 7 exists in which the six-membered 
ring is a half-chair and the four cyano groups at C4 and 
C6 are almost perfectly staggered. This conformation 
places a cyano group of C4 in a quasiequatorial posi
tion. The dihedral angle between this cyano group and 
Hb is approximately 27° in this conformation and 
places Hb within the expected diamagnetic shielding 
region of the cyano group.9 Chemical shift assign
ments for Ha and Hb are made on the expectation that 
Hb, lying much closer in space to the C4 quasiequatorial 
cyano group, should appear at higher field than Ha.

The combined effects of spin decoupling and deutera- 
tion in 7 give strong support to the above assignments. 
Irradiation of the five-membered ring methylene pro
tons, Hd, results in an ABX pattern involving Ha, Hb, 
and Hc. The AB portion of this pattern is shown in 
Figure 1. Following the method outlined by Becker10 
which allows hand calculation of the computer-gen
erated solution to the general ABX problem, coupling

(8) W. J. Linn and R. E. Benson, J. Amer. Chem. Soc., 87, 3657 (1965).
(9) G. S. Reddy, J. H. Goldstein, and L. Mandell, J. Amer. Chem. Soc., 

83, 1300 (1961).
(10) E. D. Becker, “ High Resolution NMR, Theory and Chemical Ap

plications,”  Academic Press, New York, N. Y., 1969, pp 152—159.

constants J ac — —2.03, Jbc = 2.43, and . /Ab =  6.2 Hz 
were derived.

Irradiation of methinyl Hc at r 5.85 in deuterated 7 
(deuterium at the five-membered ring methylene group) 
gives rise to an ABX pattern involving Ha, Hb, and 
Hd, the AB portion of which is shown in Figure 2. 
Coupling constants J ad  =  2.80 and / B d  =  —1.30 Hz 
were assigned.

Four-bond ally lie coupling constants are generally 
negative,1112 and the method outlined by Becker10 
indicates that these couplings in 7 are also negative. 
Irradiation of the methyl group at r 8.18 causes a 
simplification of the absorptions due to Hd and also 
He and Hf, indicating coupling extending for four or 
five bonds. Irradiation of Hc caused an observable 
alteration of the methyl absorption that was unre- 
solvable due to coupling with methyl by other protons 
in the molecule. Nmr assignments in 7 are listed in 
Table III.

T able III
C hemical Shifts and C oupling C onstants in A dduct 7

H. Hr
(H giX O

T X ( C N ) ,

(H<i)r-X X
Ha Hb

/------------------------t , ppm— J, Hz

Ha 3.69“ 4.33* J  AB = 6.2
Hb 3.95 4.55 J a c  = -2 .0 3
H„ 5.85 6.38 / a d  = 2.80
Hd 6.78 7.54 « / b d  = -1 .3 0
He 3.18 or 3.60 7.79 J  EF = 18.0
Hf 3.18 or 3.60 7.79
h e 8.18 8.93
100 MHz in acetone-/;. b 60 MHz in benzene-/,.

That isomer 3 might have reacted with TCNE to 
form 10 is not supported by nmr. Also the infrared

spectrum of the adduct 3 with TCNE lacks absorption 
in the region 890-910 cm-1, characteristic of terminal

(11) M. Barfield and B. Chakrabarti, Chem. Rev., 69, 757 (1969).
(12) S. Sternhell, Rev. Pure Appl. Chem., 14, 15 (1964).
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v in y l groups such  as th ose  present in  the isopropen y l 
group o f 10 .13

A d d u ct  8 , m p  1 5 6 -1 5 7 ° , show ed  w eak absorp tion  in 
the in frared  at 2245 c m -1  ( C = N )  and stron g  absorp 
tion  at 914 c m -1  (term inal o lefin ). T h e  100 -M H z nm r 
spectrum  o f  8 in  aceton e-ii6 show ed five  separate bands 
cen tered  at r  3.50, 4 .37, 4 .67, 5.31, and  5.67, each 
in tegrating fo r  on e h ydrogen . P resent also w ere 
m ultip lets centered a t r  7 .76 and  8 .08  w h ich  in tegrated  
fo r  tw o  and three h ydrogens, resp ective ly . C hem ical 
sh ift assignm ents in  8  w ere m ade p rim arily  on  com pari-

son  w ith  the nm r spectru m  o f  a d d u ct 6, and also in 
com parison  w ith  5 ,5 ,6 ,6 -tetracyan on orbornen e, the 
adduct o f  cyclop en tad ien e  and T C N E .

T h e  broaden ed  d ou b let (J  =  3 .2  H z) centered  at r  
3.50 was assigned to  H a, since the v in y l hydrogens o f 
6 appeared a t t 3.10. T h e  broaden ed  peaks at r  4 .37 
and 4.67 w ere assigned to  the isop rop en y l v in y l h y d ro 
gens H b and H c. H b is expected  to  appear dow n field  
from  H c due to  th e  a n isotropy  effects o f  the n orborn en y l 
dou b le  b o n d .3 15 A b sorp tion s  at r  4 .37  and  4.67 were 
assigned to  bridgehead  hydrogens H d and H e. B ridge
head a bsorp tion  in  6 occu rred  at r  4 .04. Irrad iation  o f  
the ban d  at t 4 .67 caused a collapse o f  the H a d ou b let to  
a  broaden ed  singlet. T h is  peak w as assigned to  H e 
since H e is expected  to  cou p le  m ore  stron gly  than  H d 
w ith  H a1415 and also due to  an isotrop y  effects o f  the 
isopropen y l d ou b le  b on d , H d should  be  deshielded m ore 
than  H e. A b so rp t io n  cen tered  at r  7.76 appeared  as an 
A B  pattern  (J  =  11.5 H z) w ith  each peak  sh ow ing  
add itional sp litting. T h is  pattern  w as assigned to  the 
bridge m ethylene h yd rogen s o f  8 (bridge h ydrogens o f 
6 absorbed  at t 8 .00 ). T h e  bridge m ethylene h y d ro 
gens o f  5,5 6 ,6 -tetracyan on orborn en e also sh ow ed  an 
A B  pattern , centered  at r  7.83. N um erous oth er 
reports o f  A B  patterns arising from  n on equ iva len t 
gem inal bridge h ydrogens in n orborn en e derivatives 
have been  m a d e ,16’17 su p portin g  ou r assignm ents in this 
case. A b sorp tion s  at t 8.08 w as assigned to  the 
isopropen y l m eth y l group.

E stim ates o f  th e  exten t o f  deu teration  o f  1 w ere also 
obta in ed  from  the n m r spectra  o f  7 and  8. In  isola ted  
sam ples o f  7 and 8 ob ta in ed  b y  trap p in g  the deuterated  
isom er m ixture, in tegration  o f  th e  reg ion  t 6 .3 -7 .0  in  7 
show ed the presence o f  3 .3 -3 .4  h ydrogens w hile in tegra
tion  o f  the absorp tion  centered  at r  7 .76  in  8 in d icated

(13) L. J. Bellamy, “ The Infrared Spectra of Complex Molecules,”  2nd 
ed, Wiley, New York, N. Y., 1958, p 26.

(14) R. A. Finnegan and R. McNees, J. Org. Chem., 29, 3234 (1964).
(15) E. W. Garbisch, Jr., Chem. Commun., 332 (1968).
(16) P. Subramanian, M. Emerson, and N. LeBel, J. Org. Chem., 30, 2624 

(1965).
(17) J. D. Davis, Jr., and T. VanAuken, J.  Amer. Chem. Soc., 87, 3900

(1965).

the presence o f  1.35 h ydrogens. T h ese  data  in d icate  
the u ptak e o f  6 0 -7 0 %  o f  on e  deuterium  a tom  in to  7 
and  8 w ell w ith in  experim ental error o f  oth er estim ates 
o f  th e  extent o f  deu teration  o f  1.

Conclusions

A n  accu rate a ccou n tin g  o f  th e  orig in  o f  th e  d im eth yl- 
fu lvene form ed  in  the qu ench ing  o f  th e  isop rop en y l- 
cy c lop en ta d ien y l an ion  rem oves som e uncertainties 
con cern in g  the operation  o f  k in etic  con tro l o f  this 
process le ft unresolved  in  th e  p reviou s re p o rt .3 H o w 
ever, as w e have n o  d irect ev iden ce  fo r  the occu rren ce  
o f  5 in  th e  isom er m ixture, it is still u ncerta in  as to  
w hether the m ixture, o f  1 0 %  2, 6 2 %  3, and  2 7 %  4 
corresponds to  the first form ed  p rodu cts. T h a t som e 
rearrangem ent o f  the first form ed  p rod u cts  occurs, 
p ro b a b ly  b y  a carban ion  m echanism , is in d ica ted  b y  the 
m ass spectra l ob serva tion  o f  th e  u p tak e  o f  m ore  than 
on e  deuterium  a tom  in to  th e  p rod u cts . T o  the exten t 
th at this secon dary  ion iza tion  occu rred , th e  system  
w ou ld  ten d  tow ard  equ ilibrium , resu lting u ltim ate ly  in 
an increase in th e  relative am ou n t o f  2 in  the m ixture. 
I f  changes in  th e  first form ed  m ixture occu r  o n ly  b y  a 
carban ion  m echanism , the observed  p ro d u ct  m ixture 
w ou ld  differ m ost from  th at o f  k in etic  co n tro l if  n o  2 
were in  the first form ed  m ixture, b u t instead  arose from  
subsequent ion iza tion  in  the system . Such a rearrange
m en t in v o lv in g  5 ca n n ot be  ruled ou t b y  the availab le 
eviden ce. T o  the exten t th at 5 is rem oved  from  the 
m ixture b y  a carban ion  m echanism , the relative 
am ou n ts o f  2, 3, and  4  w ill increase in  th e  p rod u ct 
m ixture in  a ratio d irectly  p rop ortion a l to  th e  ratio  o f  
the specific rate con stan ts fo r  their form ation . I f  the 
a m ou n t o f  secon dary  ion iza tion  is m inim al, such  th at 
th e  system  does n o t m ov e  v e ry  far tow a rd  equilibrium , 
the ratio o f  2 :3 :4  sh ou ld  be  in depen den t o f  the am ount 
o f  5 present.

T h a t 5 m ay h ave form ed  on  qu ench ing  o f  1 and then 
su bsequ ently  rearranged b y  an u n cata lyzed  sigm atrop ic 
h yd rogen  m igration  to  g ive  3 rem ains a possib ility . 
T h e  rearrangem ent o f  5 -*■ 3 m u st be  con siderab ly  m ore 
rap id  than  the in tercon version  o f 3 -*■ 4  or 4  —► 3, since 
the latter processes w ere fa irly  s low  at ro o m  tem pera 
ture and n o t observed  at all a t low  tem peratures. 
M cL ea n  and H a y n es18 have sh ow n  th at 5 -m eth yl- 
cyclop en tad ien e  is som ew h at m ore  reactive  than  1- 
m eth y lcyclop en tad ien e  tow a rd  th is ty p e  o f  rearrange
m ent. T h e y  have also in d ica ted  th at base-indu ced  
rearrangem ents in a lk y lcyclopen tad ien es are m u ch  m ore 
rapid  than  u n cata lyzed  rearrangem ents in these sys
tem s. S ince som e carban ion  fo rm a tion  subsequent to  
qu ench ing  o f  1 is in d ica ted  in  our w ork , it is lik ely  th at 
the m ore  rap id  ion ic  m echan ism  w ou ld  a ccou n t for  
v irtu a lly  all o f  the loss o f  an y  5 th at m igh t h ave form ed  
in th is reaction .

T h e  relative am ou n ts o f  d im eth ylfu lven e  derived  
from  the deu teration  o f  1 (-—'8 % )  in d icates th at any 
rearrangem ent (m ost reason ab ly  b y  a carban ion  m ech 
anism ) o f  th e  first form ed  p rod u cts  w as n o t extensive. 
H en ce, w hether or n o t  any 5 w as fo im e d  in  the qu ench 
in g  o f  1, the re la tive  am ounts o f  2, 3, and 4  observed  in 
th is w ork  are p ro b a b ly  n o t far rem oved  from  the k ineti- 
ca lly  con tro lled  p ro d u ct ratios.

(18) S. McLean and P. Haynes, Tetrahedron, 21, 2329 (1965).
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Experimental Section19
Dim ethylfulvene (2).—Dimethylfulvene (5-isopropylidene-l,-

3-cyelopentadiene) contaminated by 5-10% of dicyclopentadiene 
was prepared by the method of Freiesleben.20 2 was also pre
pared by the method of McCain21 using the basic form (hydroxide) 
of a quaternary ammonium type (polystyrene) anion exchange 
resin, Amberlite CG-400, as base. This method gives 2 un
contaminated by dicyclopentadiene, but in lower yields.

Isom erization of D im ethylfulvene.— The procedure of Hine 
and Knight3 was closely followed in the room temperature isomeri
zation of 2 via protonation and deuteration of anion 1. Sev
eral repetitions of the protonation experiment afforded product 
mixtures of 15 ±  3%, 2, 58 ±  3%  3, and 27 ±  2%  4. Pmr spec
tra (60 MHz) were obtained 15-20 min after quenching of the 
anion. The composition of the product mixture remained essen
tially unchanged on standing at —78°. Pmr spectra (100 Hz) 
were obtained after 0.5-2 days’ storage at —78°. Dicyclo
pentadiene (~ 5 -7 % ) was used as an internal standard for the 
glpc analysis.

In a separate experiment dimethylfulvene was also isomerized 
by the same method with the exception that hexamethylphos- 
phoramide was used as solvent in the place of diglyme. A 
product mixture of 8%  2, 65% 3, and 27% 4 was obtained in 
this experiment, indicating little solvent effect on the course of 
the isomerization.

D euteration of 1, G as C hrom atographic-M ass Spectral Analy
s is .— The isomerization was carried out as previously described 
on 4.02 g of 2 (92.8% 2, 7.2% dicyclopentadiene). The anion 
was quenched with deuterium acetate in deuterium oxide, ex
tracted into light petroleum ether, and washed with water to 
remove diglyme solvent. The product mixture was immediately 
stored at —78° until gc-ms analysis could be made. A 3/ 8in. X 
6 ft 3%  SE-30 on Chromosorb W  column at 80° was used for the 
glpc separation. Retention times of 0.70 (3 and 4, unresolvable), 
0.83 (2), and 1.16 min (dicyclopentadiene) were observed. The 
product mixture contained 8.9% 2, 84.2% a mixture of 3 and 
4, and 6 .S% dicyclopentadiene. This 5.5% decrease in the rela
tive amount of dicyclopentadiene is within the experimental error 
of the method (~ 1 0 % ) and indicated no loss of product. Thus 
excellent material balance was obtained in this reaction. Mass 
spectral analyses were made using ionizing potentials of 70 and 
19 eV. At 19 eV, peaks due to (parent ion — 1) mass unit were 
almost completely absent. After correction or 13C content,3 
assignments corresponding to 50% C8H 10, 47% CSH J), and 3%  
C8H8D2 for the fraction containing 3 and 4, as well as 60% 
CsH,o, 38% C8H9D, and 2%  C8HSD2 in the fraction containing
2, were made. The fraction containing dicyclopentadiene had 
a parent ion of mass 132 corresponding to C ioH12. On standing 
at room temperature the sample developed high-boiling com
ponents of mass 210-213 corresponding to Diels-Alder adducts 
involving protonated and deuterated 2, 3, and 4, confirming our 
suspicions that the composition of the isomeric product mixture 
may change on standing due to adduct formation involving 2,
3, and 4.

7-Isopropylidene-5,5,6,6-tetracyanorbom ene (6 ) .— Equimo
lar (0.10 mol) amounts of dimethylfulvene and tetracyano-

(19) Melting points are uncorrected. Infrared spectra were obtained 
using a Perkin-Elmer Model 521 spectrophotometer. Mass spectra were 
determined using a Varian Model CH-7 spectrometer, and proton nmr spectra 
were obtained using Varian Models T-60 and HA-100 spectrometers. Ele
mental analyses were made by Galbraith Laboratories, Knoxville, Tenn.

(20) W. Freiesleben, Angew. Chem., 75, 576 (1963).
(21) G. H. McCain, J. Org. Chem., 23, 632 (1958).

ethylene were dissolved in toluene and mixed in a three-necked 
flask equipped with a nitrogen bleed. A transient dark color 
was observed which faded quickly', and a solid product separated 
on standing. The product was recry'stallized from acetone at 0° 
to yield white crystals: mp 133° (lit.5 138°); ir (KBr) 2250 cm -1 
(C = N ); nmr (acetone-d<) r 3.10 (t, 2, vinyl), 5.04 (t, 2, bridge
head), 8.15 (s, 6, methyl).

Trapping of Isomers 2 , 3, and 4 As Diels-Alder Adducts of 
TCNE.— The following procedure is typical for several repeti
tions of the t rapping experiment. Some difficulty was encounter
ed in separating the adducts 6, 7, and 8 by fractional crystalliza
tion. Material balance was not achieved on isolated adducts 
but relative amounts of 6, 7, and 8 were determined by integra
tion of the nmr spectra of the total mixture of adducts. The 
absorptions used in these integrations were not complicated by 
overlap with other absorptions in the spectra. Peaks used in 
these estimated were the triplet at r 3.10 due to the vinyl hydro
gens of 6, the multiplet centered at t 3.95 due to the vinyl hydro
gen Hb of 7, and the broadened peak at r 4.37 due to the down- 
field isopropenyl vinyl hydrogen of 8.

The carbon tetrachloride solution of 2 , 3, and 4 obtained from 
the protonation or deuteration of 1 was added with stirring to an 
equimolar amount (0.05 mol) of sublimed TCNE dissolved in 75 
ml of acetone under N2 at 0°. A fleeting dark color was ob
served to pass through the solution. The mixture was stirred 
for 10 min and solvent was removed under reduced pressure to 
give a greenish paste. Excess TCNE (mp 196°) was removed by 
crystallization from CH2C12 at 0°. Addition of petroleum ether 
(bp 60-90°) caused oiling of the product and solvents were again 
removed under reduced presssure. The residue was dissolved in 
refluxing toluene-petroleum ether (50:50). On standing several 
day's at 0°, 0.4 g of 3a,4,5,6,6-pentahy'dro-4,4,5,5-tetracyano-7- 
methylindene (7), mp 92-93°, was collected: ir (KBr, in order 
of decreasing intensity') 762, 670, 1440, 680, 1430, 1105, 2920, 
1260, 1380, 1125, 2890, 945, 920, 805, 325, 935, 2830, 1220, 
780, 1155, 1250, 3060, 1350, 1045, 425, 1605, 1280, 1315, 610, 
445, 840, 2245, 1065, 1065, 1080 c m T

Anal. Calcd for C,.HI0N 4: C, 71.76; H, 4.31; N, 23.92. 
Found: C, 71.80; H, 4.33; N , 23.97.

The solvents from the remaining solution were allowed to 
evaporate at room temperature and, as the mixture became 
more concentrated, 0.2 g of 2-isopropenyl-5,5,6,6-tetracyranonor- 
bornene (8) was deposited as white crystals: mp 156-157°;
ir (KBr, in order of decreasing intensity) 915, 1380, 1280, 1270, 
910, 1440, 830, 1570, 3080, 1430, 88(f, 610, 1620, 2955, 2990, 
3005, 1245, 940, 745, 1010, 1030, 2245, 2920, 1180, 1230, 490, 
555 cm-1.

Anal. Calcd for CmH10N4: C, 71.76; H, 4.31; N, 23.92. 
Found: C, 71.49; H, 4.30.

Registry No.— 1, 26520-95-6 ; 2, 2175-91 -9 ; 3,
26385-00 -2 ; 4, 26385-01 -3 ; 6, 33061-12-0 ; 7, 33061-
13-1 ; 8 ,33 0 6 1 -1 4 -2 .
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Reaction of 3,3-diphenyl-l,2-ira»s-bis(iV-nitrosourethano Cyclopropane (2) with sodium methoxide in methanol 
has been found to give a mixture of 3,3-diphenyl-l-diazopropanone and 4,4-diphenyl-3-methoxy-l-pyrazoline 1- 
oxide. The structural assignment of the latter, which requires cleavage of the cyclopropane between the nitrogen 
functions, is based on spectral and chemical properties. The origin of the pyrazoline oxide is briefly discussed in 
terms of the diazabicyclo[2.1.0]pentene oxide 7.

One o f the m ore general m ethods o f generating d iazo
alkanes is b y  th e  base-in du ced  d ecom p osition  o f ¿V-nitro- 
soam ine deriva tives .2 In  ou r h an ds3 th is m eth od  has

H N = 0
I I  +

— C— N— C— R +  base — ► ^C — N2
I II X

0

n ot been  fou n d  generally  useful fo r  the generation  o f 
diazoalkenes because m ost v in y l am ines exist prim arily  
in the im ine fo rm ,4'5 thus preclu d in g  am ine n itrosation . 
In  a series o f  recen t papers, N ew m an 6 has reported  a 
m eth od  to  generate d iazoalkenes b y  allow ing N -n itroso - 
oxazolidones 1 to  react w ith  base. T h is  m eth od  clean ly  
circu m ven ts the p rob lem  m en tioned  a b ove  b y  generat
ing the dou b le  b o n d  a fter th e  am ine fu n ction  is n itro - 
sated.

R.C—0  R
| \ :o  X = c n 2

H2C— NNO K

1

W e  h ave  recen tly  reported 7 our m odestly  successful 
attem pts to  generate a diazoallene b y  a llow ing 3 ,3 - 
d iph en yl- 1 ,2-fraws-bis (W -nitrosourethano) cy c lo p ro p  ane 
(2) to  react w ith  base, in  this w a y  attem ptin g  to  gen
erate the allene m oiety  after n itrosation  o f  the am ine 
fu n ction . U n der m an y con d itions, the reaction  ap
paren tly  p roceed ed  w ell as far as the allenyl d iazotate  
3, and, a lthou gh  a sm all p ortion  gave the d iazoallene 4, 
m ost o f  the d iazotate  is b e lieved  to  h ave u ndergone a 
uni m olecu lar ring closure fo llow ed  b y  open in g  to  g ive 
d iph en yld iazopropan on e 5. H ow ever, w hen the reac
tion  was carried  ou t in a dilute so lu tion  o f sod iu m  
m ethoxide in m ethanol, in  add ition  to  th e  d iazo-

(1) Support for this work by the National Science Foundation is gratefully 
acknowledged. Presented in part to the 1970 Meeting in Miniature of the 
Florida Section of the American Chemical Society. Taken from the Ph.D. 
Dissertation of D. J. Northington, University of Florida, 1970.

(2) Cf. A. Zollinger, “ Azo and Diazo Chemistry,”  Interscience, New York, 
N. Y ., 1961; P. A. S. Smith, “ Open-Chain Nitrogen Compounds,”  W. A. 
Benjamin, New York, N. Y., 1966.

(3) Unpublished results of T. G. Squires.
(4) In cases where the vinyl amine is the more stable tautomer,5 nitrosation 

of the amine function gives the vinylidene, presumably via the diazoalkene.
(5) Cf. D. Y. Curtin, J. A. Kampmeir, and B. R. O’Connor, «7. Amer. 

Chem. Soc., 87, 863 (1965).
(6) M. S. Newman and T. B. Patrick, ibid., 92, 4312 (1970); M. S. New

man and C. D. Beard, ibid., 92, 4309 (1970); M. S. Newman and T. B. 
Patrick, ibid., 91, 6461 (1969); M. S. Newman and A. O. M. Okorodudu, 
ibid., 90, 4189 (1968); J. Org. Chem., 34, 1220 (1969).

(7) D. J. Northington and W. M. Jones, Tetrahedron Lett., No. 4, 317
(1971).

X -

NC02Et

NO
I

■ NC02Et

NO

0
II

r ,c h c c h n 2

5

N = N O ~

R

.N

c /  %

/  X

\  \ /
> - o = c

R  X H

-c = c = c n 2

propanone, a new  m aterial, 4 ,4 -d ip h e n y l-3 -m e th o x y -l- 
pyrazoline 1-ox ide  (8 ), w as form ed  as th e  m a jor p rodu ct. 
A t  this tim e w e rep ort a p ro o f o f  structure o f  this 
m aterial and som e o f its v e ry  interesting chem istry .

R esults

3 ,3 -D ip h en y l-l,2 -iran s-b is (u reth an o) cyclop rop a n e  (2) 
was synthesized  b y  con ven tion a l m ethods8 from  3,3- 
d ip h en y lcy clop rop y l- 1 ,2-iran.s-diearboxylic acid  via the 
b is acid  ch loride, acid  azide, and isocyan ate. N itrosa 
tion  was effected  w ith  N 2O 4 in  e th er .9

T reatm en t o f  th e  n itrosourethane 2 w ith  a dilute 
so lu tion  o f sod iu m  m ethoxide in  m ethanol gave as 
prin cipal produ cts  4 ,4 -d ip h en y l-3 -m eth ox y -l-p y ra zo lin e  
1-oxide (8 ) and d iazopropan one 5 (several v e ry  m inor 
unidentified  p rod u cts  w ere form ed ). A s reported  pre
v io u s ly ,7 reaction  in a con cen tra ted  so lu tion  o f  sod ium  
m ethoxide in m ethanol gave as the on ly  identifiable 
p rod u ct the d iazopropan one 5 (ca. 7 0 %  y ie ld ).

T h e  structure p ro o f o f  8  was d ifficu lt at best. T hus, 
although  the nm r (see b e low ) was com p lete ly  consistent

CH-,0-

n - oh

II # N
c  c 1. Ac20

CN CN
VCH/)H > /  \  / 2 . pyridine /  \

H / c \  
K  R

12 N 0

R R

1 HCl . 
MeOH>

III
C\

II
CNH2

13
(8) For example, see J. M. Walbrick, J. W. Wilson, Jr., and W. M. Jones, 

J. Amer. Chem. Soc., 90, 2895 (1968).
(9) E. H. White and C. A. Aufdermarsh, Jr., ibid., 83, 1174, 1179, (1961).
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w ith  8, it neither identified  the basic ring structure nor 
th e  p osition  o f  the oxygen  o f th e  iV -oxide. T h e  carbon  
sk eleton  was u ltim ately  determ ined  b y  its chem istry. 
Iso la tion  o f d iph en ylm alon od in itrile10 and its oxim e 
precu rsor 1211 leave little  d ou b t b u t th at the cy c lo 
prop ane open ed  betw een  the tw o n itrogen  fun ction s. 
S tron g  ir absorp tion  at 1525 c m -1 , an M  — 16 p eak  in 
th e  mass spectrum , an d  stron g  end a bsorp tion  in  the 
u v  in d icate  an azoxy  fu n ction .2' 12 F in a lly , nm r absorp
tions at r  4 .25 (s, 1 H ) for  th e  m ethyn e p ro ton , 4 .97 and
5.35 (A B  qu artet w ith  J AB =  13.5 cps) for  n on equ iva 
lent gem inal m ethylene proton s, and  6.40 (s, 3 H ) for  
the m eth oxy  proton s  su pport th e  structural assignm ent 
o f  8. H ow ever, it  sh ou ld  be  n oted  th a t spectra l data  
are no help  in d ifferentiating b etw een  the tw o  possible 
ox id e  isom ers (8  vs. 9 ).

T w o  experim ents, one o f w h ich  m ay  b e  generally  
app licab le , led  us to  id en tify  the pyrazoline ox ide  as 8.

F irst, pyro lysis  o f  8 y ie lded  1 ,1 -d iphenylethylene 
an d  n o  d etectab le  am ount o f  1 ,1 -d iph en y l-2 -m eth oxy - 
ethylene, w hereas its p h oto isom er13 (the isom eric 
p yrazolin e  ox ide  9) gave 1 ,1 -d iph en yl-2 -m eth oxyeth y l- 
ene and  no trace o f  d iphenylethylene. T h erm al frag
m en ta tion  o f 8 to  g ive  d iph en yleth ylen e sh ou ld  give, in  
add ition , a va lence-satisfied  n itrosoim ine 10. O n the 
o th er hand, fragm en tation  o f 8 to  g ive d iph en yl- 
m eth oxyeth y len e  requires in itia l form a tion  o f a di
radical. T h e  sam e argum ents can, o f  course, also be  
m ade for  the form ation  o f l,l-d ip h e n y l-2 -m e th o x y -

0

V = C H ,
R

+ N —N = 0
H

10(?)

R  .OCH, H
X C = C  +  " T = N — N = 0

R ^  ri H/
11(?)

9

ethylene from  9. T hese  conclusions were further 
su p p orted  b y  the m ass spectra  o f  8 and  9 in th at the 
form er sh ow ed  a peak  at m/e 180 w ith  a re la tive  in
ten sity  o f  100 and none at 210, w hereas the latter 
sh ow ed  on ly  a sm all p eak  at 180 (relative in tensity  10) 
and a substantia l p eak  (relative in ten sity  22) at m /e  210.

T h e  assignm ent o f  structure 8 to  th e  in itial pyrazoline 
ox ide  was fu rth er su pported  b y  allow ing it to  react 
w ith  sod iu m  m ethoxide in  M e O D . A s n oted  above , 
reaction  o f 8  w ith  base gives the a ldoxim e 12. A ssum 
ing th at the n itrogen  bearing th e  ox ide m oiety  in  8 
b ecom es the a ldoxim e fu n ction  in 12, th e  fo llow in g

(10) Cf. C. R. Hauser and E. Jordan, J. Amer. Chem. Soc., 58, 1772 (1936).
(11) Assignment of the anti configuration to the aldoxime is based on de

hydration by acetic anhydride followed by pyridine as well as HC1 in metha
nol. None of the Beckman rearrangement product predicted for the syn 
configuration was observed.

(12) V. T. Bandurco and J. P. Snyder, Tetrahedron Lett., 4643 (1969);
F. D. Greene and S. S. Hecht, ibid., 575 (1969); W. R. Dolbier and W. M. 
Williams, J. Amer. Chem. Soc., 91, 2818 (1969).

(13) For a discussion on the photolysis of azoxy compounds, see F. D.
Greene and S. S. Hecht, J. Org. Chem., 35, 2482 (1970).

results are m eaningfu l. W h en  the reaction  o f sod iu m  
m ethoxide w ith  8 in M e O D  w as qu en ch ed  w ith  w ater 
at a p prox im ately  the m id po in t in  th e  reaction , it  was 
fou n d  th a t the starting m ateria l h ad  in corp ora ted  
deuterium  in to  th e  m ethylene p osition  to  th e  exten t 
th at n o  absorptions in  the nm r w ere n oted  fo r  these 
proton s, w hereas n o  deuterium  h ad  b een  in corp ora ted  
in to  th e  m ethyn e position . F urther, it  w as fou n d  
th a t th e  p ro d u ct a ldoxim e h ad  in corp ora ted  deu teriu m  
to  the extent o f  9 6 %  (n m r). F in a lly , u n deu tera ted  
ox im e d id  n ot exchange under th e  rea ction  con d ition s . 
T hu s, unless som e interm ediate undergoes ra p id  an d  
to ta l deu teriu m  exchange, these results p o in t  to  s tru c
ture 8 fo r  th e  ox ide.

8

D iscu ss ion

O f p rim ary  interest from  these results is th e  origin  
o f  th e  pyrazoline ox ide 8. A lth ou g h  w e d o  n o t h ave 
d irect eviden ce, a num ber o f argum ents len d  su p p ort 
to  the series o f  reactions in Schem e I.

C erta in ly , th e  first step in  th e  reaction  m ust be  
con version  o f  one W -n itrosocarbam ate grou p  to  a 
d ia zo ta te .2 W e  further suggest th a t th e  secon d  n itro - 
sourethane is also con v erted  to  its d ia zota te  p rior to  
reactions leading to  8 .14 T h e  b isd iazota te  w ou ld  be  
exp ected  to  undergo tw o  d ifferent typ es  o f  reactions 
under ou r con d itions. I t  cou ld  either rea ct further 
w ith  base and  a lcoh ol t o  u ltim ately  g ive  d ia zopropan on e 
5 (a  rea ction  w h ich  shou ld  b e  fa v ored  b y  a  h igh  co n 
cen tra tion  o f  b a se15), or  it  cou ld  rea ct w ith  a lco h o l 
a lone to  g ive  a  cy clop rop y ld ia zon iu m  ion . T h is , in  
turn, w ou ld  be  expected  to  lose n itrogen  to  g ive  a 
cy c lo p ro p y l ca tio n ,16 w hich , in light o f  M oss  and  
L a n d on ’s 16 recen t w ork  w ith  d iazotates, cou ld  g ive  th e  
a zox y  com p ou n d  7.

T h e  steps in the con version  o f 7 to  8 m ust, a t th is 
tim e, rem ain  open . R e ce n t w ork  o f  D o lb ie r  an d  
W illiam s17 on  th e  ph oto lysis  o f  477-pyrazole oxides 
(analogous to  14 b u t h igh ly  su bstitu ted ) led  th em  to  
the con clu sion  th at h eterocycles  analogous to  7 open  
th erm ally  at tem peratures as low  as — 3 0° to  g ive  tw o  
produ cts, one o f w h ich  is th e  starting 4 i i -p y r  azole 
oxide. T h is  suggests as one v e ry  real p ossib ility  ring 
open ing to  14 fo llow ed  b y  base-in du ced  ad d ition  o f 
M e O H .18 O n the oth er hand, d irect a tta ck  o f  m eth 
ox ide on  the cyclop rop a n e  r in g 19 o f 7 can n ot a t th is

(14) For convenience, the precursor to 5 is also pictured as the bisdiazo
tate. In fact, it could be a monodiazotate without changing the arguments. 
The bisdiazotate is the preferred precursor to 8.

(15) W. Kirmse and H. Schutte, J. Amer. Chem. Soc., 89, 1284 (1967).
(16) R. A. Moss and M. J. Landon, Tetrahedron Lett., 3897 (1969).
(17) W. R. Dolbier, Jr., University of Florida, private communication.
(18) To the best of our knowledge, the chemistry of 4/7-pyrazole oxides 

with base has not been studied.
(19) Base-induced ring opening of cyclopropane, while rare, is not un

known in strained ring systems in which opening leads to a stable anion. 
For examples, see R. P. Blanchard, Jr., and A. Cairncross, J. Amer. Chem. 
Soc., 88, 587 (1966). The strain of the ring systems involved (bicyclobutane) 
and the probable sluggishness of the reaction (e.g., 1-cyanobicyclobutane was 
opened by methoxide in methanol after 63 hr at room temperature) argues 
against direct attack on the cyclopropane ring.
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tim e be  excluded . P referentia l form ation  o f  8 b y  
either m echanism  is certa in ly  reasonable, since the 
observed  facile  and  exclusive base-in du ced  deuterium  
exchange at the m ethylene p osition  in  8  leaves little  
qu estion  b u t th a t an ion  15 is m ore stable  than  its 
cou nterpart w h ich  w ou ld  lead  to  th e  isom eric oxide 9.

E xperim en ta l S ection

G eneral.— Melting points were taken in a Thomas-Hoover 
capillary melting point apparatus and are uncorrected. A 
Beckman Model IR-10 was used to obtain infrared spectra. 
Nuclear magnetic resonance spectra were obtained on a Varian 
A-60 high resolution spectrometer. Chemical shifts are reported 
in units of r using tetramethylsilane as an internal standard. 
Ultraviolet spectra were obtained from a Cary 15 spectrophotome
ter. The Hitachi Perkin-Elmer RMU-6E mass spectrometer 
was used to record mass spectra. The molecular ion peak, the 
base peak, and large significant fragments are reported. Ele
mental analyses were performed by Galbraith Laboratories, Inc., 
Knoxville, Tenn.

3 .3 -  Diphenylcyclopropane-l,2-trans-dicarboxylic Acid— To a
solution of 33 g of diethyl fumarate in 200 ml of ether was added 
1 equiv of diphenyldiazomethane. The solution was stirred at 
room temperature for a few hours until the red color disappeared. 
The ether was removed under reduced pressure and the residue 
was pyrolyzed by slowly heating it to 180° until the gas evolution 
was complete (about 0.5 hr). The residue from the pyrolysis 
was saponified by refluxing it with 24 g of potassium hydroxide 
in 300 ml of water for 5 hr. The water solution was extracted 
twice with 100 ml of ether, warmed to 70°, and slowly acidified 
with dilute hydrochloric acid. The solution was allowed to 
cool fcr several hours and the precipitate was filtered and dried 
under vacuum. This yielded 46 g (80%) of the acid, mp 285- 
290° (lit.20 mp 290°).

3 .3 -  Diphenyl-l,2-iroras-bis(urethano)cyclopropane ( 1).— 3,3- 
Diphenylcyclopropane-l,2-irans-diearboxylic acid was converted 
to the acid chloride by refluxing 21 g (0.74 mol) of the acid in 
excess thionyl chloride for 3 hr. The excess thionyl chloride 
was removed under reduced pressure; the last traces of thionyl 
chloride were removed by high vacuum overnight. The residue 
was dissolved in 120 ml of acetone and cooled in an ice bath. 
To this solution was added 38 g (4 equiv) of sodium azide in a 
minin'um amount of water and the mixture was stirred at room 
temperature for 1.5 hr. This was poured into 300 ml of water 
and extracted with three 100-ml portions of ether. The com
bined ether solutions were washed with 50 ml of saturated brine

(20) J. van Alphen, Red. Trav. Chim. Pays-Bas, 62, 210 (1943).

and dried (Na2S04). The ether was removed under reduced 
pressure and the residue was refluxed in 200 ml of benzene until 
nitrogen evolution ceased. The benzene solution of the iso
cyanate was cooled to room temperature and 35 ml of ethanol 
were added. This was refluxed for about 3 hr or until an ir 
spectrum showed complete loss of the isocyanate peak at 4.4 /£. 
The benzene solution was allowed to cool slowly to room tempera
ture, and the solid product was filtered. The residue was 
washed with two small portions of benzene and recrystallized from 
benzene. This yielded 19 g <70%) of a white solid having needle
like crystals: mp 216-217°; ir (KBr) 3290, 1672, 1525, 1250- 
1290, 1075, 1045, 715 cm“ 1; nmr (CDC13) r 2.4-2.9 (10 H),
5.20 (broad s, 2 IT), 5.90 (q, 4 H), 6.41 (d, 2 H), 8.82 (t, 6 H).

Anal. Calcd for C2iH£4N204: C, 68.46; H, 6.57; N, 7.60. 
Found: C, 68.60; H ,6.58; N, 7.80.

3 ,3 -D ip h en yl-1 ̂ -¿rares-bisfA-nitrosourethano Cyclopropane  
(2 ).— The urethane was nitrosated in the following manner.
1 (1.0 g) was dissolved in 50 ml of ether, and 0.5 g of sodium 
sulfate and 1.3 g of sodium acetate were added. This mixture 
was cooled in a Dry Ice bath and stirred. To this was added 
1.0 g of N20 4 in 10 ml of ether. The mixture was stirred for 10 
min and then allowed to warm to room temperature by replacing 
the Dry Ice bath with a water bath. The excess N20 4 was re
moved under reduced pressure using an aspirator. This was 
then added to a stirred slurry of ice and saturated sodium bicar
bonate solution. This mixture was transferred to a separatory 
funnel and the ether layer was collected. The ether solution 
was washed with cold saturated sodium bicarbonate solution and 
with saturated brine and dried (Na2S04). In most cases 2 
was used directly as the crude yellow oil obtained by removing the 
ether under reduced pressure. The ether solution could, how
ever, be concentrated and pentane added to obtain crystalline 2 
by placing the flask in the freezer compartment of the refrigerator 
overnight. This gave pale yellow crystals in 75-90%  yield: 
mp 76-78° dec; ir (KBr) 2895, 1755, 1510, 1400, 1375, 1340, 
1315, 1190, 1165, 1095, 1055, 970, 940, 900, 815, 760, 705, 
610 cm "1; nmr (CDC13) t 2.4-3.0 (10 H ), 5.40 (s, 2 H), 5.68 
(q, 4 H ), 8.78 (t, 6 H). This solid was unstable when left at 
room temperature, but a solution of 2 in ether could be kept in 
the freezer for a few weeks without noticeable decomposition.

B ase-Induced Decom position of 2 in  M eth an ol.— Compound
2 was decomposed in methanol as follows. (1) Approximately
1.15 g (2.7 mmol) of 2 was dissolved in 60 ml of methanol. This 
was cooled in an ice bath, and 2.0 equiv of sodium methoxide 
was added. Gas evolution was complete after 20-30 min. The 
reaction was poured into approximately 200 ml of brine and 
extracted with two 50-ml portions of ether. This was dried 
(Na2S04) and concentrated under reduced pressure. Nmr 
analysis of the residue showed about 20%  of a compound identi
fied as 3,3-diphenyl-l-diazopropanone (5) and 35% of a com
pound identified as 4 ,4-diphenyl-3-methoxy-l-pyrazoline 1-oxide
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(8 ).21 In an experiment where 3 equiv of sodium methoxide 
was used, the results were the same.

The pyrazoline oxide was isolated by crystallization from the 
reaction mixture in ether or CCh. This gave 0.13 g (18%) of a 
white, crystalline solid: mp 126-127°; ir (KBr) 1525, 1335, 
1205, 1130, 790, 730, 715, 700 cm“ 1; nmr (CDC1,) r 2.5-3.2 
(10 H ), 4.25 (s, 1 H), 4.97 and 5.35 (Jab =  13.5 cps, 2 H),
6.40 (s, 3 H ); uv (EtOH) shoulder on end absorption 222 rn/x 
(« 19,000); mass spectrum (9 eV) m/e 268, 252, 238, 224, 180 
(100), 121.

Anal. Calcd for C16HieN20 2: C, 71.62; H, 6.01; N, 10.42. 
Found: C, 71.62; H, 6.02; N, 10.44.

The diazopropanone was isolated by chromatographing the 
filtrate on silica gel eluting with pentane-ether mixtures. Crystal
lization from ether-pentane gave 0.078 g (11%) of a yellow solid: 
mp 67-68°; ir (KBr) 3070, 2090, 1625, 1485, 1440, 1335 and 
1345 (doublet), 1280, 1130, 1060, 1030, 800, 745, 730, 710, 
690 cm“ 1; nmr (CC14) r 2.81 (s, 10 H ), 4.90 (s, 1, H), 5.20 (s, 
1 H).

Anal. Calcd for Ci6H12N20 :  C, 76.25; H, 5.12; N, 11.86. 
Found: C, 76.39; H, 5.26; N, 11.78.

(2) Addition of 1.0 g of 2 in 60 ml of methanol to 27 ml of 
25% sodium methoxide in methanol gave after work-up diazo
propanone (ca. 70%) as the only identifiable product.

Reaction of 8 with Sodium Methoxide.— Compound 8 (0.136 
g, 0.51 mmol) was dissolved in 10 ml of methanol, and 4 ml of 
25% sodium methoxide in methanol was added. This was 
stirred for 40 min at room temperature, after which 50 ml of 
water was added. The excess base was neutralized with acetic 
acid, and crystallization commenced. This gave 0.103 g of a 
white crystalline solid (12) (86%  yield), mp 145-147°. This 
was recrystallized from carbon tetrachloride: mp 151-152°; 
nmr (CDC1,) r 1.52 (s, 1 H ), 2.20 (s, 1 H), 2.64 (s, 10 H); 
ir (KBr) 3330, 2250, 1590, 1480, 1440, 1420, 1280, 1180, 1140, 
1070, 1030, 1010, 995, 965, 935, 910, 840, 782, 755, 740 cm“ 1; 
uv (CHSCN) 245, 251, 257 (e  505), shoulder at 266, 375 
m/x (e 1.9); mass spectrum (70 eV) m/e (rel intensity) 236, 218 
(100), 164.

Anal. Calcd for C15H12N20 : C, 76.25; H, 5.12; N , 11.86. 
Found: C, 76.04; H, 5.14; N, 11.68.

Reaction of 8 with Sodium Methoxide in MeOD.— The pyrazo
line oxide (35 mg) was dissolved in 1.5 ml of MeOD and a trace 
of NaOMe was added. Reaction was monitored by tic. After 
12 hr at room temperature (ca. half-life) the reaction mixture 
was poured into 50 ml of a mixture of dilute HC1 and ether. 
The ether layer was washed with brine, dried, and evaporated to 
dryness. Preparative tic of the residue yielded two fractions— 
starting material and oxime 12. Analysis of recovered 8 by nmr 
showed no detectable retention of methylene protons with no 
detectable loss of the methyne proton. The spectrum of product 
12 showed less than 5%  aldehyde hydrogen.

In a parallel reaction, protea ted oxime was exposed to the 
above reaction conditions. Recovered material showed no loss 
of aldehyde hydrogen.

Reaction of 12 with Acetic Anhydride and Pyridine.— Com
pound 12 (54 mg, 0.23 mmol) was heated with 1 ml of acetic 
anhydride overnight at 60°. Pyridine (5 ml) was then added 
and the mixture was heated for 20 hr at 100°. The reaction 
mixture was then added to ice. The crystals that were produced 
were filtered, washed with water, and dried under vacuum. This 
gave 32 mg (65%) of diphenylmalonodinitrile, a white, crystalline 
solid: mp 86-87° (lit.22 mp 87.5°); ir (KBr) 3030 (m), 2920

(21) Approximate yields based on total phenyl absorption as an internal 
standard.

(22) R. N. Bennett, J. Chem. Soc., 2628 (1956).

(w), 2260 (w), 1950 (w), 1880 (w), 1800 (w), 1750 (w), 1590 
(s), 1490 (s), 1450 (s), 770 (s), 745 (s), 702-691 cm“ 1 (doublet, 
s); mass spectrum (70 eV) m / e  (rel intensity) 218 (100), 190, 
165,115.

Reaction of 12 with Hydrochloric Acid in Methanol.— Com
pound 12 (0.103 g, 0.44 mmol) was dissolved in 10 ml of methanol, 
and 2.0 ml of concentrated hydrochloric acid was added. This 
was refluxed for 1 hr, then poured into 50 ml of water and ex
tracted with two 20-ml portions of chloroform. The chloroform 
was dried (Na2SO<) and concentrated. Ether was added to begin 
crystallization. This gave 0.045 g (45%) of the amide 13, a 
white, crystalline solid: mp 159-160°; ir (KBr) 3390, 3320, 
3200, 2260, 1960, 1350, 760, 700 cm -1; nmr (CDC13) r tempera
ture dependent, at 35° 2.58 (s, 10 H), 4.30 (broad s, 2 H) (on 
cooling to —50° the broad singlet split into two broad singlets 
at r 1.79 and 4.09); mass spectrum (70 eV) m / e  (rel intensity) 
194 (100), 166.

Anal. Calcd for C16H12N20 :  C, 76.25; H, 5.12; N , 11.86. 
Found: C, 76.35; H, 5.09; N, 11.69.

Pyrolysis of 8 .— Compound 8 (0.109 g) was dissolved in 30 ml 
of chloroform and added to 1.5 g of Chromosorb P AW  60-80 
mesh. The chloroform was removed under vacuum and the 
residue was pyrolyzed by dropping down a tube heated to 350° 
in a stream of nitrogen (0.1 l./m in) under vacuum (2-3 mm) 
over a period of 30 min. The effluent gases were collected in a 
trap cooled in liquid nitrogen. The trapped material was dis
solved in CDC13 and analyzed by nmr. The spectrum showed 
55% starting material and 17% of a product identified as 1,1- 
diphenylethylene. Tic on silica and glpc on 5 ft, 5%  SE-30 and 
150 ft, capillary Apiezon L columns showed retention times 
which were identical with that of a known sample of diphenyl- 
ethylene. This indicates that 1 pyrolyzes in 38% yield to 1,1- 
diphenylethylene. No 2,2-diphenylvinyl methyl ether23 could 
be detected by nmr or tic.

Photolysis of 8 .— Compound 8 (0.25 g) was irradiated with a 
450-W Hanovia medium pressure mercury lamp in 130 ml of 
benzene in a water-cooled Pyrex apparatus for 12 hr (ca. 60% 
conversion). Concentration of the solution and chromatography 
of the residue on silica gel gave 50 mg of a new crystalline com
pound, mp 132-133°, identified as 4,4-diphenyl-3-methoxy-l- 
pyrazoline 1-oxide: ir (KBr) 1525 (s), 1370 (s), 1220 (s), 1150 
(s), 705 cm- 1 (s); nmr (CDC13) r 2.S-3.2 (10 H), 4.53 (s, 1 H),
5.20 and 5.67 (J a b  = 16 cps, 2 H), 6.06 (s, 3 H ); uv (EtOH) 
end absorption 225 ra.fi (« 37,000); mass spectrum (70 eV) m / e  
(rel intensity) 268, 252, 238, 224, 210, 192, 121 (100).

Anal. Calcd for C16H16Ns0 2: C, 71.62; H, 6.01; N , 10.42. 
Found: C, 71.83; H, 5.94; N, 10.56.

Pyrolysis of 9.— Compound 9 was pyrolyzed using the same 
procedure that was used for 8. Nmr analysis of the crude 
pyrolysate showed approximately 12%  starting material and 
33% 2,2-diphenylvinyl methyl ether (isolated by preparative tic) 
identical in every way with a sample (except reported melting 
point) of authentic material prepared by the method of W ittig.23 
Both materials showed the following physical properties: nmr
(CCh) r 2.7-2.9 (m, 10 H), 3.67 (s, 1 H ), 6.26 (s, 3 H ); uv X 
(EtOH) 264 myu; mass spectrum (70 eV) m/e (rel intensity) 
210 (100), 195, 167,165, 152, 105.

Anal. Calcd for CjsHnO: C, 85.68; H, 6.71. Found: 
C, 84.50; H, 6.93.

Registry No.— 1, 32640-76-9; 2, 32640-77-0; 5, 
32640-78-1; 8,32640-79-2; 9,32640-81-6; 12,32670-
71-6; 13,32640-80-5.

(23) Wittig, Chem. Ber., 94, 1373 (1961). A crystalline material was 
reported. We were unable to induce crystallization and therefore carried 
out a complete characterization.
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3-Isopropyl-l,3-diazabicyclo[3.3.1]nonan-2-one, a Simple 
Bicyclic Urea with a Bridgehead Nitrogen Atom

H .  K . H a l l , J r . , *  a n d  R . C . J o h n s o n

Department of Chemistry, University of Arizona, Tucson, Arizona 85721 

Received June 25, 1971

Stabilization of a bicyclic compound containing the CO-N (bridgehead) unit, which formally violates Bredt’s 
rule, was achieved by introduction of a second electron-donating atom (N) to give the N -C O -N  (bridgehead) 
structure and by working with a conformationally strainless bicyclic ring system. 3-Isopropyl-l,3-diazabicyclo-
[3.3.1]nonan-2-one (9), the first simple urea with a bridgehead N atom, was synthesized in two ways. Reaction 
of 3-(A7-isopropylaminomethyl] piperidine with 1 equiv of phosgene in methylene chloride at 0° gave the desired 
urea directly. Alternatively, excess phosgene in ether at —75° gave biscarbamyl chloride 10, which with silver 
carbonate in refluxing acetonitrile gave 9. Once formed, 9 was stable to hydrolysis and ring-opening polymeriza
tion and is strainless by these criteria.

L u k es1 p rop osed  th at b icy c lic  lactam s such as 2- 
qu inuclidone (1) sh ou ld  b e  incapab le  o f  existence

la  lb

because resonance fo rm  lb w ou ld  b e  p roh ib ited  (B red t’ s 
ru le). H ow ever, ingenu ity  in  synthesis has prevailed , 
and P ra ce ju s2’3 has prepared  2 ,2 -d im eth y l- and 2 ,2 ,6 - 
trim eth yl-2 -qu in uclidon es. T hese  lactam s show  un
usual properties : their ca rb on y l in frared absorptions 
are fou n d  at an om alou sly  h igh  frequencies, th ey  h y 
d rolyze  readily  in  w ater, and th ey  appear to  p o ly m 
erize .3

T o  stabilize m olecules con ta in ing  N - C = 0  links at 
th e  bridgehead , in trod u ction  o f a  stron gly  electron- 
don atin g  a tom  such  as n itrogen  ad jacen t to  th e  car
b o n y l group  w ou ld  m eet th e  dem an d  o f C = 0  for  
electrons via fo rm  2c.

3a, Z = S O  
b, Z = S 0 2

these investigators show ed th at th e  corresponding  urea 
(3, Z  =  C O ) was n ot form ed  under sim ilar cond itions.

T o  a v o id  con form ation a l strains such  as th ose  also 
present in  1, w e selected  th e  strainless tw o-ch a ir 
b icy c lo  [3.3.1 [nonane structure show n  in 2a-c. F orm  
2b m ay m ake a sm all con tribu tion  in  this system , 
inasm uch as th e  h om om orph ic  olefin  4 has been  pre
pared  as an unstable com p ou n d .5'6 O ne a ttem p t to  
synthesize lactam  5, on  the oth er hand, gave  on ly  p o ly 
m er.7

4 5

Results

3-A m in om eth y lpyrid in e  w as con verted  using aceton e  
to  3 -isopropy liden am in om eth y lpyrid in e  (6 ), w h ich  on  
successive h ydrogenation s gave 3 -(isop rop v lam in o- 
m ethy l)p iperid ine  (8 ). R e a ctio n  w ith  d i-m -to ly l car-

6

T o  our know ledge, n o  sim ple bridgeh ead  urea has y et 
been  reported . T h a t the p rob lem  o f synthesis o f  such 
com p ou n ds m ay  n o t b e  triv ia l is show n b y  the w ork  o f 
M isito  and C h iavarelli.4 A lth ou g h  th ey  read ily  o b 
tained com pou n ds 3a and 3b from  th e  parent diam ine,

(1) R. Lukes, Collect. Czech. Chem. Commun., 10, 148 (1938).
(2) H. Pracejus, Chem. Ber., 92, 988 (1959).
(3) H. Pracejus, ibid., 98, 2897 (1965).
(4) D. Misito and S. Chiavarelli, Gazz. Chim.Ital., 96, 1696 (1966); Chem.

Abstr., 66, 85777 (1966).

C H 2N H C H (C H 3)2

Ru02,
HCl, H20

7

bon a te  fa iled  to  g ive  the desired b icy c lic  urea 9; so atten
tion  w as g iven  to  th e  v e ry  reactive  acy l ch loride ph os-

(5) J. A. Marshall and H. Faubl, J. Amer. Chem. Soc., 92, 948 (1970).
(6) J. R. Wiseman, ibid., 92, 956 (1970).
(7) H. K. Hall, Jr., ibid., 82, 1209 (1960).

a 1
H

CH 2N H -î-C3H 7
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gene. R ea ction  w ith  phosgene in  ether in the presence 
o f  variou s bases (triethylam ine, cycloh exyld ieth ylam ine, 
bariu m  oxide, ca lcium  carbon ate), gave a m ixture con 
sisting largely  o f  th e  A ,A '-b is c a r b a m o y l ch loride 10 
and a little  urea 9. R eflu xin g  10 w ith  silver carbon ate  
in  aceton itrile  con v erted  it  t o  9.

m edica l u tility . T h e  synthesis o f  oth er bridgeh ead  
n itrogen  com pou n ds is cu rren tly  u nderw ay  in these 
laboratories.

E xperim ental S ection

Infrared spectra were taken on a PE 337 spectrometer. Gas 
chromatograms were taken on a 150 cm, 63 mm stainless steel 
column containing 30% SE-30 on 100/120 mesh Varaport 30. 
Melting points and boiling points are uncorrected.

3-Isopropylidenaminomethylpyridine (6).— 3-Aminomethvl- 
pyridine (106.5 g, 0.99 mol, Research Organic and Inorganic 
Chemicals Co.), acetone (182 ml, 3 mol), and benzene (300 ml) 
were heated to reflux in a 1-1. round-bottom flask provided with 
Dean-Stark trap and water condenser. The reaction was dis
continued when the rate of water collection became slow. 
Benzene and excess acetone were removed by distillation at at
mospheric pressure using a heating mantle. The residual oil 
was distilled. Compound 6, bp 68-80° (0.3 mm), 109.2 g, was 
obtained as a colorless liquid. It showed two peaks by vpc 
(ratio of peaks in order of increasing retention time, 1:1). The 
infrared spectrum of 6 showed a strong band at 1670 cm -1 
(C = N ). It appears that 6 may have been formed in a mixture 
with its tautomer 6a.

iCH=NCH(CH3)2

A n  alternate rou te w as fou n d  b y  using d ieh loro- 
m ethane at 0 °  as th e  reaction  so lven t.8 R e a ctio n  o f 8 
w ith  1 equ iv  o f  phosgene, fo llow ed  b y  add ition  o f 2 .2  
eq u iv  o f  triethylam ine, w as carried  out. T h e  reaction  
m ixture rem ained h om ogen ous and ~ 5 0 %  yields o f  
cy c lic  urea 9  w ere obta ined . A t  — 40° a m ixture w ith  
b isca rb a m oy l ch loride 10 w as obta ined .

T h e  urea 9, bp  150° (0.2 m m ), m elted  at 4 7 -4 8 ° , had  
th e  p rop er elem ental analysis, and w as pure accord in g  
to  gas ch rom atograp h y . T h e  precision  m ass spectrum  
su pported  the assigned structure, g iv in g  a parent peak  
correspon d in g  to  C ioH iSO X 2. T h e  nm r spectrum , 
o th er than  that o f  th e  A -iso p ro p y l grou p , w as som e
w hat featureless, b u t w as consistent w ith  structure 9.

C om p ou n d  9 w as stable  to  bo ilin g  w ater fo r  20 hr b u t 
h yd ro lyzed  slow ly  in h o t sod ium  h yd rox id e  solu tion . 
I t  show ed no signs o f  p o lym eriza tion  a fter heating for 
exten ded  periods w ith  p -tolu enesu lfon ic acid, phos
p h oric  acid, or  potassium  teri-butoxide, and on ly  
starting m aterial w as recovered . F inally , th e  ir 
spectru m  o f urea 9 show ed a carbon y l group  at the 
norm al frequ en cy  for a tetraalkylurea, 1650 c m -1 . A ll 
three criteria show  th at the m olecu le  is n ot strained.

W e  h ave been  able to  synthesize the first b icy clic  
urea w ith  a bridgeh ead  n itrogen  atom , ow in g  to  the 
fa ct th at the dem and o f th e  carbon y l group  for  elec
trons has been  satisfied b y  the o th er n itrogen  atom  
and because con form ation a l strain is absent from  the
3-su bstitu ted  b icy c lo  [3.3.1 ]nonane system . In  fact, 
com p ou n d  9 represents th e  oth er extrem e o f  stab ility  
from  qu in u clidon e 1. W e  an ticipate th at, b y  varia tion  
o f  e lectron -donatin g  a tom  and o f  ring size, a v a rie ty  o f 
b icy c lic  n itrogen  com pou n ds o f in term ediate rea ctiv ity  
can b e  prepared . T h e  synthesis m ethods deve lop ed  in 
th is investigation  shou ld  a p p ly  to  b ridgeh ead  ure
thanes, sulfonam ides, and  ph osphon am ides as well as to  
ureas, w h ich , becau se o f  the w idespread  occu rren ce o f  
such  linkages in ph arm aceu tica lly  a ctive  com p ou n ds, 
shou ld  be  o f  in terest in  m edicinal chem istry . M ore 
over, rin g -open in g  p o lym eriza tion  o f the m ore strained 
m em bers sh ou ld  lead to  n ov e l polym ers o f  possib le  b io -

(8) J. P. Li and J. H. Biel, J. Org. Chem., 3S, 4100 (1970).

6a
3-Isopropylaminomethylpyridine (7).— The above sample of 6 

was taken up in ethyl acetate (350 ml) and placed under hydrogen 
(ca. 40 psi) at 20° using platinum oxide (500 mg) as catalyst. 
When hydrogen uptake became slow, the catalyst was separated 
by filtration and the filtrate was concentrated, leaving a yellow 
oil, 130 g. Vpc analysis showed two peaks in the ratio 15:85 
(order cf increasing retention time). The oil was distilled to give
95.4 g, bp 72-80° (1.6 mm). An infrared spectrum of 7 showed 
the absence of a band at 1670 cm-1 attributable to C = N , while 
absorption at >3000 cm -1 indicates the presence of the pyridine 
ring. Thus the hydrogenation of the C = N  link seems to have 
been almost complete.

3-(Iscpropylaminomethyl)piperidine (8).—The above product, 
7, 95.4 g, was taken up in water (200 ml) and the solution was 
acidified with concentrated hydrochloric acid (110 ml). The 
solution was placed under hydrogen (2000 psi) at 75° using 
ruthenium oxide as catalyst (ca. 1 g) and maintained under these 
conditions until gas absorption became slow. The catalyst was 
filtered. Excess water was removed by means of a rotary 
evaporator. The viscous residue was cooled in an ice bath and a 
concentrated aqueous solution of 40% sodium hydroxide was 
added slowly with swirling. The resulting aqueous slush was ex
tracted with two portions of ether. The combined extract was 
dried over anhydrous sodium sulfate. Ether was removed by 
means cf a rotary evaporator and the resulting oil was distilled, 
bp 56-61° (0.3-0.2 mm), yield 56 g (57%). In this experiment 
8 was at least 93% pure by vpc, and in other runs approached 
100%. An nmr spectrum of the material showed no signals at
tributable to aromatic hydrogens.

Anal. Calcd for C9H!0N2: C, 69.17; H, 12.90; N, 17.93. 
Found: C, 69.11; H, 12.90; N, 18.06.

Reaction of 3-(Isopropylaminomethyl)piperidine (8 ) with Ex
cess Phosgene in Ether at —75° to Give the Biscarbamoyl 
Chloride 10.— A 1-1., three-necked Morton fla«k was fitted with a 
jacketed pressure-equalizing dropping funnel, cold-finger con
denser, and three-way stopcock. The flask was provided with a 
magnetic stirrer. The apparatus was dried using a Bunsen 
flame ar.d cooled under a stream of nitrogen. To the flask was 
added anhydrous ether (500 ml). Phosgene (4.20 ml, 0.058.3 
mol) was admitted by distillation from a calibrated trap in which 
it had been liquefied. The dropping funnel was charged with a 
solution of 3-(isopropylaminomethyl)piperidine (8 , 3.0 g,
0.0192 mol) in 50 ml of ether. The reaction mixture was cooled 
to — 75c using a Dry Ice-isopropyl alcohol bath. The solution 
in the addition funnel was cooled and the diamine solution was 
added by drops with efficient stirring. After addition was com
plete, the reaction mixture was allowed to warm to room tem
perature and stirring was continued for 4 hr. The solid was 
separated by filtration and the filtrate was concentrated using a
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rotary evaporator, giving 10 as a colorless oil, 1.0 g. A strong 
infrared absorption band appeared at 1740 cm-1 (COC1), but 
none between 3600-3050 cm-1 (absence of NH). A weaker 
band at 1650 cm-1 (urea) was also present. That the above ma
terial was mainly the biscarbamoyl chloride 10 was supported by 
gravimetric analysis. A sample of this material (234 mg) was 
dissolved in acetone (2 ml) and treated with a solution of silver 
nitrate (307 mg) in water (10 ml). Mixing was accompanied by 
a fairly vigorous evolution of gas and rapid precipitation. After 
brief standing, the silver chloride was separated by filtration, 
washed with water, and dried to give 202 mg (theoretical mass 
237 mg).

Reaction of Biscarbamoyl Chloride 10 with Silver Carbonate 
to Give Urea 9.— A sample which was largely biscarbamoyl 
chloride 10, 844 mg, was dissolved in anhydrous acetonitrile 
(13 ml, from phosphorus pentoxide) in a 25-ml round-bottom 
flask provided with a magnetic stirring bar. Silver carbonate 
(1.65 g) was added to the solution and the mixture was stirred 
while being heated at reflux for 18 hr. The mixture was allowed 
to cool, filter, and evaporate. The crude dark oil (450 mg) was 
purified by molecular distillation, bp 220° (0.2- 0 .3 mm), to 
give 9 as a colorless oil (100-150 mg). The nmr spectrum and 
vpc retention time of this material were essentially identical 
with those of 9 prepared by the alternate route (below).

Reaction of 3-(JV-Isopropylaminomethyl (piperidine (8) with 
Phosgene in Methylene Chloride at 0° to give 3-Isopropyl-l,3- 
diazabicyclo[3.3.1]nonan-2-one (9).— A 1-1. three-necked Morton 
flask was fitted with a mechanical stirrer, cold-finger, condenser, 
and three-way stopcock. The exit from the condenser was pro
tected with a Drierite tube. The apparatus was dried with a 
Bunsen flame and cooled under a stream of nitrogen. To the 
flask was added dry methylene chloride (450 ml from 4-A 
molecular sieves) and 3-(Ar-isopropylaminomethyl)piperidine 
(8) (100% by vpc), yield 3.0 g, 0.0192 mol. Phosgene (1.36 ml, 
0.0192 mol) was condensed in a graduated trap cooled in a Dry 
Ice-isopropyl alcohol bath. The reaction flask was cooled in an 
ice bath and the cold finger was charged with Dry Ice and iso
propyl alcohol. The phosgene was transferred to the reaction 
flask by distillation at room temperature (10 min) using efficient 
stirring. Stirring was continued for 5 min after addition was 
complete and the reaction solution (colorless to slightly yellow) 
was allowed to come to room temperature.

The three-way stopcock was replaced with a pressure-equaliz
ing addition funnel containing a solution of anhydrous tri- 
ethylamine (5.2 ml) from barium oxide in 25 ml of methylene 
chloride. The solution was added by drops with stirring over 
10 min at room temperature, and the final, almost colorless, 
solution was left at room temperature for 16 hr. It was washed 
with 3 ml of concentrated hydrochloric acid in 100 ml of water, 
with 3 g of sodium bicarbonate in 50 ml of water, and with 100 
ml of water. After drying over anhydrous sodium sulfate, the 
solution was concentrated. The colorless residue, 3.35 g, was 
purified by molecular distillation, bp 150° (0.25 mm), bath 200°, 
to give 9 as a colorless oil, 1.02 g (28%). Vpc showed only a 
single peak (>98% ) past solvent, retention time 4.5 min at 
185° using a flow rate of 60 ml of He per minute.

Seeding the distillate with crystals obtained by preparative 
gas chromatography induced crystallization.

An nmr spectrum of the distillate (CC1<) showed a pentuplet 
(septuplet?) at S 4.3, a series of multiplets at 4.2-0.9, and a

doublet at 1.18. The mass spectrum (sample by preparative 
gas chromatography) showed the parent ion at m/e 182.1433, 
corresponding to CioHi8ON2. The analytical sample of 9 was 
recrystallized twice from ethyl acetate at —45° and resublimed 
under N 2, mp 48.2-49.2°. Anal. Calcd for Ci0Hi8N2O: C, 
65.90; H, 9.95; N, 15.37. Found: C, 65.68; H, 9.84; N, 
15.23.

When the reaction was performed under identical conditions, 
but at —40°, the product contained approximately equal 
amounts of 9 and 10. The latter could be destroyed by excess 
AgNCh in acetone-water, and urea 9 could be recovered in 29% 
yield.

Stability of 3-Isopropyl-l,3-diazabicyclo[3.3.1]nonan-2-one to 
Water, Acid, and Base.—The title material was soluble in water. 
A solution was monitored by gas chromatography in order to 
detect changes due to possible hydrolysis. No change was ob
served, however, after 24 hr at room temperature. Another 
sample (71 mg) as a solution in water (2.0 ml) was heated under 
reflux for 20 hr. Chromatograms following standard injections 
showed no change over this period. The material was completely 
stable toward water.

Sodium Hydroxide Solution.—A solution of 30 mg of 9 and
57 mg of sodium hydroxide in 0.5 ml of water and 0.36 g of 
tetrahydrofuran was refluxed. After 2 hr about 80% of 9 had 
disappeared (by vpc) and after 6 hr almost none remained. No 
other peaks were detected. Slow hydrolysis occurs under these 
conditions.

Potassium terf-Butoxide.— A sample of 9 (30 mg) was mixed 
with a small quantity of potassium ¿eri-butoxide ( ~ 0.1 mg). 
The mixture was allowed to stand at room temperature for 22.5 
hr under nitrogen. There was no change in the composition of 
the material as determined by infrared analyses. The mixture 
was heated at 120-125° (under nitrogen) for 22 hr. The in
frared spectrum recorded after this time was essentially identical 
with that of starting material.

p-Toluenesulfonic Acid Monohydrate.— Another sample of 9 
(92 mg) was placed in contact with a few small crystals of p- 
toluenesulfonic acid monohydrate (under nitrogen). The in
frared spectrum recorded after standing for 10 hr at room tem
perature showed no change from starting material. The mix
ture was heated at 105-120° for 24 hr. An infrared spectrum 
recorded after this time was essentially identical with one of 
starting material.

85% Phosphoric Acid.— A mixture of 9 (96 mg) and 85% 
phosphoric acid (2.5 mg) was heated for 17 hr at 200° in a Wood’s 
metal bath (sealed tube under vacuum). At the end of this 
time, the tube was opened and a sample was examined by in
frared. The spectrum was essentially identical with one of 
starting material.

Registry No.—6, 33037-67-1; 7, 19730-12-2; 8, 
33037-69-3; 9,33037-70-6; 10,33037-71-7.
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The diazomethane ring-expansion reaction of bicyclo['2.1.1]hexan-2-one and related compounds has been in
vestigated as a method for the synthesis of bicyclo[3.1.1]heptanones. The reaction, while sluggish, provides a 
convenient procedure for the synthesis of bicycloheptanones 6-14 from the bicyclohexanones 1-5. The lack of 
epoxide formation, the preference for C 2-C 3 over C 1-C 2 bond migration, and the lack of reactivity of the products
6-14 is discussed in terms of the influence of ring strain and steric effects on the zwitterionic intermediate in the 
reaction.

V ariou s approaches to  the con stru ction  o f  com pou n ds 
o f  the b icy c lo  [3.1.1 ]heptane series are possib le. F ou r 
o f  these, in v o lv in g  ring form ation  in 1 ,3 -d isubstituted  
cyclobu tan es , rin g  closure o f  2 -to sy lo x y m e th v lcy c lo - 
h exanon es,1 p h o to cy c lo a d d it io n  o f  1 ,6-heptadienes, and 
ring con tra ction  o f  b icy c lo  [3.2.1 joctanes, have been  
discussed at som e length  b y  M u sso , et al.2 F o r  som e 
tim e w e h ave been  engaged in  attem pts to  utilize the 
p h o to cy c lo a d d it io n  m eth od  for  this p u rp ose .3 S ince 
it appears from  this w ork  th at d irect cy c lo a d d it io n  to  
the b icy c lo  [3.1.1 jheptane system  from  a cy clic  d ienone 
precursors is n ot feasible, w e  h ave exam ined  a varia tion  
o f  this approach . T h is in vo lves  in itia l cy c loa d d it ion  
to  the b icy c lo  [2.1.1 [hexan -2-one system ,4 fo llow ed  b y  
a ring-expansion  reaction . T h e  ava ilab ility  o f  com 
pou nds 1-5 b y  the p h o to cy c lo a d d it io n  process4 p ro 
v id ed  a source o f  m aterials suitable for  a th orou gh  
stu d y  o f  the ring  expansion  reaction , th e  results o f  
w h ich  are presented  in  th is paper.

Results

Synthesis of Bicyclo [2 .l.l]hexanones.— C om p ou n d s
1-5 (C h art I )  were prepared  b y  the m eth od  p rev iou sly  
d escr ib ed .4 T h e  isom ers 4 and 5 w ere used as the 
1 :3  exo-endo m ixture ob ta in ed  from  the irrad iation  o f 
fraras-l ,5 -hep tadien -3 -on e .4b

Ring-Expansion Reactions.— T h e  ring  expansion  
reactions w ere carried  o u t in  m ethanol b y  generation  
in  situ o f  d iazom ethan e from  V -m e th y l-V -n itro so - 
urethane.5'6 T h e  results show n  in C h art I , w h ich  
gives y ie lds o f  p rod u cts  and  recov ery  o f starting m a
terial as determ ined  b y  g a s -liq u id  partition  ch rom a
tograp h y  (g lp c ), w ere ob ta in ed  w ith  the use o f  ap
prox im ate ly  2 m olar equ iv  o f  urethane per m o l o f  
keton e. T h e  use o f  a larger excess o f  d iazom ethane 
d id  n o t lead  to  an im provem en t in  y ie lds, a lthough  a 
th orou gh  stu d y  o f  th is p o in t has n ot been  carried  out. 
A ll reactions gave  v a ry in g  am ou n ts o f  V -m e th y l-  
urethane, w h ich  in terfered  w ith  analysis and isolation  
o f p rod u cts  on  polar g lp c colum ns. T h e  m ost con 
ven ient isolation  procedu re fou n d  in v o lv e d  basic 
h ydrolysis  to  rem ove urethane fo llow ed  b y  preparative  
g lp c using a n on polar liqu id  phase such as 3E -30.

(1) E. Wenkert and D. P. Strike, J. Org. Chem., 27, 1883 (1962); F. 
Nerdel, D. Frank, and H. Marschall, Angew. Chem., 74, 587 (1962); K. B. 
Wiberg and G. W. Klein, Tetrahedron Lett., 1043 (1963).

(2) H. Musso, K. Naumann, and K. Grychtol, Chem. Ber., 100, 3614 
(1967).

(3) T. \\ . Gibson and W. F. Erman, unpublished results.
(4) (a) F. T. Bond, H. L. Jones, and L. Scerbo, Tetrahedron Lett., 4685 

(1965); (b) T. W. Gibson and W. F. Erman, 160th National Meeting of the 
American Chemical Society, Chicago, 111., Sept 1970.

(5) C. D. Gutsche, Org. React., 8, 364 (1954).
(6) E. P. Kohler, M. Tishler, H. Potter, and H. T. Thompson, J. Amer. 

Chem. Soc., 61, 1057 (1939).

C h a r t  I

4 +  5 (48%)

Som e d ifficu lty  w as encountered  in  iso la tion  o f  p rod u cts  
from  the reaction  o f  4 an d  5, an d  th erefore  com p lete  
characterization  w as n o t possible. C om p ou n d s 6 and 
7 w ere identified  b y  d irect com parison  o f  their in frared 
spectra  and  g lpc beh av ior w ith  th ose  o f  au th entic 
sam ples.7 K eton es  6-14 disp layed  th e  exp ected  in 
frared ca rb on y l m axim a fo r  this system , as w ell as 
nm r spectra  consistent w ith  the assigned structures. 
T h e  details o f  these spectra  are recorded  in th e  E xp eri
m ental Section .

W e  fou n d  h igh -resolution  m ass spectrom etry  to  b e  
a m ost useful to o l fo r  the pu rpose  o f  establish ing th e  
position  o f the carbon y l grou p  in th e  isom ers fo rm ed  in  a 
reaction . T hus, th e  k eton e  6, in  w h ich  the ca rb o n y l 
group  is ad jacen t to  the bridgeh ead  p osition , sh ow ed  
a base peak at m /e  67, correspon d in g  to  a co m p o s itio n  o f

(7) We express our thanks to Professor H. Musso for kindly providing us
with samples of these two compounds.
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C5H7. T h e  m ost abu ndan t oxygen -con ta in in g  fragm ent 
appeared at m /e  55, correspon d in g  to  a com p osition  
o f  C3H3O. T h e  process leading to  th is fragm en t can 
be rationalized  as sh ow n  an d  is su pported  b y  the o b 
servation  o f  th e  analogous fragm en tation  in  n op in one
(15) w h ich  generates the io n  C5H7O as th e  m ost abun-

15

prod u cts  b y  exam ination  o f ir and  nm r spectra . T h is 
parallels th e  b eh a v ior  show n b y  n orcam ph or (16) in 
th e  rin g-expan sion  rea ction 9 in  w h ich  no epox ide  fo r 
m ation  w as ob served . T h e  absence o f ep ox ide  for 
m ation  in  th at system  w as rationalized  on  the basis o f 
rin g  strain  in  th e  zw itterion ic in term ediate, w h ich  
w ou ld  fa v o r  p a rtition  tow ard  rin g  expansion  rather 
than  closure to  spiro epoxide. T h is  e ffect w ou ld  be 
expected  to  be  even  m ore p ron ou n ced  in  th e  m ore 
h igh ly  strained b icycloh exan e  system , an d  it  is there
fore  n o t surprising th at ep ox ide  form ation  w as n ot 
observed .

Migratory Aptitudes. — T h e  results show n  in  C h art I 
reveal th a t there is a ra tio  o f  a p prox im ately  5 -7 :1  in 
fa v o r  o f  bridge  m igration  (C 3) ov e r  bridgeh ead  m igra
tion  (C j). T h is  b eh a v ior  is sim ilar to  th a t show n  b y  
b o th  n orcam ph or (16) and  b icy c lo  [3.2.1 ]octan -2 -on e
(17), w h ich  are reported  to  g ive  2 :1  ratios in  fa v or  o f

dant oxygen -con ta in in g  fragm ent, a long  w ith  the C 3H 3O 
ion  at low er in tensity.

K eton e  7, o n  the o th er hand, show s as the base  peak 
an oxygen -con ta in in g  fragm en t correspon d in g  to  a

+  Q;Hy'

com p osition  o f  C 4H 5O , p ro b a b ly  arising from  the process 
shown.

T h e  ob servation  o f  analogous data  from  the other 
p rod u ct sets a llow ed unam biguous assignm ent o f  
structures (c /. E xperim en ta l S ection ).

Discussion

In  a dd ition  to  the syn th etic  u tility  o f  th is process, 
there are a n um ber o f  m echan istic questions o f  interest. 
W e w ished  to  k n ow  w h at effect p lacing  the ca rb on y l 
group  in  a rigid b icy c lic  fram ew ork  w ou ld  have on  
three relationships: com p etition  betw een  ring expan
sion  and  epoxide form ation , the relative m igratory  
aptitudes o f  bridgeh ead  vs. bridge carbon  atom s, and 
the relative reactiv ities tow ard  ring expansion  o f 
b icy c lo  [2.1.1 [hexanones and  b icy c lo  [3.1.1 [heptanones. 
I t  has been  generally  a ccep ted  th at the reaction  in 
v o lv es  n ucleoph ilic  ad d ition  o f  d iazom ethane to  the 
carbon y l grou p , generating a  zw itterion ic interm ediate, 
w h ich  is then  p a rtition ed  betw een  epoxide form ation  
and a lkyl sh ift.8 T h e  fo llow in g  discussion  w ill be 
based on  th e  assu m ption  th at this m echanism  is 
operating.

Epoxide Formation.— T h e  n on -L ew is acid  ca ta lyzed  
reaction  o f  d iazom ethan e w ith  a licyc lic  keton es gen
erally  results in  som e epox ide  fo rm a tion .8 W e  w ere 
unable how ever, to  iso la te  any epoxides from  the 
reactions o f  1 -5  w ith  d iazom ethane, n or d id  w e ob ta in  
any ev iden ce fo r  their presence in  crude reaction

0
2:1

17

bridge m igration  in  the presence o f  0.1 equ iv  o f  d iazo
m ethan e.9 T h is  preference fo r  2 ,3- over  1 ,2 -bon d  
sh ift w as attribu ted  to  n on b on d ed  in teraction s in  the 
zw itterion  interm ediate, in  w h ich  eclipsing w ith  the 
h ydrogen s in  th e  3 p os it ion  occu rs, w eaken in g  the 2,3 
b on d . T h e  sam e w ou ld  be  true in  th e  b icy c lo  [2.1.1 ]- 
hexanones, and, in  fact, studies o f  m olecu lar m odels 
sh ow  th at this e ffect should  b e  som ew h at accen tu ated  
in  th is system . In  the b icy c lo  [2.1.1 [hexane system , 
th e  bridgehead  h ydrogen  is situated  in  a p erfectly  
staggered orien tation  to  the tw o  C 2 substituents, w hile 
appreciable eclipsing occurs at th is p os it ion  in  the 
b icy c lo  [2.2.1 [heptane system . T h u s the d ifference in 
relief o f  strain  b rou gh t a b ou t b y  stretch ing  o f the 
C2-C3 b o n d  in  preference to  stretch ing  o f  the C i -C 2 
b o n d  w ou ld  be  greater in  th e  b icycloh exa n e  system , 
leading to  the larger ratio observed .

T h e  steric situation  around C 2 in  the zw itterion  
in term ediate should also h ave an e ffect on  the relative 
energies o f  the ro ta tion a l con form ers (18 and 19)

(8) C. D. Gutsche and D. Redmore, “ Carbocyclic Ring Expansion Reac- 
tions,”  Académie Press, New York, N. Y., 1968, pp 81-99. (9) G. Fachinetti, F. Pietra, and A. Marsili, Tetrahedron Lett., 393 (1971).
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lead in g  to  the transition  states for  b o n d  m igration . 
T u rro  and  G agosian , 10 a ttem ptin g  to  explain  m igration  
preferences in  th e  reaction  o f  d iazoethane w ith  sub
stitu ted  cyclopropan es, considered  energy d ifferences 
in  th e  rota tion a l con form ers leading to  p rod u cts  to  be 
an  im p ortan t factor. C om parison  o f  D re id in g  m odels 
o f  the ro ta tion a l con form ers 18 an d  19 reveals a 
d ecid ed ly  greater in teraction  betw een  th e  d iazo group  
(w h ich  w ith  its a ccom p an y in g  so lven t shell shou ld  be  
o f  con siderab ly  greater steric bu lk  th an  a h yd rogen  
a tom ) and  the syn  C 3 h yd rogen  in  18 than  w ith  th e  
bridgeh ead  h yd rogen  in  19. T h is  occu rs as a result 
o f  th e  eclipsed  arrangem ent o f  the tetrahedral C 2 
substituents w ith  th e  C 3 h ydrogens, in  con trast to  
their staggered  relationship  w ith  th e  C i h yd rogen , as 
m en tion ed  above . T h is  w ou ld  fa v o r  som ew h at con - 
form er 19, w h ich  leads to  C 2- C 3 b o n d  m igration . T h is 
effect does n o t appear to  be  sign ifican tly  a ltered b y  
th e  presence o f  a m eth y l group  at C i. In  2 , w ith  a 
m eth y l grou p  at C 3, w h ich  w ou ld  presu m ably  lead  to  
trans approach  o f n ucleophile, the e ffect is slightly  
accen tu ated , leading to  a slightly  greater preferen ce for 
C 2- C 3 b o n d  m igration . T h e  data  ob ta in ed  fo r  4 and  5 
are n o t su fficiently  accurate to  use w ith  a n y  con fidence, 
b u t it w ou ld  n o t be  expected  th at the m eth y l group  
at C 5 w ou ld  h ave an y  sign ificant e ffect o n  rota tion a l 
energy differences. T hu s, steric effects in  the in ter
m ediate zw itterion  p rov id e  tw o  argum ents fo r  ra tiona l
izing the preference fo r  C 2- C 3 b o n d  sh ift in  the b icy c lo 
hexane system .

R ela tive  R eactiv ities . — In  v iew  o f th e  k n ow n  greater 
re a ctiv ity  o f  cycloh exan on e  ov e r  cy clop en ta n on e  tow ard  
ring  expan sion ,8 w e a n ticipa ted  som e d ifficu lty  in 
stop p in g  the reaction  o f th e  b icycloh exa n on es  at the 
b icy cloh ep ta n on e  stage. In  fa ct, th is situation  exists 
in  the n orcam ph or series, in  w h ich  re a ctiv ity  o f  the 
b icy c lo  [3.2. l jo c ta n o n e  17 is m u ch  greater th an  th at o f
16 .9 T o  get som e in form ation  on  th is po in t, w e carried  
ou t th e  a ttem p ted  ring  expan sion  o f  n op in on e  (15) 
under th e  sam e con d ition s  used fo r  the b icycloh exan on es. 
R e a ctio n  w ith  d iazom ethan e p rod u ced  from  2 equ iv  
o f urethane w as carried  o u t for  2 days, a fter w h ich  
tim e g lp c analysis revealed  no loss o f  startin g  m aterial 
and n o  detectab le  rin g-expan sion  p rodu cts. T h is 
result appeared  prom isin g  w ith  respect to  th e  planned  
use o f  the rin g-expan sion  reaction  for  synthesis o f  the 
b icy c lo  [3.1.1 ]heptanone system , b u t w e  fe lt that the 
u n reactiv ity  o f  n op in on e m igh t be due to  the presence 
o f  the gem -dim ethyl grou p . T h is  grou p in g  w ou ld  be  
expected  to  h inder form ation  o f  a tetrahedral center 
at the ca rb on y l carbon , irrespective o f  the rou te  o f  
ap p roach  o f  th e  nucleoph ile  to  th e  ca rb on y l group . 
H ow ever, this u nreactive beh av ior appears to  be  
characteristic o f  th e  b icy c lo  [3.1.1 [heptanone system , 
since in  no instance cou ld  w e ob ta in  an y  g lp c  ev iden ce 
for  the form ation  o f  b icy c lo  [4.1.1 [octanon es in  the 
ring-expansion  reactions show n  in C hart I, even  in  the 
presence o f  a large excess o f  d iazom ethane. S tu d y  o f 
m odels  o f  the three rin g  system s does n ot p rov id e  any 
read y  exp lan ation  fo r  the low  rea ctiv ity  o f  the b icy c lo  
[3.1.1 [heptanones. H ow ever, their stab ility  to  d iazo
m ethane serves to  m ake the ring expansion  reaction  
con ven ien t fo r  their synthesis.

(10) N. J. Turro and R. B. Gagosian, J .  A m e r . C h em . S o c ., 92, 2036
(1970).

E xperim en ta l S e c tio n 11

Attempted Ring Expansion of Nopinone (IS).—To an ice- 
cooled solution of 0.50 g (3.6 mmol) of nopinone12 in 16 ml of 
methanol was added 0.25 g of anhydrous Na2C03. A solution 
of 0.97 g (7.4 mmol) of A-methyl-A-nitrosourethane in 9 ml 
of methanol was then added over 25 min. After addition was 
complete, the ice bath was removed and the solution was allowed 
to warm to ambient temperature and stirred for 2 days. Filtra
tion followed by distillation gave an oily residue composed 
mainly of nopinone and A-methylurethane. The latter impurity 
was removed by treatment with 10 ml of 1 A1 NaOH at 60° for 4 
hr. The 0.530 g of neutral material recovered showed an in
frared spectrum and glc analysis nearly identical with those of 
starting material. No peaks were observed in the glpc analysis 
in the area in which ring expansion products would be expected 
to appear.

Ring Expansion of 1.—To a solution of 0.30 g of 1 in 20 ml of 
methanol over 0.40 g of Na2C03 was added 1.20 g of nitroso- 
methylurethane in methanol solution.6 The solution was stirred 
overnight at room temperature, the excess diazomethane was 
destroyed with 1 ml of 3% HC1, the solution was neutralized 
with NaOH, and the solvent was removed by distillation. The 
residue was taken up in water, the aqueous solution was ex
tracted with ether, and the ether solution was dried over MgS04. 
Distillation gave 0.457 g of colorless oil, bp 85-95° (20 mm). A 
glpc analysis on two columns11 showed four major peaks in the 
ratio of 31:5:38:25, which were collected and identified spectro
scopically. Yields were calculated on the basis of the areas 
under the glpc peaks, assuming equivalent response of the TC 
detector to the different compounds.

Peak 1 (31%) was identified as recovered 1.
Peak 2 (7, 7% yield) had sublimed, mp 60-62° (lit.2 59°). The 

ir spectrum was identical with that of an authentic sample, as 
was the glpc retention time on an SE-30 column.7 The nmr 
spectrum showed signals at r 8.65 (2 H, dd, J  — 7 and 2 Hz),
7.7 (2 H, m), and 7.55 (6 H, s). The high-resolution mass 
spectrum showed a moleclar ion at m/e 110 (C7H10O) and a base 
peak at m/e 69 (C4H50).

Peak 3 was identified by . spectroscopic means as A-methyl- 
urethane.

Peak 4 (6, 34% yield) was semicrystalline. The ir spectrum 
and glpc retention time on an SE-30 column were identical with 
those of an authentic sample.7 The nmr spectrum showed sig
nals at r 8.41 (2 H, dd, J  =  7 and 3 Hz), 8.00 (2 H, m), 7.46 (4 
H, m), and 7.20 (2 H, q, /  = 5 Hz). The high resolution mass 
spectrum showed a molecular ion at m/e 110 (C7H10O), the base 
peak at m/e 67 (C6H7), and the most intense oxygen-containing 
fragment at m/e 55 (C3H30).

The p-toluenesulfonylhydrazone had mp 209-210° (lit.2 206-
208°).

The reaction was repeated using 8 equiv of urethane added in 
two batches over a 4-day period. The A-methylurethane was 
removed by hydrolysis and the neutral product was distilled to 
give a 40% yield of a mixture composed mainly of 6 and 7, 
with some starting material and other impurities present. No 
evidence was seen for further ring-expanded materials.13

Ring Expansion of 2.—A solution of 0.502 g of 2 in methanol
(11) Melting points were determined on a micro hot stage and are cor

rected; boiling points are uncorrected. Infrared spectra were recorded on 
Perkin-Elmer 257 and 137 spectrophotometers as neat films or 5%  solutions 
in CCU. Nuclear magnetic resonance spectra were obtained on a Yarian 
Associates HA-100 spectrometer using TMS as an internal reference in 
CDCls. Nmr data are recorded in this order: chemical shift (integration, 
multiplicity where s =  singlet, d =  doublet, t =  triplet, q =  quartet, m = 
multiplet, and coupling constant in hertz). Mass spectra were determined 
with an Atlas CH-4 spectrometer, or, where noted, high-resolution spectra 
were obtained -with an Atlas SM-1 spectrometer. Glpc analyses were 
carried out on a Yarian Aerograph Model 202B instrument using thermal 
conductivity detectors. Columns used were 5 ft X 0.25 in. stainless steel 
packed with 15% FFAP polyester or 15% SE-30 silicone oil on HMDS- 
treated 60^80 mesh Chromosorb W support. Microanalyses were per
formed by Spang Microanalytical Laboratories, Ann Arbor, Mich.

(12) J. Meinwald and P. G. Gassman, J. Amer. Chem. Soc., 82, 5445 
(1960).

(13) The low material balances observed in these reactions are partially 
due to loss of the starting bicyclohexanones by codistillation with solvent, 
a fact which led to some difficulty in their synthesis. Glpc examination of 
the methanol obtained from reaction of 1 with diazomethane showed the 
presence of considerable amounts of 1 with no evidence for 6 or 7. The 
yields of bicycloheptanone products are based on starting bicyclohexanone, 
and are probably reasonably accurate.
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over 0.20 g of Na2C 03 was treated with 1.359 g of nitrosomethyl- 
urethane,6 and the resulting mixture was stirred overnight at 
room temperature. Work-up followed by distillation gave 0.569 
g of colorless oil, bp 60-70° (20 mm), which showed four major 
peaks on glpc analysis. Isolation and analysis identified these 
as A'-methylurethane (30%), starting material (62%), and two 
ring-expanded products in yields of 2 and 14%. Pure materials 
were isolated by preparative glpc on a 10-ft SE-30 column. The 
minor product , 9 , showed ^max O. 84 n and nmr signals at t 8.87 
(3 H, d, J = 7 Hz), 8.64 (2 H, m), 7.2-8.0 (5 H), and 7.47 (2 
H, s). The high-resolution mass spectrum showed a molecular 
ion at m/e 124 (C8H!20 ) , the base peak at m/e 67 (C5H7 ), and 
major oxygen-containing fragments at m/e 69 (CJLO) (68% of 
base peak) and 83 (C5H7O). corresponding to the two modes of 
the fragmentation pattern observed for 7.

The major product, 8, showed l u ,  5.80 y. and nmr signals at 
r 8.95 (3 H, d, J  = 6.5 Hz), 8.42 (2 H, m), 7.3-8.1 (6 H), and
7.20 (1 H, m). The high-resolution mass spectrum showed a 
strong molecular ion at m/e 124 (CsHi20 ) , the base peak at m/e 
68 (CsH8), and the major oxygen-containing fragment at m/e 
70 (C4II60 )  (44% of base peak).

The p-toluenesulfonylhydrazone had mp 162-164°.
Anal. Calcd for Ci5H2oN20 2S: C, 61.63; H, 6.90; N, 9.58. 

Found: C, 61.59; H, 6.85; N, 9.62.
Ring Expansion of 3.— A solution of 0.284 g of 3 in methanol 

over 0.20 g of Na2C 03 was treated with 0.821 g of nitrosomethyl- 
urethane,6 and stirred overnight at room temperature. Dis
tillation gave a mixture which contained 26% of recovered start
ing material and two ring-expansion products in 2 and 10% 
yields, both of which were isolated by preparative glpc.

The minor product, 11, showed Xmal 5.80 a and nmr signals at 
t 8.92 (3 II, s), 8.58 (2 H, dd, /  =  8 and 2 Hz), 8.08 (2 H, m), 
7.73 (2 H, s), 7.63 (2 H, s), and 7.6 (1 H, m). The high-resolu
tion mass spectrum showed a molecular ion at m/e 124 (C8Hi20 ), 
the base peak at m/e 55 (C4H7), and major oxygen-containing 
fragments at m/e 83 (C5H7O) (99% of base peak) and 69 (C4- 
II5O) '83% of base peak) resulting from the two possible modes 
of fragmentation of 11 corresponding to that of 7.

The major product, 10, showed XmaI 5.82 a and nmr signals 
at r 8.93 (3 H, s), 8.29 (2 H, dd, J  =  7.0 and 2.5 Hz), 7.96 (4 H, 
m), 7.52 (2 H, t, .7 = 7 Hz), and 7.5 (1 H, m). The high-resolu- 
tion mass spectrum showed a molecular ion at m/e 124 (C8H120 ), 
the base peak at m/e 81 (C6H9), and the major oxygen-containing

fragment at m/e 69 (C4HsO) (94% of base peak), establishing 
the presence of the carbor.yl group at the 2 position.

The p-toluenesulfonylhydrazone had mp 159-161°.
Anal. Calcd for C15H20N2O2S: C, 61.63; H, 6.90; N, 9.58. 

Found: C, 61.64; H, 6 .86; N, 9.60.
Ring Expansion of 4 and 5 .— A solution of 0.250 g of a 3:1 

endo:exo mixture of 4 and 5 in methanol over 0.20 g of Xa2C 03 
was treated with 0.692 g of nitrosomethylurethane,6 and the 
mixture was stirred overnight at room temperature. Work-up 
followed by distillation gave 0.222 g of colorless oil, bp 60-80° 
(20 mm), which showed the presence of starting material 
(42%; 3:1), and two product peaks in yields of 1 and 9% . The 
minor product was identified as 14 on the basis of X ^ , 5.82 a, 
nmr signals at r 8.72 (3 H, ¿ , J =  6.8 Hz), 8.26 (1 II, br d, J = 
7 Hz), 7.86 (2 H, m), 7.42 (4 H, s), and ca. 7.4 (2 H). The 
high-resolution mass spectrum showed a molecular ion at m/e 
124 (C8Hi20), the base peak at m/e 67 (C5H7 ), and the major 
oxygen-containing fragments in nearly equal intensity at m/e 83 
(C5H7O) and 69 (C4HsO).

The nmr spectrum of the material corresponding to the major 
peak showed signals for two methyl groups at r 9.15 (d, J = 
6 Hz) and 8.67 (d, J — 6.8 Hz) in a ratio of 3:5. The high- 
resolution mass spectrum showed a molecular ion at m/e 124 
(C8Hi20 )  and a base peak at m/e 69 (C4H50 ), while the ir spectrum 
showed a single carbonyl band at 5.82 y.. These data suggest 
the presence of a mixture of the two isomers 12 and 13 in a ratio 
of 5:3 . The stereochemistry of the methyl groups in these 
compounds, as well as that of 14, are assigned on the basis of 
their chemical shifts, in analogy with the chemical shift positions 
of methyl groups in other bieyclo [3.1.1] heptanes.14

Registry No.—6, 17159-87-4; 7, 17159-75-0; 8, 
33122-17-7; 8 p -to lu en esu lfon y lh ydrazon e, 33122-18-8; 
9, 33061-07-3; 10, 33122-19-9; 10 p -to lu en esu lfon y l- 
h ydrazon e, 33122-20-2; 11, 33061-08-4; 12, 33066-
01-2; 13,33066-02-3; 14,33061-09-5.
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The Crystal Structure of l-(p-Bromophenyl)-l,2-epoxycyclohexane. 
Evidence for Three-Ring Phenyl Pseudoconjugation1
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l-(p-Bromophenyl)-l,2-epoxycyclohexane crystallizes in space group P2\/c, with unit cell dimensions a =  9.91, 
h =  5.72, c =  19.41 A; 0 =  102° 20 min. The structure was solved by single-crystal X-ray diffraction methods. 
Least-squares refinement led to a final agreement factor for the observed reflections, R =  0.072. In the molecular 
structure the cyclohexane ring has a half-chair conformation. The epoxydic ring (C -C  bond length 1.48 A with 
estimated standard deviation 0.02 A, C -0  bond lengths with mean value 1.47 A, estimated standard deviation 
0.02 A) makes an angle of 83° with the phenyl ring, as the result of pseudoconjugative interaction. This inter
act ion is also indirectly responsible for the particular conformation assumed by the cyclohexane ring.

T h e  geom etry  o f  the variou sly  su bstitu ted  cy c lo 
hexane rings has b een  exten sively  stud ied  b y  m eans o f 
e lectron  d iffraction , X -r a y , and m icrow ave spectros
c o p y .2 * * T h e  stru ctu ral determ inations on  1 ,2 -ep ox y -

(1) This work was supported by Consiglio Nazionale delle Ricerche, 
Roma.

(2) (a) C. Altona and M. Sundaralingam, Tetrahedron, 26, 925 (1970);
(b) H. Booth, Progr. Nucl. Magn. Resonance Spectrosc., 6, 231 (1969), and
references cited therein.

cycloh exan es  are largely  lim ited 3 4 to  the classica l e le c 
tron  d iffraction  studies o f  O ttar5 w h o m easured the 
skeletal geom etry  and  the variou s in teratom ic d istances 
in  th is system . In  particular, th e  1 ,2 -epoxy  cycloh exan e

(3) R. E. Parker and N. S. Isaacs, Chem. Rev., 59, 737 (1959).
(4) A. Rosowsky in “ Heterocyclic Compounds with Three- and Four- 

Membered Rings,” Part 1, A. Weissberger, Ed., Interscience, New York, 
N. Y., 1964, p .l .

(5) B. Ottar, Acta Chem. Scand., 1, 283 (1947).
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m olecu le  can  exist in  tw o  enantiom eric “ h a lf-ch a ir”  con 
form ation s (I , I I )  w h ich  readily  u ndergo chair inversion.

H

If
H

H

H
M H-

■R H

a

H
II

T hese  tw o  con form ation s are n o  longer equ iva len t w hen 
a  su bstitu ent is present in  the ring. I t  has been  dem on
strated  b y  nm r spectrom etry  th at, w hen  the cycloh ex 
ane rin g  is in corp ora ted  in to  a rig id  system , for  
exam ple, steroids, or  w h en  there are b u lk y  substituents 
such  as a (erf-butyl group  present in  the 4 p osition , the 
ring  is constra ined  in  one particu lar h a lf-cha ir con for
m ation .6 H ow ever, this approach  to  the s tu d y  o f the 
ring  con form ation s fails in  assessing the su btle  con 
form a tion a l effects arising w hen  there are substituents 
at the 1 or 2 positions.

W h ile  the geom etry  o f  a  m olecu le  in the solid  state 
does n ot necessarily reflect its con form ation s in  solu 
tion , we have considered  it w orthw h ile , in  relation  to  
th e  beh av ior o f  1-p h en y l-1 ,2 -epoxycycloh exar.es ,7 to  
investigate  the geom etry  o f th e  l- (p -b ro m o p h e n y l)-
1 ,2 -epoxycycloh exan e b y  X -r a y  d iffraction . T h is in 
v estiga tion  sh ou ld  a llow , at least in  th e  so lid  state, to  
establish  th e  exa ct con form ation a l s ituation  o f  the 
ph en y l ring, w ith  regard to  its possib le  con ju ga tion  
w ith  th e  ep ox id e  rin g .8-10 T h is  p rob lem  is o f  som e 
im portan ce  since it can  b e  v e ry  u sefu l in  con n ection  
w ith  the ph ysica l an d  ch em ical p roperties  o f  these 
epox ides and, m ore generally , can  be  o f  sign ificance in 
con n ection  w ith  the electron ic  structure o f  the epox ide  
ring  w hich  at the present tim e is still a su b ject o f  m u ch  
d iscu ssion .3’4 10 (II)

Experimental Section
Preparation of the Compound. l-(p-Bromophenyl)cyclo- 

hexene.— A solution of l-(p-bromophenyl)cyclohexanoln (10.0 
g) in acetic acid (10 ml) was treated with sulfuric acid (2 ml). 
The resulting mixture was swirled for 30 sec and then poured into 
water. After cooling the precipitate was collected, washed with 
water, and crystallized from ethanol to give the pure product 
(7.60 g), mp (Kofler hot stage) 72-73° (lit.12 mp 73.5- 
74°).

l-(p-Bromophenyl)-l,2-epoxycyclohexane.— A solution of 1- 
(p-bromophenyl)cyclohexene (5.0 g, 0.021 mol) in 75% aqueous 
dioxane (100 ml) was treated with jV-bromoacetamide (3.30 g, 
0.024 mol) in 50% aqueous dioxane (50 ml). This suspension 
was warmed on a steam bath for 10 min, cooled, treated with 
potassium hydroxide (10.0 g) in water (50 ml), stirred for 15 
min, poured in water, and extracted with ether. The ether

(6) G. Berti, B. Macchia, and F. Macchia, Tetrahedron, 24, 1755 (1968); 
Gaze. Chim.Ital., 100, 334 (1970).

(I) P. L. Barili, G. Berti, B. Macchia, F. Macchia, and L. Monti, J. Chem. 
Soc. C, 1168 (1970), and other papers in this series.

(8) N. H. Cromwell and G. V. Hudson, J. Amer. Chem. Soe , 75, 872
(1953) .

(9) L. A. Strait, D. Jambotkar, R. Ketcham, and M. Hrenoff, J. Org. 
Chem., 31, 3976 (1966).

(10) W. A. Bernett, J. Chem. Educ., 44, 17 (1967).
(II) D. Y. Chang and R.-J. Yu, J. Chin. Chem. Soc. (.Tai-pei), 6, 68 

(1959); Chem. Abetr., 64, 13058 (1960).
(12) D. Y. Chang and N. Shieh, J. Chin. Chem. Soc. (Taipei), 1, 64

(1954) ; Chem. Abstr., 49, 6888 (1955).

layer was washed with water, dried (MgSO,), and evaporated 
to yield a residue (5.10 g) which was dissolved in petroleum ether 
and chromatographed through a 1.5 X  25 cm column of neutral 
alumina (grade II) collecting 10-m! fractions. Elution with 
petroleum ether (bp 30-50°) yielded in succession small quanti
ties of unreacted starting material and pure l-(p-bromophenyl)-
1,2-epoxycyclohexane (3.20 g), which crystallized from pe
troleum ether (bp 30-50°), mp 57-57.5° (lit.13 mp 48.5°).

X-Ray Data.— The crystal data were determined by means of 
rotation and Weissenberg photographs obtained with Cu Ka 
radiation and precession spectra taken with M o K a radiation. 
1- (p-Brom ophenyl)-1,2-epoxy'eyclohexane; mol wt 253.1; 
monoclinic space group P2i/c, from systematic absences (hOl 
absent for I =  2n +  1, OfcO absent for k =  2n +  1 ) ; a =  9.91 ±  
0.02 A, 6 =  5.72 ±  0.01 A, c =  19.41 ±  0.03 A; 0 =  102° 20 ±  
10 min; unit cell volume U =  1075.4 A 3; Dc =  1.57 g cm -3 with 
Z  =  4; F(000) =  512; ju (Cu K a) =  50 cm "1.

The intensity data were recorded with Ni-filtered Cu K a 
radiation (X 1.5418 A), by means of Weissenberg photographs, 
with the multiple films technique and integration process. A 
crystal elongated in the b direction was reduced to cylindrical 
shape with a diameter of 0.017 cm (pR =  0.425 for Cu Ka radi
ation). Four layers with b as rotation axis (k — 0-3) were 
taken. A total of 753 independent reflexions were observed. 
The intensities, measured with a Nonius microdensitometer, 
have been corrected for Lorentz and polarization factors and 
for the absorption factor using the three-constants formula pro
posed by Palm14 for cylindrical crystals.

Determination and Refinement of the Structure.— The struc
ture determination was carried out by means of a three-dimen
sional Patterson synthesis. The bromine position was deter
mined and a successive three-dimensional Fourier synthesis, 
calculated with the signs determined by the bromine atom, re
vealed all the heavy atoms of the structure; the agreement index 
R, =  2 ||F„| — |FC| |/2[F0| calculated at this stage resulted 
in 0.27.

Three cycles of full-matrix least-squares refinement were com
puted; positional coordinates, isotropic temperature factors, 
and the scale factors were introduced among the refined param
eters. Unit weights were given to all the reflections. The 
R1 value was calculated as 0.14.

At this point anisotropic temperature factor for the bromine 
atom was introduced and the following weighting scheme was 
used: Vw  =  0 for unobserved reflexions; Vw  =  1 for observed
reflexions with F0 <  8 ; Vw =  l/(0 .06  |F0| +  0.5) for observed 
reflexions with Fa >  8. Two further refinement cycles reduced 
R ! to 0.082.

Then hydrogen atoms were introduced in calculated positions 
with isotropic temperature factors of 5.0 A 2. One further least- 
squares cycle in which the hydrogen parameters were not varied 
led the agreement index to R, =  0.072.

The scattering factors used in the structure factor calculations 
were taken from International Tables for X-ray Crystallography15 
for all atoms.

The observed and the calculated factors and the final posi
tional and thermal parameters with their standard deviations 
appear in the microfilm edition of this journal.16

Description and Discussion of the Structure.— Interatomic 
distances and bond angles (Table I and II) have been calculated 
by means of the ORFrE program of Busing, Martin, and Levy 
and the least-squares plane by' means of the program lsqpl, 
incorporated in the Crystal Structures Calculations System 
X -R A Y  63-17

(13) N. V. Meiya and A. F. Nikolaev, Zh. Org. Khim., 1, 296 (1965); 
Chem. Abstr., 62, 16167 (1965).

(14) J. H. Palm, Acta Crystallogr., 17, 1326 (1964).
(15) “ International Tables for X-Ray Crystallography,”  Vol. I ll , Kynoch 

Press, Birmingham, England, 1962, p 202.
(16) Listing of structure factors, coordinates, and anisotropic temperature 

factors will appear following these pages in the microfilm edition of this 
volume of the journal. Single copies may be obtained from the Business 
Operations Office, Books and Journals Division, American Chemical Society, 
1155 Sixteenth St., N.W., Washington, D. C. 20036, by referring to author, 
title of article, volume, and page number. Remit check or money order for 
S3.00 for photocopy or $2.00 for microfiche.

(17) J. M. Stewart, “ Crystal Structure Calculations System for the IBM 
709/7090/7094,”  Technical Report TR-64-6, Computer Science Center, 
University of Maryland, and Research Computer Laboratory, University of 
Washington, 1964.
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T a b l e  I

B ond  L en g th s  an d  T h e ir  St a n d a b d  D e v ia t io n s

Atoms Distances, Â Esd, Â

C (iH > 1.45 0.02
C (2 )-0 1.48 0.02
C (l)-C (2 ) 1.48 0.02
C(2)-C (3) 1.51 0.02
C(3)-C(4) 1.51 0.03
C(4)-C(5) 1.55 0.02
C(5)-C(6) 1.51 0.02
C(6)-C (l) 1.51 0.02
C (l)-C (7 ) 1.49 0.02
C(7)-C(8) 1.36 0.02
C(8)-C(9) 1.40 0.02
C(9)-C(10) 1.35 0.02
C (1 0 )-C (ll) 1.43 0.02
C (ll)-C (1 2 ) 1.40 0.02
C(12)-C(7) 1.39 0.02
Br-C(10) 1.926 0.015

T a b l e  II

B ond  A n gles  an d  T h e ir  Sta n d a r d  D e v ia t io n s

Angle, deg Esd, deg

C (l)-0 -C (2 ) 60.7 1.0
C (l)-C (2 )-0 58.9 1.0
C (2 )-C (l) -0 60.5 1.0
C (3 )-C (2 )-0 113.4 1.3
C (6 )-C (l) -0 111.5 1.3
C (7 )-C (l) -0 113.7 1.4
C (7 )-C (l)-C (2 ) 119.2 1.3
C (6 )-C (l)-C (2 ) 117.9 1.3
C (l)-C (2 )-C (3 ) 122.4 1.4
C (2)-C (3)-C (4) 114.7 1.3
C (3)-C (4)-C (5) 108.3 1.7
C (4)-C (5)-C (6) 110.4 1.4
C (5 )-C (6 )-C (l) 112.4 1.4
C (6 )-C (l)-C (7 ) 119.0 1.3
C (l)-C (7 )-C (8 ) 122.8 1.5
C (l)-C (7 )-C (12 ) 119.4 1.3
C(12)-C (7)-C (8) 117.7 1.4
C (7)-C (8)-C (9) 123.4 1.6
C(8)-C (9)-C (10) 117.7 1 .5
C (9 )-C (1 0 )-C (ll) 122.8 1.4
C (1 0 )-C (ll)-C (12 ) 116.0 1.6
C (ll)-C (1 2 )-C (7 ) 122.3 1.5
C(9)-C(10)-Br 120.6 1.2
C (ll)-C (1 0 )-B r 116.5 1.3

In what follows we shall examine the different aspects of the 
molecular structure: (a) bond lengths and angles in the system
1.2- epoxy cyclohexane, (b) the geometry of the bromophenyl 
group, (c) the stereochemistry of the system made up by the 
epoxydic and phenyl rings, and (d) the conformation of the 
epoxycycJohexane ring.

(a) The structure of the 1,2-epoxycyclohexane group is very 
similar to that determined by an electron diffraction study5 for
1.2- epoxycyclohexane, with the four carbon atoms C ( l ) -  
C (2)-C (3)-C (6) almost in a plane (the least-squares plane and 
the deviations from planarity are given in Table III); the angle 
between this plane and the plane of epoxydic ring is 80°. As re
gards bond lengths in the epoxydic ring, Ottar5 determined a 
distance equal to 1.42 A for the C -0  bond; the values found in 
this work (1.48 A for C -C  bond and the mean value 1.47 A for 
C -0  bond) agree with the values determined by Erlandsson18

(18) G. Erlandsson, Ark. Fys., 9, 341 (1955); Chem. Abstr., 49, 11421
(1955).

Figure 1.— The molecular structure of l-(p-bromophenyl)-l,2- 
epoxycyclohexane, viewed along the direction normal to the 
epoxydic ring.

Figure 2.— Crystal structure as viewed along the b axis.

in a microwave spectroscopic investigation of 1,2-epoxycyclo- 
pentane (1.52 A for C -C  and 1.47 A. for C -0  bond lengths).

(b) In Table III we report two least-squares planes relative 
to the phenyl ring and the deviations from the calculated plane. 
The C -C  bond lengths (mean value 1.39 A) and the bond angles 
are normal.

(c) The conjugative properties of the three-membered rings 
have been amply documented and are clearly explained by the 
bent bond model developed for cyclopropane. The theory10 
shows that the geometry for maximum pseudoconjugative inter
action between a three-membered ring and an adjacent v system 
is that where the plane of the ring and the axis of the ir-orbital’s 
system are parallel. This situation is satisfied in the molecular 
structure of l-(p-bromophenyl)-l,2-epoxycyclohexane (Figure 
1) where the dihedral angle between the epoxy ring and the phenyl 
ring is of 83°. This point is also relevant for the conformation 
assumed by the epoxy cyclohexane group.

(d) In fact, once the pseudoconjugative interaction induces the 
phenyl ring to dispose its plane normal to the three-membered 
ring, the conformation I is preferred over II, because of more
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T a b l e  III
L ea st -S q u a r e s  P l a n e s“

Atoms defining the plane A B C D
Plane I C(7), C (8), C(9), C(10), C (l l) ,  C(12) 7.1773 2.4574 7.2735 3.4945
Plane II Br, C(7), 0(8), C(9), C(10), C (U ), C(12), C (l) 7.2141 2.4532 7.1623 3.4674
Plane III C (l), C (2), C(3), C (6) 6.7074 4.2102 -2 .57 13 1.6003

. . .  „ , , , /. î X
Atoms Plane I Plane II Plane III
Br 0.002
C (l) 0.016 -0 .0 0 3
C(2) 0.003
C(3) 0.001
C (6) -0 .0 0 3
C(7) -0 .0 0 4 -0 .0 1 6
C(8) 0.005 - 0.002
C(9) -0 .0 0 6 -0 .0 0 5
C (10) 0.005 0.011
C ( l l ) -0 .0 0 3 - 0.002
C (12) 0.003 -0 .0 0 5

The equations, in the form Ax  +  By +  Cz =  D, where x, y, and z are fractional coordinates, were calculated [V. Schomaker,
Waser, R. E. Marsh, and G. Bergman, Acta Crystallogr., 12, 600 (1959)] with all weights equal to 1.

T a b l e  IV
Sh o r te st  I n ter m o l e c u la r  D ista n c e s“

Br- • -Brv 3.52
Br- • -C(3iu) 3.90
Br - • -C(2iv) 3.79
C(7)- • -C (6" ) 3.66
C ( l l ) - - - C ( 8¡) 3.75
C ( l l ) - • -C (8iv) 3.73
C ( l l ) - - -C (9 ¡) 3.70
C (l l ) -  • -C(9iv) 3.60
C (l l ) - - -C (1 0 i'') 3.59
C (U )- ■ -C ( l l iv) 3.78
C(12)- • -Briv 3.98
C(12)- • -C (8‘ ) 3.76
C(12) • • -C(10iv) 3.68
O- ■ -C(4i¡i) 3.74
O- • -0(5*“ ) 3.78
O- • -C(6ii¡) 3.54

•C and C - • - O contacts are 
• contacts are below 4.00 A.

below 3.80 Â; C-

favorable steric interaction between the hydrogen atom linked 
to C(8) atom at one hand and the two hydrogen atoms linked to 
C(6) at the other hand; the distances between H (8 ) and H (6a) 
(pseudoequatorial) and between H (8) and H (6b) (pseudoaxial) 
are 2.6 and 2.2 A , respectively.

Crystal Packing.—The packing of the molecules in the crystal 
is described by Figure 2. In Table IV we report the short 
intermolecular distances. In this table the atoms of the dif
ferent asymmetric units are related to the atoms of the funda
mental unit as follows: i, atom at x, 1 +  y, and z; ii, atom at 
1 — x, y 2 +  y, and '/a — z; iii, atom at x, 'A  — y, and Va +  
z; iv, atom at — x, 1/ j  +  y, and Vs — z; v, atom at — x, —y, 
and 1 — z.

As the values reported in Table IV clearly show, the inter
molecular interactions are exclusively of the van der Waals type.

All the calculations were performed on the IBM  7090 com
puter of Centro Nazionale Universitario di Calcolo Elettronico 
(CNUCE), Pisa.

R egistry  N o .— l-(p -T iro m o p h e n y l)-l,2 -e p o x y  c y c lo 
hexane, 1605-15-8.

Photochemical Rearrangements of Bicyclic 6/5-Fused 
Cross-Conjugated Cyclohexadienones and Related Compounds1“

D r u r y  C a i n e , *  A n a  M .  A l e j a n d e , lb  K o  M i n g , a n d  W i l l i a m  J. P o w e r s , I I I

School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 80332 

Received August 5, 1971

The ring A unsubstituted bicyclic 6/5-fused cross-conjugated cyclohexadienone 7a and its 4-methyl (7b) and 
6-methyl (7c) derivatives have been prepared and irradiated at 2537 A in dry dioxane. The major product in 
each case was the corresponding bicyclo[3.1.0]hex-3-en-2-one (8); 7a and 7b also gave small amounts of linearly 
conjugated dienones (9). The bicyclo[3.1.0]hex-3-en-2-one 8b, which has similar substitution to lumisantonin 
12, was irradiated with light of wavelength greater than 3000 A in both dioxane and ethanol. In the former sol
vent it gave mainly the homoannular dienone 14, while in the latter it afforded "he 5/6-fused ethoxy ketone 19. 
The photochemistry of these compounds is compared with that of related substances and possible mechanistic 
pathways are discussed.

I t  is w ell k n ow n  th at on  irrad iation  at 2537 A  in 
inert so lven ts such  as d ioxane 6 /6 -fu se d  b icy c lic  (1) 
and steroidal cross-con ju gated  cycloh exad ien on es, for  
exam ple, 2, u ndergo facile  rearrangem ents in to  the

(1) (a) This investigation was supported by Public Health Service Grant 
No. 15044 from the National Institute of General Medicine and by a NASA 
Institutional Grant (NsG-657). (b) National Science Foundation Under
graduate Research Participant, summer 1968.

correspon d in g  b icy clo [3 .1 .0 ]h ex -3 -en -2 -on es  3 an d  4, 
respective ly , term ed  lu m ip rod u cts .2 In  con trast, Jeger, 
Schaffner, and  cow ork ers3 h ave  rep orted  th at P -n o r -1 - 
d eh ydrotestosteron e  acetate  (5 ), h avin g  a fiv e -m em -

(2) For reviews see (a) P. J. Kropp, Org. Photo. Chem., 1, 1 (1967); (b) 
K. Schaffner, Advan. Photochem., 4, 81 (1966).

(3) G. Bozzato, H. P. Throndsen, K. Schaffner, and O. Jeger, J. Amer. 
Chem. Soc., 86, 2073 (1964).
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bered  ring fu sed  to  th e  d ienone ch rom oph ore , is con 
verted  d irectly  in to  th e  linearly  con ju g a ted  d ienone 6 
under sim ilar con d ition s. In  v ie w  o f  these results it 
appeared o f  in terest to  determ in e th e  b eh a v ior  o f  
m od el b icy c lic  6 /5 -fu se d  dienones such  as 7. T h u s  w e 
h ave  prepared  th e  ring A  u n su bstitu ted  in dan one 
7a4 and its 4 -m eth y l (7b) and 6 -m eth y l (7c) derivatives 
and  h ave  in vestigated  th e  p h otoch em istry  o f  these 
com p ou n ds in  d ioxan e.5 In  add ition , a stu dy  o f  th e  
ph otoch em istry  o f  th e  b icy clo [3 .1 .0 ]h ex -3 -en -2 -on e  
8b, the m ajor p ro d u ct o f  irrad iation  o f  7b, has been  
carried  out. F rom  m echan istic con siderations it ap
peared  th at 8b shou ld  exh ib it sim ilar p h otoch em ica l 
beh av ior to  th a t o f  lu m isan ton in  (12 ), w h ich  has 
been  stud ied  ex ten sive ly .2’6*7 T h u s w e  w ished  to  
com pare th e  p h otoch em ica l b eh a v ior  o f  8b w ith  th at 
o f  12 as w ell as th at o f  th e  m odel lu m ip rod u ct 3b 
derived  from  th e  6 / 6 -fused  d ienone lb.2a

6

a, R, = R2 = H
b, R, = H; R, = CH3
c,  R1 =  CH3;R2=H

1. KOH, EtOH 
Et20 , -5 ° C
2. KOH, EtOH,

reflux

Se02  ̂ ^
or

DDQ

D ien on es 7a-c w ere ob ta in ed  fro m  th e  corresponding  
enones lOa-c b y  deh ydrogen ation  w ith  either 2 ,3- 
d ich loro -5 ,6 -d icya n ob en zoq u in on e  (D D Q ) or  selenium  
d iox ide. M ich a e l a d d ition  o f  2 -m eth y lcyclop en ta n on e  
to  th e  appropria te  v in y l k eton e  w as carried  ou t using 
potassium  h y d rox id e  in  e th a n o l-e th er  at — 5 ° .8 T hese  
con d ition s  led  to  th e  iso la tion  o f  m ixtures o f  th e  enones 
and  th e  correspon d in g  d ik eton e  and  k eto l precursors, 
and  refluxing w ith  potassiu m  h yd rox id e  in ethanol was 
carried  ou t to  com p lete  th e  a ldol cy c liza tion  and de
h yd ra tion  reactions. T h e  4 -m eth y l enone 10b was 
read ily  con verted  in to  7b on  trea tm en t w ith  D D Q  in 
d ioxa n e .9 H ow ever, sim ilar treatm en t o f  b o th  10a 
and 10c gave m ixtures o f  th e  desired cross-con ju gated  
d ienones and th e  rela ted  h eteroannular com p ou n ds 
w h ich  w ere difficu lt to  separate. D ien on e  7a w as o b 
ta in ed  in  low  y ie ld  b y  treating 10a w ith  selen ium  diox ide 
in teri-butyl a lcoh ol accord in g  to  th e  p roced u re  o f 
B lo o m ,4 and 7c w as ob ta in ed  from  10c in a  sim ilar 
m anner. T h e  three enones and  d ienones in  th is series 
exh ib ited  th e  exp ected  p h ysica l and spectra l properties 
(see E xperim en ta l S ection ).

Irrad iation s o f  d ilute solu tions o f  7a-c in  d ry  d ioxane 
w ere con d u cted  at ro o m  tem perature using a H anau 
N K 6 /2 0  low  pressure m ercu ry  lam p w h ich  em its ca. 
9 0 %  o f  its u ltrav io le t irrad iation  at 2537 A . A fte r  
rem ova l o f  th e  so lven t under redu ced  pressure, the 
p h oto lys is  m ixtu res w ere su b jected  to  ch rom atograp h y  
on  silica gel and  w h en  necessary th e  p rod u cts  w ere  fur
th er purified  b y  preparative  g lc .10 L u m iprodu cts o f  
th e  ty p e  8 w ere th e  m a jor p rod u cts  o f  irrad iation  o f 
each  o f  th e  dienones, and irrad iation  p eriods w h ich  led  
to  th e  op tim u m  yields o f  these substances w ere deter
m ined  b y  g lc  analysis10 o f  a liquots o f  th e  p h oto lys is  
m ixtures tak en  at variou s tim e in tervals. In  add ition  
to  th e  lum iproducts, lin early  con ju g a ted  d ienones 9a 
and 9b w ere p rod u ced  on  irrad iation  o f 7a and 7b, 
resp ective ly . N o  p rod u ct o f  th e  ty p e  9c cou ld  b e  de
te cte d  from  runs using 7c. T h ese  results are sum 
m arized in  T a b le  I. T h e  dienones 9a and 9b apparently

T a b l e  I

P r o d u c t s  o f  I r r a d i a t i o n  o f  6/5-Fused C r o s s - C o n j u g a t e d  
C y c l o h e x a d i e n o n e s  i n  D i o x a n e  a t  2537 Â

Irradiation .—Yield of products, % —.
Dienone 7 time, min 8 9

a 75 55 21
b 120 50 ~ 5
c 90 67

w ere  derived  d irectly  from  7a and 7b rather th a n  being 
p rod u ced  from  th e  lu m iprodu cts in  a secon dary  process. 
W h en  8a and 8b w ere isolated  and  su b jected  to  extended  
irrad iation  in  d ioxan e at 2537 A , p rod u cts  o f  th e  typ e  
9 w ere n ot form ed  in  significant am ounts.

T h e  lu m iprodu cts 8a, 8b, and 8c w ere identified 
read ily  on  the basis o f  their u v , ir, an d  nm r spectral 
properties, w h ich  w ere qu ite  c lose  to  th ose  reported

(4) S. M. Bloom, J. Amer. Chem. Soc., 81, 4728 (1959).
(5) A preliminary account of this work has been published: D. Caine,

W. J. Powers, III, and A. M. Alejandre, Tetrahedron Lett., 6071 (1968).
(6) M. H. Fisch and J. H. Richards, J. Amer. Chem. Soc., 90, 1547, 1553 

(1968); 85, 3029 (1963).
(7) (a) O. L. Chapman and L. F. Englert, ibid., 85, 3028 (1963); (b) L.

Barber, O. L. Chapman, and J. D. Lassila, ibid., 90, 5933 (1968).

(8) Conditions similar to those described by Ross and Levine [N. C. 
Ross and R. Levine, J. Org. Chem., 29, 2341 (1964)] for the synthesis of 
Al>9-octalone and derivatives were employed.

(9) D. Bum, R. Kirk, and V. Petrow, Proc. Chem. Soc., 14 (1960).
(10) A 10 ft X 0.25 in. column containing 15% silicone SE-30 on Chromo- 

sorb W was employed.
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fo r  th e  related  h om ologs, 3a,lla 3b,llb and 3cllc T h e  
linearly  con ju ga ted  d ienones 9a and 9b exh ib ited  ab 
sorp tion  m axim a at 296 and  302 m/x, respectively , in  
9 5 %  eth an ol w h ich  w ere in d ica tive  o f  the structures. 
T h e  u v , ir, and  nm r spectra  o f  9a w ere qu ite  sim ilar to  
th ose  o f  th e  related 5 /7 -fu se d  d ien on e 11 (R  =  H ) 11 12 
and  th e  steroidal d ienone 6 3 h av in g  analogous stru c
tures, w hile th ose  o f  9b resem bled  close ly  those o f  11 
(R  =  C H 3) w h ich  can  be  obta in ed  b y  d eh y d ra tion 13 o f 
th e  5 /7 -fu se d  h y d ro x y  k eton e  p rod u ced  on  irradiation  
o f  lb in  aqueous acetic  a c id .14 15

R
11 12

T h e  form ation  o f  lu m iprodu cts o f  the ty p e  8  pre
su m ably  occurs via 1 ,4 -sigm atropic rearrangem ents 
(path  A , Schem e I )  in d ipolar cy c lo p ro p y l interm ediates

Sch em e  I

o f  th e  ty p e  13, generally  a ccep ted  to  b e  in v o lv e d  in 
d ien on e p h oto ly s is .2 Jeger, Schaffner, an d  cow ork ers3 
h ave p rop osed  th at th e  form ation  o f  6 from  5 in volves 
the collapse o f  an in term ediate analogous to  13 via path  
B , Schem e I . S ince the n orm al steroidal d ienone 2 
gave on ly  4 under sim ilar con d itions, th ey  suggested 
th at because o f  the five-m em bered  B  rin g  an excessive 
am ou n t o f  stain w ou ld  be  in v o lv ed  in the form ation  o f 
a lu m ip rod u ct from  5, and th at th is a ccou n ts  fo r  the 
in terven tion  o f  th e  new  p a th w a y .3 In  the case o f  the 
u nsubstitu ted  m od el d ienone 7a, it appears th at the 
tw o  possib le  m odes o f  rearrangem ent com p ete  is in 
d icated  b y  the form a tion  o f  b o th  8a and 9a in  a 5 :2  
ratio . T h e  exclusive reaction  o f  5 via a pa th  B  ty p e  
process m ust result from  the a dded  strain  due to  the 
trans fusion  o f  th e  C  ring  to  th e  five-m em bered  B  ring 
in  the steroida l sy stem .16

T h e  ratio o f  th e  tr icy c lic  p ro d u ct to  the linearly 
con ju gated  on e w as higher fo r  th e  4 -m eth y l substitu ted  
d ienone 7b than  fo r  th e  u nsubstitu ted  case, and no 
lin early  con ju gated  d ienone p ro d u ct w as observed  in  
th e  irrad iation  o f  7c. I t  is possib le  th at p rod u cts  o f  the

(11) (a) P. J. Kropp and W. F. Erman, J. Amer. Chem. Soc., 85, 2456
(1963) ; (b) P. J. Kropp, ibid., 87, 3914 (1965); (c) P. J. Kropp, ibid., 4055
(1964) .

(12) D. Caine and J. F. DeBardeleben, Tetrahedron Lett., 4585 (1965).
(13) D. Caine and J. B. Dawson, unpublished work.
(14) (a) D. Caine and J. B. Dawson, J. Org. Chem., 29, 3108 (1964); (b) 

P. J. Kropp, ibid., 29, 3110 (1964).
(15) We are grateful to Dr. K. Schaffner for a private communication on

this point.

ty p e  9 w ere p rod u ced  in  greater am ou n ts from  th e  
m eth y l-su bstitu ted  com pou n ds, b u t th at these w ere 
rap id ly  con verted  in to  n on vo la tile  m aterials. I t  is 
also possib le  th at if  m eth y l substituents are present at 
either p os it ion  th e  sigm atrop ic rearrangem ent p a th 
w a y  (path  A) from  13 to  8 is fa v ored  re la tive  to  the 
u nsubstitu ted  case. H ow ever, th e  n ature o f  such  an 
e ffect is n o t im m ediate ly  obv iou s .

W h ile  lu m iproducts are re la tive ly  stab le  to  irradia 
t io n  at 2537 A  com pared  w ith  their d ien on e p recu r
sors ,110 prev iou s w ork  has show n  th at co m p o u n d s  such  
as 3, 4, and 12 undergo facile  rearrangem ent o n  irradia
tion  w ith  light o f  w avelen gth  greater th an  3000 A .2 
T h u s a d ilute so lu tion  o f  8b in  d ry  d ioxan e w as irrad iated  
at ro o m  tem perature fo r  90 m in  u sing a 4 5 0 -W  H a n o v ia  
h igh-pressure m ercu ry  lam p fitted  w ith  a P y re x  filter. 
A nalysis o f  th e  p h oto lysis  m ixture b y  g lc 16 revea led  th e  
presence o f  on e m a jor  p rod u ct com prisin g  8 8 %  o f  th e  
v o la tile  com p on en ts  and ca. 6 %  each o f  th e  startin g  
m aterial an d  a m inor p rod u ct. C h rom a tog ra p h y  o f  
the m ixture on  silica gel led  to  th e  iso la tion  o f  th e  m a jor  
p rod u ct, w h ich  w as identified  as the h om oan nu lar 
d ien on e (14), in  ca. 5 0 %  y ield .

T h e  ir an d  nm r spectra l p roperties  o f  14 w ere  con 
sistent w ith  the structure and  it exh ib ited  a u v  a bsorp 
t io n  m axim um  at 335 m/x in  9 5 %  e th a n o l.17 C a ta ly tic  
h ydrogen ation  o f  14 using 1 0 %  pa llad iu m  o n  ca rb on  in  
9 5 %  eth an ol led  to  the iso la tion  o f  its  k n o w n  tetra - 
h y d ro  d eriva tive  h av in g  a  cis r ing  fu s io n .18

T h e  m in or p rod u ct o f  irrad iation  o f  8b p ro v e d  to  be  
th e  d ien on e 7b. In  a separate run, 8b w as irradiated  
fo r  30 m in  an d  the p h oto lys is  m ixture w as an a lyzed  b y  
g lc .16 T h e  m ixture w as fou n d  to  con ta in  8b, 14, an d  
7b in  an  approx im ately  2 :2 :1  ratio . D ire c t  irrad iation  
o f  7b under the sam e con d ition s  as d escribed  fo r  8b 
also led  to  14. M o n ito r in g  o f  th e  reaction s b y  g lc 16 
revealed  th at 8b w as form ed  as an in term ediate.

L um isan ton in  12 yields m ain ly  a h om oan nu lar d ie
n one 15 w h en  irradiated  at w avelen gths greater th an  
3000 A, and 8b h avin g  th e  sam e su b stitu tion  on  th e  b i- 
cy c lo [3 .1 .0 ]h ex -3 -en -2 -on e  m o ie ty  y ields a sim ilar 
p rod u ct. F isch  and  R ich ard s6 h ave p rop osed  th a t 15 
is form ed  via a 1 ,2 -m eth yl m igration  in  the d ip olar 
in term ediate  16 and h ave presented  ev iden ce  fo r  th e  
in terven tion  o f  such a species. H ow ev er , using in 
frared  sp ectroscop y  C hapm an  and cow ork ers7b h a v e  
observed  th at the ketene 17 is form ed  on  irrad ia tion  o f 
12 at 7 7 ° K  an d  th at 17 is con verted  in to  15 th erm ally . 
T hese  w orkers h ave suggested th at th e  ketene p a th w a y  
is lik ely  to  be  in v o lv e d  to  som e degree in  th e  p h o to 
chem ical con version  o f  12 in to  15 at ro o m  tem perature.

A  k eten e in term ediate, presu m ab ly  18, b e lieved  to  be  
a precursor o f  14, has been  observed  b y  in frared  
sp ectroscop y  w h en  8b w as irrad iated  as th e  neat glass 
and in  h y d roca rb on  glasses at 7 7 ° K .19 In  v ie w  o f  th is 
it  appeared  possib le  th at 18 m igh t b e  fo rm ed  an d  trap p ed

(16) A 10 ft X 0.25 in. column containing Carbowax K-20M on Chromo- 
sorb W was employed.

(17) The uv maximum for 14 is close to the predicted value of 338 mp 
using the Woodward—Fieser rules. The related homoannular dienones 
derived from 12 and 6-epilumisantonin show uv absorption maxima at 
significantly shorter wavelengths.6 Lack of planarity of the conjugated 
system and/or electron-withdrawing effects associated with the presence of 
the lactone rings in the latter compounds may account for this.

(18) J. A. Marshall, N. H. Andersen, and P. C. Johnson, J. Amer. Chem. 
Soc., 89, 2748 (1967).

(19) We are indeed grateful to Professor O. L. Chapman for carrying out 
this experiment and interpreting the results.



at room  tem perature if  8b  were irradiated  in a nu
cleoph ilic  so lven t such as ethanol. H ow ever, w hen  8b 
was irradiated under the con d ition s  described  a b ov e  ex
cept su bstitu tin g  absolu te  ethanol fo r  d ioxane, the on ly  
p h otop rod u ct th at cou ld  be isola ted  p rov ed  to  be the 
eth oxy  k eton e  19 w h ich  w as identified  on  the basis o f  
its spectral properties. T h e  ethanol a d d u ct o f  the 
p rop osed  k eten e 18, i.e., 20, cou ld  n ot be  d e tected  in 
th is run. F o r  reference purposes a sam ple o f  20 was 
prepared  b y  irradiation  o f  14 in absolu te  ethanol using 
the light source described  a b ove . T h e  diene ester ex
h ib ited  th e  expected  n m r spectra l properties w h ich  in 
the appropria te  regions w ere v ery  sim ilar to  those re
p orted  fo r  p h otosa n ton ic  a c id .20 A lso , com p ou n d  19 
w as ob ta in ed  w hen  7b w as irradiated under the con d i
tions described  fo r  8b . A pp a ren tly , in  ethanol 8b 
rearranges essentially  com p lete ly  in to  7b w hich  is fur
ther con verted  in to  19 via a ttack  o f  the so lven t on  an 
in term ediate analogous to  13. A d d ition a l w ork  on  the 
ph otoch em ica l beh av ior o f  d icnones 7 a -c  in  nucleo
ph ilic solvents is in  progress and w ill be  reported  later.

6 /5 -F u sed  C ross-C o n ju g a t e d  C y c l o h e x a d ie n o n e s

20

16 15 18

T h e  beh av ior observed  fo r  8b in d ioxane appears to  
be  m ost readily  expla ined  b y  con siderin g  th at light ex
c ita tion  leads to  cleavage o f  the 4 ,5  b o n d  to  produce, 
a fter e lectron  d em otion , the d ipolar species 21 (Schem e 
I I ) .  A s p o in ted  o u t a b ove , th is ty p e  o f  p a th w a y  has 
been prop osed  in  the con version  o f 12 in to  156 and anal
ogou s p ath w ays h ave been  in v ok ed  to  explain  the 
p h otoch em istry  o f  n um ber to  b icy c lo  [3 .1 .0 ]hex-3 -en -
2-ones derived  from  fused  ring cross-con ju ga ted  cy c lo 
h exad ien ones.2 In  21 a 1 ,2 -m eth y l sh ift from  C -9  to  
C -4  (path  A ) w ou ld  g ive  rise o f  14, w hile a sim ilar 
shift from  C -9  to  C -5  (path  B ) w ou ld  g ive  7b. A  
m inor rearrangem ent p ro d u ct o f  12 w h ich  cou ld  have 
arisen via a p a th  B  ty p e  process has been  ten ta tive ly  
identified ,6 an d  th e  exclusive form ation  o f  a cross-con 
ju gated  dienone, con sidered  to  arise b y  this ty p e  o f 
path w ay, has been  rep orted 21 for  the irradiation  o f  the 
lu m iprodu ct derived  from  1 7 /3 -h y d ro x y -l ,4 ,9 (ll)-a n - 
drostrien-3-one.

T h e  resu lts a fter sh ort irradiation  tim e can  be 
explained b y  con siderin g  th at the path  A  and

(20) E. E. vanTamelen, S. H. Levin, G. Brenner, J. Wolinsky, and P. E. 
Aldrich, J. Airier. Chem. Soc., 81, 1666 (1959).

(21) Lj. Lorenc, M. Miljkovic, K. Schaffner, and O. Jeger, Helv. Chim. 
Acta., 49, 1183 (1966).
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Sch em e  II

path  B  m odes o f  reaction  o f  21 com pete , w ith  the 
form er being som ew hat favored . O n  exten ded  irradia
tion  14 greatly  predom inates, since 7b is ph otoch em i- 
ca lly  labile, be in g  recon verted  in to  8b (S ch em e I I ) .

T h e  beh av ior o f  8b  in ethanol a lso can be  explained  
in term s o f  21, if on e  considers th at in go in g  from  the 
aprotic  solven t d ioxan e to  th e  p ro tic  on e  path  B  be
com es greatly  favored . Som e rather strik ing so lven t 
effects have been  observed  in  oth er lu m ip rod u ct re
arrangem ents.23 In  21 path  A  rearrangem ent m a y  be 
fa vored  in d ioxane because in  th e  n onpolar so lven t 
charge separation  m ust be m in im ized  in the d ipolar 
species. H ow ever, in  eth an ol 21 m ay  be  p roton ated  
on  oxygen , g iv in g  a m esoion ic species in  w hich  other 
factors cou ld  fa v or  path  B  rearrangem ent.22

N o  sign ificant am ou n ts o f  p rod u cts  w hich  cou ld  be 
considered  to  be derived  from  1 ,2 -m eth ylen e m igration  
(path  C ) in 21 w ere observed . K r o p p 2a U has rep orted  
that irradiation  o f  lu m iprodu cts (3) in variou s m edia 
leads to  p h otop rod u cts  w hich  are presu m ably  form ed  
b y  w ay  o f  sp irod ienones (22 ). A  path  C  ty p e  rear
rangem ent in  a species analogous to  21 w ou ld  lead to
23. H ow ever, path  C  p rod u cts  are apparently  com 
p letely  elim inated  as the size o f  the ring a ttach ed  to  
the b icy c lo  [3 .1 .0 ]hex -3 -en -2 -on e  m oiety  is reduced  from  
six to  five m em bers. Iv rop p 23'11 has suggested th at a 
m ethylene shift d ocs  n ot take p lace in  the rearrange
m ent o f  12, because a sp irod ienon e h avin g  tw o  trans
fused  five-m em bered  rings w ou ld  be h igh ly  strained. 
T h e  w ork  o f  Schuster and  F a b ia n ,23 w h ich  sh ow ed  that 
path  A  an d  path  C  prod u cts  arise on  irradiation  o f  6- 
epilum isantonin , supports th is suggestion . A  spiro- 
[5.3 [nonane deriva tive  such as 23 w ou ld  be expected  to  
be m ore strained than 22. T h u s  the p h otoch em ica l be
h av ior o f  8b  appears to  p rov id e  excellent add ition a l 
su pport for  Ivropp ’ s hypothesis.

A lth ou gh  a k etene in term ediate  appears to  be  ruled 
ou t in the irradiation  o f  8b  in ethanol at room  tem pera
ture, the results obta in ed  w hen 8b w as irradiated at 
77 °Iv  m ake it necessary to  consider the p ossib ility  that 
the ketene p ath w ay  is in v o lv ed  in  the form ation  o f 14 
in the inert solven t, d ioxane, at room  tem perature. 
In deed , as has been  suggested for  the case o f  lum isan- 
ton in ,7b p ath w ays in v o lv in g  the d ipolar in term ediate

(22) H. E. Zimmerman, R. Keese, J. Nasielski, and J. S. Swenton, J. 
Amer. Chem. Soc., 88, 4895 (1966).

(23) D. I. Schuster and A. C. Fabian, Tetrahedron Lett., 4093 (1966).
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21 and the ketene 18 may compete when the photolysis 
is carried out in the inert medium. Also, the possibility 
exists that a cyclopropanone24 25 precursor to 21 inter
venes, although the irradiation at 77°K  did not provide 
evidence on this point.19

E xperim en tal S e c tio n 26

7,7a-Dihydro-7a-methyl-5(6if)-indanone (10a).— Compound 
10a was prepared by a method similar to that reported by Ross 
and Levine.8 A dried 500-ml three-necked round-bottom flask 
equipped with a thermometer, dropping funnel and magnetic 
stirring bar was placed under positive nitrogen flow. Anhy
drous ether (200 ml) was added to the flask and a solution of 2.8 
g (0.05 mol) of potassium hydroxide in 20 ml of absolute ethanol 
was added. The mixture was cooled to ~7° with an ice-salt 
bath and 27.40 g (0.28 mol) of 2-methylcyelopentanone was 
added. A solution of 9.0 g (0.129 mol) of methyl vinyl ketone 
in ca. 50 ml of anhydrous ether was added at a rate sufficiently 
slow to keep the reaction temperature at or below —5°. When 
the addition was complete, the mixture was stirred for 45 min at 
— 5°, then for 45 min with the ice-salt bath removed. The 
mixture was poured into 200 ml of 10%  hydrochloric acid and the 
layers were separated. The aqueous layer was saturated with 
salt and extracted with two 50-ml portions of ether. The com
bined organic layers were dried over magnesium sulfate and the 
solvents were removed under reduced pressure. Distillation of 
the residue gave 7.1 g of 2-methylcyclopentanone (26% recovery), 
bp 41-42° (15 mm), and 14.04 g of a mixture, bp 68-105° (0.25 
mm), which appeared by ir and glc10 to consist of 10a plus its 
precursor diketone and ketol. This material was dissolved in 
200 ml of 10%  ethanolic potassium hydroxide and refluxed under 
nitrogen for 30 min. The mixture was cooled to room tempera
ture and neutralized with glacial acetic acid. The solvents were 
removed under reduced pressure, water was added to dissolve 
the potassium acetate formed in the neutralization, and the 
layers were separated. The aqueous layer was extracted with 
two 25-ml portions of ether and the combined organic layers 
were dried over magnesium sulfate. The solvents were removed 
under reduced pressure and the product was distilled through a 
short path distilling head to give 10.9 g (57%) of 10a, bp 65- 
67° (0.30 mm) [lit.4 112° (4 mm)].

6,7a-Dimethyl-7,7a-dihydro-5(6//)-indanone (10c).— In a dried 
500-ml three-necked round-bottom flask, fitted with a magnetic 
stirring bar, dropping funnel, and thermometer and under posi
tive nitrogen flow, a solution of 2.8 g (0.02 mol) of potassium 
hydroxide in 20 ml of absolute ethanol was dissolved in ca. 200 
ml of anhydrous ether. The reaction mixture was cooled to —5° 
with an ice-salt bath and 29.4 g (0.334 mol) of 2-methylcyclo
pentanone was added. Methyl isopropenyl ketone (14 g, 
0.167 mol) in ca. 50 ml of anhydrous ether was added dropwise 
with stirring, while the reaction mixture temperature was 
maintained at —5°. The ice bath was removed and the mix
ture was stirred for 45 min. The mixture was poured into 200 
ml of 10%  hydrochloric acid. The layers were separated and the 
aqueous layer was extracted with two 25-ml portions of ether. 
The combined organic layers were dred with magnesium sulfate 
and the solvents were removed under reduced pressure. Dis
tillation of the residue gave 5.1 g of 2-methylcyclopentanone 
(17% ). bp 41-43° (15 mm). Further distillation gave 18.0 g of 
tractable material, bp 72-95° (0.07 mm). This was dissolved in 
200 of 10%  ethanolic potassium hydroxide and refluxed with 
stirring under nitrogen for 75 min. The mixture was cooled and 
neutralized with glacial acetic acid, and the solvents were re
moved under reduced pressure. Water was added to dissolve 
the potassium acetate formed, the layers were separated, and the 
aqueous layer was extracted with two 25-ml portions of ether.

(24) L. Barber, O. L. Chapman, and J. P. Lassila, J. Amer. Chem. Soc.. 
91, 3664 (1969).

(25) Melting and boiling points are uncorrected. Infrared spectra were 
obtained using a Perkin-Elmer Model 457 or 137 infrared spectrophotom
eter. Ultraviolet spectra were determined using a Cary Model 14 recording 
spectrophotometer using 1-cm matched quartz cells. Nmr spectra were 
determined at 60 MHz with a Varian A-60 spectrometer. Signals are re
ported in parts per million (5), downfield from internal tetramethylsilane. 
All compounds gave appropriate parent ions in their mass spectra at 70 eV 
using a Varian M-66 spectrometer. Vapor phase chromatography was per
formed using an Aerograph A-90-P3 with helium as the carried gas. Micro
analyses were obtained by Galbreath Laboratories, Inc., Knoxville, Tenn.

The combined organic layers were dried over magnesium sulfate. 
The solvents were removed at reduced pressure and the resulting 
yellow oil was distilled to yield 12.7 g (46%) of 10c, bp 61° 
(0.05 mm). Compound 10c exhibited the following spectral 
properties: uv max (95% EtOH) 238 m,u (e 10,700); ir (CC1*)
5.97 (conjugated C = 0 )  and 6.32 ¡i (C = C ); nmr (CCL) 5 5.65 
(m, 1 H), 1.25-2.87 (broad absorption, 9 H ), 1.19 (s, 3 H),
1.07 (d, 3 H, J  =  7.0 Hz). Anal. Calcd for CuH160 : C, 
80.44; H, 9.82. Found: C, 80.20; H, 9.84.

4,7a-Dimethyl-7,7a-dihydro-5(6//)-indanone (10b).— A dried 
1000-ml three-necked round-bottom flask equipped with a 
dropping funnel, magnetic stirring bar, and thermometer was 
placed under positive nitrogen flow. Anhydrous ether (400 ml) 
was added to the flask and a solution of 4.5 g (0.08 mol) of po
tassium hydroxide in 30 ml of absolute ethanol was added. The 
mixture was cooled, with stirring to —5° by means of an ice- 
salt bath, and 52.0 g (0.53 mol) of 2-methylcyclopentanone was 
added. A solution of 20.5 g (0.244 mol) of ethyl vinyl ketone in 
ca. 150 ml of anhydrous ether was added dropwise while the 
temperature of the reaction mixture was maintained at —5° or 
below. Then stirring was continued for an additional 1 hr with 
the cooling bath removed. The mixture was poured into 300 
ml of 10%  hydrochloric acid, and the layers were separated. 
The aqueous layer was extracted with two 25-ml portions of ether, 
and the combined organic layers were dried over magnesium sul
fate. The solvents were removed under reduced pressure. Dis
tillation using a short-path head gave 2-methylcyclopentanone,
25.8 g (49% ), bp 43-44° (21 mm), followed by 20.1 g of 10b 
and its diketone and ketol precursor, bp 99-113° (1.0 mm). 
This material was dissolved in 300 ml of 10% ethanolic potas
sium hydroxide and refluxed for 30 min under nitrogen. The 
mixture was cooled to room temperature and neutralized with 
glacial acetic acid, and the solvents were removed under nitrogen 
pressure. Water was added to dissolve the potassium acetate, 
the layers were separated, and the aqueous layer was extracted 
with two 25-ml portions of ether. The combined organic layers 
were dried over magnesium sulfate and the solvents were re
moved under reduced pressure. Distillation of the resulting 
yellow oil through a short path head gave 12.7 g (33%) of 10b, 
bp 87° (0.85 mm), which exhibited the following properties: 
uv max (95% EtOH) 247 mM (e 13,700); ir (CCh) 5.99 (unsat
urated C = 0 ) ,  6.20 ¡i (C = C ); nmr (CCh) 5 1.7-2.91 (broad ab
sorption, 10 H ), 1.59 (s, 3 H ). Anal. Calcd for CuHi60 : 
C, 80.44; H, 9.84. Found: C, 80.21; H, 10.00.

7a-Methyl-5(7a/7)-indanone (7a).— Compound 7a was pre
pared by the method of Bloom.4 A dried 1000-ml three-necked 
round-bottom flask equipped with a reflux condenser and mag
netic stirring bar was placed under positive nitrogen flow and 750 
ml of freshly distilled ierf-butyl alcohol and 7 ml of glacial acetic 
acid were introduced. Freshly sublimed selenium dioxide, 8.4 
g (0.076 mol), was added and the mixture was stirred until the 
selenium dioxide dissolved. Enone 10a, 11.3 g (0.075 mol), 
was added and the mixture was refluxed, with stirring, for 46 
hr. The mixture was concentrated to ca. 200 ml by distillation 
of solvents under nitrogen. Selenium metal was removed by 
several filtrations, with suction, and the remaining solvents were 
removed under nitrogen pressure. The resulting black viscous 
mass was taken up in 250 ml of ether and filtered with suction. 
The ethereal solution was washed with five 50-ml portions of 5%  
sodium hydroxide and dried with magnesium sulfate, and the 
solvents were removed under nitrogen pressure. Distillation 
through a short path head gave 2.3 g (21%) of 7a, bp 70-71° 
(0.3 mm) [lit.4 69-70° (0.65 m m )]. The nmr spectrum of this 
compound had not been previously reported. It showed ab
sorptions at S (CC14) 7.02 (d, 1 H, Jab =  9.5 Hz), 5.99 (d of d, 
1 H, Jab =  9.5 Hz, Jbx = 2.0 Hz), 5.89 (m, 1 H), 1.32-3.08 
(broad absorption, 6 H), 1.21 (s, 3 H).

6,7a-Dimethyl-5(7a//)-indanone (7c).— Dienone 7c was pre
pared by a modification of the method of Bloom.4 A dried 100- 
ml three-necked round-bottom flask equipped with a reflux con
denser and magnetic stirring bar was placed under positive ni
trogen flow. Dried, freshly distilled ierf-butyl alcohol (75 ml) 
was introduced and 2.45 g (0.022 mol) of freshly sublimed sele
nium dioxide and 7 ml of glacial acetic acid was added. The mix
ture was stirred until the selenium dioxide dissolved and 3.2 g 
(0.02 mol) of 10c was added. The mixture was refluxed with 
stirring for 30 hr. The mixture was cooled to room temperature, 
and the selenium metal was removed by filtration with suction. 
The solvents were removed under reduced pressure, leaving a 
viscous black mass that was distilled through a short path head to
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give 1 g of a brown oil, bp 65-69° (0.65 mm). Analysis by glc10 
showed that the oil consisted of ca. 60% 10c and 40% unreacted 
7c. The mixture was chromatographed on silica gel. Elution 
with 300 ml of hexane and 450 ml of 5%  ether-hexane gave re
covered 10c mixed with a small amount of the desired compound 
7c. Further elution with 100 ml of 5%  ether-hexane and 100 
ml of ether gave 519 mg (16%) of 7c which exhibited the follow
ing spectral properties: uv max (95% EtOH) 244 m^ (e 12,900); 
ir (CCh) 5.97 (conjugated C==0) and 6.14 y (C = C ); nmr 
(CC1,) 8 6.72 (q, l H , / =  1.5 Hz), 5.88 (t, 1 H, /  =  1.8 Hz), 
1.41-2.92 (broad absorption, 6 H ), 1.79 (d, 3 H, J — 1.5 Hz), 
and 1.18 (s, 3 H ). Anal. Calcd for ChH hO: C, 81.44; H, 
8.70. Found: C, 81.54; H, 8.91.

4 ,7a -D im eth y l-5 (7a //)-in d a n o n e  (7b ).— Compound 7b was 
prepared by a modification of the method of Burn, Kirk, and 
Petrow.9 A 1000-ml three-necked round-bottom flask equipped 
with a reflux condenser and magnetic stirring bar was placed under 
positive nitrogen flow. Freshly distilled anhydrous p-dioxane 
(500 ml) was charged into the flask and 9.35 g (0.0413 mol) of
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) was added. 
The mixture was stirred until the DDQ dissolved, and 6.60 g 
(0.0403 mol) of 10b was added. The mixture was refluxed with 
stirring for 30 hr. The solution was cooled to room temperature, 
and the solid 2,3-dichloro-5,6-dicyanohydroquinone (DDHQ) 
was collected by filtration with suction. The mixture was con
centrated to ca. 50 ml by removal of solvents under reduced 
pressure. The mixture was cooled to room temperature and 
filtered with suction to remove the remaining DDHQ. It was 
then poured onto a loosely packed solumn of 70 g of alumina and 
eluted under pressure with 500 ml of benzene. The solvents 
were removed under reduced pressure and the resulting yellow 
oil was distilled through a short path head to give 3.92 (60%) of 
7b, bp 88° (0.5 mm), which exhibited the following spectral 
properties: uv max (95% EtOH) 243 m^ (e 11,900); ir (CCh)
6.01 (conjugated C = 0 ) ,  6.21 y (C = C ); nmr (CC1<) 8 6.99 (d, 
1 I I , /  =  9.5 Hz), 6.02 (d, 1 H, J  =  9.5 Hz), 1.15-2.83 (broad 
absorption, 6 II), 1.72 (s, 3 H), and 1.17 (s, 3 H). Anal. Calcd 
for C i,H „0 : C, 81.44; H, 8.70. Found: C, 81.29; H, 8 .66.

Irradiation of 7a -m eth yl-5(7aHj-indanone (7a) in D io xa n e.—  
The dienone 7a, 570 mg (0.0038 mol), was dissolved in 300 ml of 
anhydrous dioxane and irradiated with a Hanau NK 6/20 lamp 
for 75 min. Using a stream of dry nitrogen, the solution was 
agitated constantly for 10 min prior to and during the irradiated 
period. The solvents were removed under reduced pressure, and 
the crude mixture was chromatographed on silica gel. Elution 
with 5%  ether-hexane (1500 ml) gave 312 g (55%) of 7a- 
methyl-3,7a-dihydro-3a,7-cyclo-6(7aif)-indanone (8a) which was 
greater than 90% pure by glc.10 The analytical sample was 
collected by preparative glc10 and showed uv max (95% EtOH) 
236 my (e 6300) and 271 (4200); ir (CCh) 5.86 y (C = 0 ) ;  nmr 
(CCh) 8 7.28 (d, 1 H, Jab = 5.5 Hz, C-7 H), 5.77 (d of d, 1 H, 
Jab =  5.5, Jbx =  0.8 Hz, C-6 H ), 1.47-2.27 (broad absorption, 
7 H), and 1.68 (s, 3 H, C-7a CH3). Anal. Calcd for C10H12O: 
C, 81.04; H, 8.16. Found; C, 80.99; H, 8.23.

Further elution with 10% ether-hexane (1000 ml) gave a 
small amount of starting material, and elution with ether (200 ml) 
gave 120 mg (21%) of the linearly conjugated dienone 9a which 
was greater than 90% one component by glc.10 The analytical 
sample was collected by preparative glc10 and showed uv max 
(95% EtOH) 296 mM (e 19,000); ir (CCh) 5.86 (C = 0 ) ,  5.97 
(C = C ), and 6.30 y (C = C ); nmr (CCh) 5 5.69 (s, 1 H, C -l H, 
2.72 (s, 2 H, C-3 CH2), 1.53-2.90 (broad absorption, 6 H), and
1.81 (s, 3 H, C-4 CH3). Anal. Calcd for C10H12O: C, 81.04; 
H, 8.16. Found: C, 80.71; H, 8.47.

Irradiation of 4 ,7a -D im eth y l-5 (7a //)-in d a n o n e  (7b) in D iox
an e.— The dienone 7 b , 222 mg (0.0013 mol), was dissolved in 
freshy distilled dioxane and irradiated for 120 min using a 
Hanau NK 6/20 lamp. Using a stream of dry nitrogen, the 
solution was agitated constantly for 10 min prior to and during 
the irradiation period. Analysis of the mixture by glc10 showed 
the presence of starting material and two other volatile com
ponents in a ca. 2 :7 :1  ratio. The mixture was subjected to 
chromatography on silica gel. Elution with hexane (900 ml) 
gave 110 mg (50%) of 8b , bp 75-80° (bath temperature) 
(0.2 mm), which showed uv max (95% EtOH) 247 m/a (e 4820) 
and 274 (2900); ir (CHCh) 5.88 (C = 0 )  and 6.36 y (C = C ); 
nmr (CCh) 8 7.28 (d, 1 H, J ab =  5.5 Hz, C-7 H), 5.74 (d, 1 H, 
Jab =  5.5 Hz, C-6 H), 1.56-2.80 (broad absorption, 6 H), 1.18 
(s, 3 H, C-4 CH3), and 1.08 (s, 3 H, C-7a CH3). Anal. Calcd 
for CnlluO: C, 81.44; H, 8.70. Found: C, 81.24; H, 8.40.

Further elution with 10% ether-hexane (200 ml) gave a small 
amount of starting material, and elution with more 10%  ether- 
hexane gave ca. 12 mg (ca. 5% ) of a solid material having an 
identical glc10 retention time with the minor component of the 
photolysis mixture. This quantity of material was insufficient 
for complete characterization, but in a separate larger scale run, 
this component was collected directly by preparative glc.10 The 
product identified as 9b showed mp 85-88°; uv max (95% EtOH) 
302 my (e 14,000); ir (CCh) 5.99 (C = 0 )  and 6.22 y  (C = C ); 
nmr (CDC13) 8 2.80 (s, 2 H, C-3 CH2), 2.6-1.9 (broad absorption, 
6 H), 1.80 (s, 3 H, C -l CH3), and 1.72 (s, 3 H, C-4 CH3). Anal. 
Calcd for CnHi,0: C, 81.44; H, 8.70. Found: C, 81.28; H, 
8.78.

Irradiation of 6 ,7a -D im eth y l-5 (7a //)-in d a n o n e  (7c) in D iox
ane.— The dienone 7c, 427 mg (0.0026 mol), was dissolved in 
250 ml of anhydrous dioxane and irradiated with a Hanau NK 
6/20 lamp for 90 min. Using a stream of dry nitrogen, the solu
tion was agitated constantly for 15 min prior to and during the 
irradiation period. The reaction was monitored by glc10 and 7c 
had been converted into a single volatile photoproduct after this 
time. The solvent was removed under reduced pressure, and 
the crude product was subjected to chromatography on silica gel. 
Elution of the column with hexane (275 ml) followed by 25% 
ether-hexane (250 ml) gave 286 mg (67%) of 5,7a-dimethyl- 
3a,7-cyclo-6(7aif)-indanone (8c), bp 70-80° (bath temperature) 
(0.2 mm). The analytical sample was purified by preparative 
glc10 and showed the following properties: uv max (95% EtOH)
max 235 m/i (e 4630) and 283 (2120); ir (CCh) 5.86 (C = 0 )  and
6.18 y (weak shoulder, C = C ), nmr (CCh) 8 6.84 (m, 1 H, C-7 
H), 1.45-2.33 (broad absorption, 7 H), 1.66 (d, J =  1.5 Hz, 3
H, C-6 CH3), and 1.11 (s, 3 H, C-7a CH3). Anal. Calcd for 
CnHuO: C, 81.44; H, 8.70. Found: C, 81.16; H, 8.90.

Irradiation of 7 ,7a -D im eth yl-3a ,7a -d ih yd ro -3a ,7 -cy clo -6 (7H )- 
indanone (8b) in D ioxan e.— A solution prepared from 300 mg of 
the bicyclo[3.1.0]hex-3-en-2-one 8b in 200 ml of anhydrous 
dioxane was irradiated for 90 min using a 450-W Hanovia high- 
pressure lamp fitted with a Pyrex filter. Using a stream of dry 
nitrogen the solution was constantly agitated for 15 min prior 
to and during the irradiation period. Removal of the solvent 
under reduced pressure yielded a mixture which by glc analysis16 
was shown to contain one major component and two minor 
components in an approximately 88:6:6 ratio. The retention 
time of one of the minor components was identical with that of 
the starting material. Chromatography of the mixture on silica 
gel using hexane as the eluting solvent led to the isolation of 151 
mg (50%) of the major photoproduct, 4,4-dimethyl-5(477)- 
indanone (14 ), as a light yellow oil. Compound 14 showed uv 
max (95% EtOH) 335 mM (« 3800); ir (CC14) 6.00 (C = 0 )  and
6.12 y (C = C ); nmr (CCh) 6.86 (d, 1 H, Jab = 10 Hz), 5.79 
(d, 1 H, Jab = 10 Hz), 1.76-2.75 (broad absorption, 6 H), and
I .  16 (s, 6 H). Anal. Calcd for CnHuO: C, 81.44; H, 8.70. 
Found: C, 81.52; H, 8 .68.

A solution of 102 mg of 14 in 60 ml of 95% ethanol was shaken 
with 17 mg of 10% palladium on carbon in a hydrogen atmosphere 
for 16 hr. Removal of the catalyst by filtration and removal of 
the solvent under reduced pressure gave the cis-fused tetrahydro 
derivative of 14 as a colorless oil, ir (CC14) 5.86 y. This ma
terial was not purified, but ws converted directly into its semi- 
carbazone derivative, mp 203-206° (lit.18 207-208°).

The second minor product showed a glc16 retention time 
identical with that of 7b . In a run identical with that de
scribed above, 8b was irradiated for 30 min. After vaporization 
of the solvents, glc analysis16 of the photolysis mixture showed 
that it contained 8 b , 14, and 7b in an approximately 2 : 2 : 1  
ratio. Samples of 8b , 14, and 7b were collected by preparative 
glc16 and showed spectral properties identical with those of 
authentic materials.

Irradiation of 4 ,7a -D im eth y l-5 (7 a //)-in d a n o n e  (7 b ).— A solu
tion of 650 mg of 7b was irradiated under identical conditions 
with those described for 8 b . The reaction progress was moni
tored by glc analysis16 of aliquots of the photolysis mixture taken 
at various time intervals. After a short irradiation time 8b was 
the major product, but on continued irradiation a peak cor
responding to 14 began to develop. After a total irradiation 
period of 1.5 hr, 14 was the major volatile component in the 
photolysis mixture.

Irradiation of 8b and 7b in Absolute E thanol.— A solution of 
420 mg (0.0026 mol) of 8b in 250 ml of absolute ethanol was ir
radiated for 1 hr using a 450-W Hanovia high-pressure mercury 
lamp in a Pyrex probe. During the photolysis the mixture was
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agitated with a stream of dry nitrogen. Removal of the sol
vents under reduced pressure and glc analysis16 of the crude 
mixture showed the presence of the starting material and a major 
product in a ca. 23:77 ratio. Only traces of other volatile 
products were observed. Distillation of the mixture gave a 
fraction, bp 75-85° (bath temperature) (0.2 mm), which proved 
to be mainly starting material. A higher boiling fraction, bp 
100-110° (bath temperature) (0.2 mm), weighing 300 mg (55%), 
was collected. This fraction contained essentially one com
ponent, which was identified as the 5/6-fused ethoxy ketone 19: 
uv max (95% EtOH) 242 mM U 10,600); ir (CC1,) 5.91 (C = C ) 
and 6.08 y (C = C ); nmr (CC14) 8 3.45 (q, 2 H, / a x  = 7 Hz, 
OCH2CH3), 2 .9-1.6 (broad absorption, 9 H ), 1.63 (broad s, 3 H, 
C -l CH3), 1.10 (t, 3 H, /  =  7 Hz, OCH2CH3), and 0.88 (s, 3 H, 
C-4 CH3). Anal. Calcd for C13H20O2: C, 74.96; H, 9.68. 
Found: C, 74.72; H, 9.79.

Irradiation of 7b under identical conditions with those de
scribed above gave 19 as the sole photoproduct.

Irradiation of 14 in Absolute Ethanol.— Dienone 14 (380 mg) 
in 250 ml of absolute ethanol ws irradiated under identical condi
tions with those described above for 8b. Removal of the solvent 
under reduced pressure gave 400 mg of crude liquid which on

the basis of its spectral properties appeared to be largely the un
conjugated diene ester 20. Attempted purification of the com
pound by preparative glc16 led to extensive isomerization to a 
mixture of 20 and the corresponding cis- and trans-conjugated 
diene esters. However, an analytical sample of 20 could be 
collected from the mixture. The sample showed ir (CC1() 
5.74 (ester C = 0 )  and 6.06 n (conjugated diene); nmr (CCU) 5
5.42 (broadened t, /  =  6 Hz, 1 H, vinyl H ), 4.17 (q, J =  7 Hz, 2
H, OCHCHa), 2.97 (broadened d, /  =  6 Hz, 2 H, 0 = C C H 2C H = ),
I. 70 (s, 3 H, CH3C = ) ,  1.65 (s, 3 H, CH3C = ) ,  and 1.25 (t, 
3 H, OCH2CH3). Anal. Calcd for C13H20O2: C, 74.96; H, 
9.68. Found: C, C, 75.00; H, 9.45.

Registry N o— 7a, 22416-99-5 ; 7b, 22417-00 -1 ;
7c, 22417-01 -2 ; 8a, 22417-02-3 ; 8b, 22417-03 -4 ;
8c, 22417-04-5  ; 9a, 22417-05 -6 ; 9b, 33070-69 -8 ;
10a, 17299-55-7 ; 10b, 33070-71-2 ; 10c, 33070-72 -3 ; 
14, 33070-73-4 ; 19, 33065-85-9 ; cts-20 , 33065-86 -0 ; 
trans-20, 33065-87-1 ; 2 -m eth y lcyclop en ta n on e , 1120-
72-5.

Photocyclizations. II. Synthesis of Iminoethanophenanthridine 
(Seven-Membered Ring) Homologs1
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Photolysis of 9-cis-chloroacetamino-5-(m-hydroxyphenyl)-2-methyl-2-azabicyclo[3.3 .1 ]nonane (3) has given 
both ortho and para ring closure to propanopyridobenzazepinones, 5 and 4, whose structures were deduced from 
mass and nmr spectral data and by chemical evidence. The O-acetyl derivative of o-hydroxy compound 5 
formed more slowly than that of 4. Furthermore, acid treatment of 5 caused lactam ring opening with the forma
tion of a new lactone ring (cf. 6 ), in effect N —► 0  acyl migration. Methylation of 4  and 5 followed by diborane 
reduction gave homophenanthridines 10 and 9, respectively, which were N-methylated then O-demethylated to 
14 and 15.

In  paper I  o f  th is series2 w e rep orted  th e  synthesis o f
4 ,5 -d ih y d r o -l / /-n a p h th  [ l ,8 -d e ]a z o c in -2 (3 //) -o n e  b y  ir
rad ia tion  o f  l-(2 -ch loroa ceta m in o)n a p h th a len e . T h is 
com m u n ica tion  is con cern ed  w ith  th e  p h o to cy c liza tio n  
o f a ch loroacetam in o group  attach ed  to  a r ig id  aza b icy - 
clon on an e system  w ith  a tta ck  at b o th  the orth o  and 
para  position s o f  a n eigh borin g  ph enolic  r in g .3 T h e  
results described  here in d icate  a b roaden ed  scop e  and 
u tility  for  th is reaction  especia lly  tow ard  the synthesis 
o f  com p lex  h eterocyclic  system s.

T h e  starting am ine l 4 5 w as h y d ro ly zed  to  2 w ith  b o il
in g  4 8 %  h y d rob rom ic  acid. C onversion  o f  2 to  th e  
ch loroacetam in o com p ou n d  3 w as e ffected  in  h igh  y ie ld  
b y  N ,0  d ich loroacety la tion  w ith  ch oroa cetic  anhydride 
in  an ap rotic  so lven t (potassiu m  carbon ate) and  selec
tiv e  sapon ifica tion .6

A m id e  3, irrad iated  in  d ilute aqueous solu tion , w as 
com p lete ly  con su m ed  during  90 m in  to  g iv e  tw o  p rod 
ucts. P relim inary  mass spectra l data  (m/e 286 and

(1) These compounds are named benzazepines in the Experimental Sec
tion in accord with Chemical Abstracts recommendations.

(2) H. H. Ong and E. L. May, J. Org. Chem., 35, 2544 (1970).
(3) Previously reported photocyclizations of iV-chloroacetyl compounds 

(see ref 2 and papers cited therein) have included no examples of alicyclic 
amines. Furthermore, this appears to be the first record of closure to the 
ortho position in a monophenolie compound.

(4) H. H. Ong and E. L. May, J. Heterocycl. Chem., 8, 1007 (1971).
(5) Low yields of 3 (1 mol of chloroacetic anhydride) or extensive qua- 

ternization of 2 (with excess reagent) were obtained when the procedure of
O. Yonemitzu, T. Tokuyama, M. Chaykovsky, and B. Witkop, J. Amer.
Chem. Soc., 90, 776 (1968), was used.

2436 and  no h igher peaks) and  prox im ate  Rt va lu es (fo r  
th e  sublim ed m ixture) in  several so lven t system s7 w ere

(6) This is probably due mainly to loss of CILNCHs, but loss of -N H C O - 
may also contribute; cf. A. M. Duffield, H. Budzikiewicz, and C. Djerassi, 
J. Amer. Chem. Soc., 86, 5536 (1964).

(7) Silica gel GF plates: system I, MeNOa-AcOH-ELO (90:28:12), 
Rt 0.41, 0.35; II, CHCl*-EtiN (5:1), R{ 0.07, 0.18, for example.
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Figure 1.— Nmr spectrum of 4 measured at 100 MHz in DMSO-dj. Multiplets arising from the aromatic protons are shown amplified
and expanded (ten times) just above the main spectrum.

con sistent w ith  isom eric structures 5 and 4 (orth o  and 
para  ring closure th rou gh  loss o f  h ydrogen  ch loride) as 
th e  prin cipa l p rodu cts .

Separation  o f  4 from  5 w as effected  b y  fraction a l 
crysta llization  in  ethanol. C om p ou n d  4, the m ore sol
u ble  o f  th e  tw o , w as assigned th e  em pirica l form ula  
C 17H 22N 2O 2 based  on  its elem entary and  mass spectra l 
analyses. Its  ir  sp ectru m  exh ib ited  a ca rb on y l stretch 
in g  frequ en cy  at 1655 c m -1 , exp ected  fo r  a m edium 
sized lactam , and  its nm r spectru m  established  th e  site 
o f  cy c liza tion  as p ara  to  th e  ph en olic  h y d rox y l group. 
A  100-M H z  pattern  o f  4 tak en  in  D M S O -de (F igure 1 ) 
show ed  the presence o f  three arom atic p ro ton s : a 
d ou b let cen tered  at 8 6.82 {J&b =  8.0 H z ), a secon d  
d ou b let centered  at 8 6.74 (J bo =  2.5 H z ), and a qu artet 
centered  at <5 6.51. T h e  sp littin g  pattern  and cou p lin g  
constants are such  th a t th ey  are recon cilab le  on ly  w ith  
structure (s) in corp ora tin g  a 1 ,2 ,4 -trisu bstitu ted  ben 
zene, as in  4. T h e  on ly  oth er possib le  structure co n 
sistent w ith  the fo rego in g  spectra l d a ta  is 16, w h ich  w as 
ru led ou t on  steric considerations. T h e  n onequ iva len t 
nature o f  th e  tw o  m ethylene proton s  a d ja cen t to  the 
ca rb on y l grou p  (H d at 5 4 .36  and  H e at 8 2 .96, dou blets, 
\J\ =  14 H z )8 sh ou ld  n o t be  to o  surprising in  v ie w  o f  
the rig id ity  and  la ck  o f  sym m etry  o f  4. T h e  con sider-

0

(8) A negative value is assumed for the geminal coupling constant.

able d ifference in  ch em ica l sh ift betw een  H d and H e 
cou ld  be  p a rtly  due to  the an isotrop ic  e ffect exerted  b y  
th e  n earby  arom atic sy stem ; H d is desh ielded b y  being 
in  or  near th e  arom atic ring, w hereas H e is sh ielded b y  
bein g  a b ov e  or  under the ir p la n e .9’10 E ffects  o f  oth er 
m agn etica lly  an isotrop ic groups, such as the carbon y l 
d ou b le  b on d  and the a licyclic  ring, are also n ot to  be 
excluded.

C om p ou n d  4 w as readily  con v erted  to  its O -acety l 
derivative , the nm r spectru m  o f w h ich  (100 M H z, 
CDCI3) further con firm ed the 1,2,4 pattern  o f  the aro
m atic p ro ton s : tw o  dou b lets at 8 7 .06 (J — 8 .5  H z) 
and 7.02 («/ =  2.4 H z) and a q u artet at 8 6.85. In  ad
d ition , the phenolic p ro ton  signal at 8 9 .12 van ished  
w hile a sharp singlet due to  the acety l group  appeared 
at 8 2.44.

T h e  less soluble p h otop rod u ct , 5, is also assigned the 
em pirica l form ula  C n H 22N 202 on  th e  basis o f  elem ental 
analyses and m ass spectra l data. Its  ir  spectru m  ex
h ib ited  a  ca rb on y l frequ en cy  o f  1665 c m -1 , som ew hat 
higher than  the correspon d in g  b a n d  observed  w ith  4. 
T h e  position  o f  ring closure w as likew ise established  b y  
nm r sp ectroscop y  to  be  orth o  to  th e  ph en olic  h y d ro x y l 
grou p  and  th e  a licyclic  substituent.

A  100 -M H z spectru m  o f  5 taken  in  D M S O -dg  show ed 
a p s e u d o -A M X  pattern  for  the three arom atic proton s, 
each  appearing as a qu artet (see F igure 2 ), in d ica tive  
o f  three ad jacen t p roton s each  o f  w h ich  is cou p led  un
even ly  to  tw o others. T h e  “ d ou b le  d o u b le t”  at low est 
field  (5 6 .91) show ed  th e  tw o  largest splittings (JOTtho =
7.6 an d  8.4 H z ), and  hence m ust be  the signal from  the

(9) The methylene protons adjacent to the carbonyl group in 7-hydroxy- 
l,2,4,5-tetrahydro-3.ff-3-benzazepin-2-one gave a singlet at 8 3.55; cf. refer
ence in footnote 5.

(10) F. A. Bovey, “ Nuclear Magnetic Resonance Spectroscopy,”  Aca
demic Press, New York, N. Y., 1969, p 67.



714 J. Org. Chem., Vol. 37, No. 5, 1972 Ong and May

Figure 2.— Nmr spectrum of 5 measured at 100 M H, in DMSO-ds- Multiplets arising from the aromatic protons are shown amplified
and expanded (ten times) just above the main spectrum.

m iddle  p ro ton , H 'h. A lth ou gh  it  seem s reasonable 
th a t th e  qu artet at the h ighest field (8 6 .62) can  be  at
tr ib u ted  to  H 'a, an  u nam bigu ou s assignm ent cou ld  n ot 
b e  m ade w ith ou t data  from  the appropriate  d ou b le  res
on a n ce  experim ents. I t  is in teresting to  n ote  th at the 
tw o  m ethylene p roton s, H 'd and H 'e, in  5 n ow  coalesced  
to  a single pea k  at 5 3 .80 ; th is p oss ib ly  reflects a d iffer
ent con form a tion  a d op ted  (preferen tia lly ) b y  the seven- 
m em bered  azepine ring in  5, as com p ared  to  th at in  4, 
because o f  crow d in g  b y  the orth o  h y d ro x y l group .

C om p ou n d  S reacted  less read ily  w ith  acetic anhy
dride to  g ive  a m on o-O -a cety l derivative , w hose nm r 
spectru m  show ed  the arom atic p roton s in  a degenerate 
A B X  pattern , the X  part (the m u ltip let at h igher field) 
be in g  a ttribu ted  to  th e  p ro to n  p a ra 11 to  the a cetoxy  
grou p . A  w ell-separated  A B  qu artet (5 3 .92 and 3.72) 
w as n ow  observed  fo r  th e  tw o  m ethylene proton s  in  the 
azepine ring.

T h e  structure o f  5 w as fu rth er con firm ed  b y  ch em ica l 
ev iden ce. T h e  h yd roch lorid e , desp ite its therm al sta
b ility , underw ent a facile  acid  rearrangem ent to  g ive 
an  am ino lactone, 6 (r max 1800 c m -1 ), w h ich  can  be 
fo rm ed  on ly  w hen  th e  la ctam  bridge  is orth o  to  the 
p h en olic  h y d ro x y l group . T h e  presence o f  a p rim ary  
am ino grou p  w as apparent from  th e  m ass spectru m  o f 
6, w h ich  show ed  a m oderate  peak  a t m/e 269 and a 
p rom in en t peak  at m /e  256 due to  the loss o f  N H 3 and 
C H N H 3, respective ly , in  ad d ition  to  th e  m olecu lar ion  
at m /e  2 8 6 .12 T h e  O -acety l deriva tive  o f  5 underw ent 
a sim ilar acid  rearrangem ent to  g ive 6 in  g o o d  y ie ld , but, 
u n der id en tica l con d ition s, 4 w as resistant to  a cid  h y 
drolysis.

(11) D. W. Mathieson, “ Nuclear Magnetic Resonance for Organic Chem
ists,”  Academic Press, London, 1967, p 184.

(12) The peaks at m/e 269 and 256 were totally absent in the spectrum of 
5. Peaks corresponding to M + — NHs and M + — CHNHa were also ob
served in the mass spectra of 1 and 2.

M éth y la tion  o f 4 w ith  excess d iazom ethan e gave  7 in  
9 0 %  yield , a lon g  w ith  a trace  o f  th e  0 ,N -d im e th y la te d  
prod u ct. R e d u ctio n  o f 7 w ith  d iboran e in  T H F  gave  
10, w h ich  was con verted  to  11 b y  red u ctive  m éth y la tion  
w ith  form ald eh yd e  and  form ic acid. R eflu x in g  10 and  
11 w ith  4 8 %  H B r a fforded  10a and 14, respective ly .

C om p ou n d  5 w as su b jected  to  th e  sam e reaction  se
quences to  g ive  9a and 15 via in term ediates 8, 9, and  12. 
T h e  ease o f  reaction  and the y ie ld  o f  each  step  corre 
spon ded  w ell w ith  those observed  fo r  p h o to p ro d u ct
4.

T h e  e ffect o f  p H  on  the p h oto ly s is  o f  3 w as also stu d 
ied . T h ere  w as apparen tly  no change in  th e  course o f  
reaction  w h en  th e  p H  o f  th e  irrad ia tion  m ixture w as 
in creased  from  3 to  9. T h e  relative as w ell as to ta l 
y ie lds o f  4 and  5 rem ained v irtu a lly  unchanged .

E xperim ental S ection

All melting points were determined on a Roller hot-stage and 
are uncorrected; ir spectra were recorded with a Perkin-Elmer 
grating spectrophotomer, model 257. Mass spectral data were 
obtained with a Hitachi RM R-6E double-focusing spectrometer 
at 80 eV, and nmr spectra were measured on a Varian HA-100 
or HA-60 spectrometer using tetramethylsilane (5 0) as internal 
standard.

9-m -A m in o-5-(m -h ydroxyp h en yl)-2-m eth yl-2 -azabicyclo - 
[3 .3 .1]nonane (2) D ihydrodrom ide.— A mixture of 0.4 g (1.5 
mmol) of l 4 and 3 ml of 48% HBr was refluxed under N2 for 
30 min. The cooled solution was concentrated in vacuo to give 
510 mg (83%) of 2 2HBr, mp 263-265°.

Anal. Calcd for Ci5H24Br2N20 : C, 44.14; H, 5.92; N , 6 .86. 
Found: C, 43.86; H, 5.69; N, 6.90.

The free base was precipitated when an aqueous solution of 2 
dihydrobromide was treated with 40% K 2C 03. Recrystalliza
tion from ether-petroleum ether (bp 30-60°) gave colorless 
prisms: mp 164-165°; iv!/ 3160, 1590 cm-1; mass spectrum 
m/e 246 (M+), 229, 216, 203 (base).

Anal. Calcd for C16H2,N20 :  C, 73.16; H, 9.00; N, 11.37. 
Found: C, 73.29; H, 8 .88; N, 11.12.
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9-ci,s-Chloroacetam ino-5-(m -hydroxyphenyl)-2-m ethyl-2-aza- 
bicyc!o[3.3.1]nonane (3 ) .— A solution of 320 mg (1.3 mmol) 
of 2 in 20 ml of CHCI3 with 720 mg of anhydrous K 2C 03 was 
stirred while 480 mg (2.8 mmol) of chloroacetie anhydride in 5 
ml of CHC13 was added dropwise during 5-10 min. Stirring was 
continued for an additional 2 hr, and water was added to de
compose the unreacted anhydride. The chloroform layer was 
separated and evaporated in vacuo to a sirup which by its ir 
spectrum (Nujol) was shown to be the dichloroacetylated 
derivative of 2 (1780 and 1670 cm-1). NaOH (1 N, 10 ml) 
was then added to the residue to effect saponification of the 
ester group. After 30 min, the clear, aqueous solution was washed 
once with ether, acidified to pH 4 with 12 M  HC1, and basified 
again with solid K2C 03. The precipitate was filtered (405 mg, 
96%); silky needles from ether-petroleum ether, p™) 3270, 
2700, 1675 cm-1. It decomposed and polymerized slowly above 
120° without melting.

Anal. Calcd for C„H 23C1N20 2: C, 63.26; H, 7.18; N , 8 .68. 
Found: C, 63.80; H, 7.36; N, 8.78.

The hydrochloride gave (methanol-ether) microscopic gran
ules. It darkened without melting at ca. 300°: nmr (D20 , 60 
MHz) 5 6.70-6.30 (m, 4, aromatic protons), 3.95 (s, 2, C1CH2-) ,
3.00 (s, 3, -N +CH3), the remaining alicyclic protons were not re
solved.

Anal. Calcd for CnH24Cl2N20 2: C, 56.83; H, 6.70; N, 7.79 
Found: C, 56.61; H, 6.57; N, 8.01.

Photolysis of 3 . l ,2 ,3 ,4 ,4a ,5 -H ex a h y d ro -8 -h y d ro x y -3 -m eth y l-
4 .1  lb -p rop an o-1 lb /7 -p yrid o [4 ,3-a] [3 ]b e n za zep in -6 (7 //)-o n e  (5) 
and 1 ,2 ,3 ,4 ,4a ,5 -H exa h yd ro -10-h yd ro xy-3-m eth yl-4 ,1 lb-propano- 
llb H -p y rid o [4 ,3 -a ] [3]b en zazep in -6(7H )-on e  (4 ) .— A solution 
of 360 mg (1 mmol) of 3 HC1 in 500 ml of oxygen-free water 
was irradiated with a 200-W Hanovia high-pressure mercury- 
immersion lamp equipped with a Vycor filter. Nitrogen was 
bubbled through the solution during the irradiation and the 
quartz well was kept water-cooled. After neutralization with 
152 mg (1.1 mmol) of K 2C 03, the solution was concentrated to 
dryness at 30°. Trituration of the residue with water gave 256 
mg (87%) of a precipitate which was approximately a 50:50 
mixture of 4  and 5, as indicated by tic in several systems.7 A 
preliminary purification of the mixed photoproducts was carried 
out by sublimation (10~4 mm) at 240°. A mass spectrum of the 
mixture showed the base peak (also the highest in mass number) 
at m/e 286, corresponding to molecular ion(s) of the dehydro- 
halogenated photoproducts.

When the photolysis of 3 was carried out in neutral (pH 7 
phosphate buffer) or alkaline medium (K2C 03 added prior to 
irradiation), similar results were obtained. The relative as well 
as total yields of 4 and 5 were essentially unchanged.

Separation and Identification of Photoisom ers (4 and 5 ) .— The 
photoproducts obtained from irradiation of 3 were almost in
soluble in all organic solvents, with the exception of DMSO and 
alcohols. . In general, 5 was less soluble than 4 . A small 
amount of pure 5 was obtained by five recrystallizations of the 
sublimed mixture from a minimum of boiling ethanol. For a 
larger scale separation, 2 g of the sublimed mixture was dissolved 
in 50 ml of boiling ethanol. The solution was slightly cooled, 
seeded with a few crystals of pure 5 , and left undisturbed for 
24 hr. The crystals which separated contained approximately 
70% of 5 and 30% of 4 , and two more recrystallizations with 
seeding afforded 650 mg (28%) of pure 5 , colorless prisms from 
ethanol. The homogeneity of 5 could be shown by tic, which 
revealed only one spot, Ri 0.41 in system I and 0.07 in sys
tem I I ;7 it darkened without melting above 300°;
3260, 3100, 1665 cm-1; mass spectrum m/e 286 (M +), 243; nmr 
(DMSO-d6, 100 M Hz) 5 9.34 (s, 1, ArOH), 7.40 (d, 1, NHCO, 
Jn h c h  =  6 Hz), 6.91 (q, 1, aromatic H, J ^  7.6 and 8.4 Hz),
6.79 (q, 1, aromatic H, /  ^  1.5 and 8.4 Hz), 6.62 (q, 1, aromatic 
H, /  S  1.5 and 7.6 Hz), 4.15 (q, 1, -C H N H C O -), 3.80 (s, 2, 
ArCH2- ) ,  2.29 (s, 3, NCHS).

Anal. Calcd for C „H 22N20 2: C, 71.29; H, 7.74; N, 9.78. 
Found: C, 71.37; H, 7.97; N, 9.76.

Compound 5 gave a positive color test with ferric chloride. 
Its hydrochloride salt was prepared in ether; recrystallization 
from methanol-ether gave colorless prisms, mp >300°.

Anal Calcd for CnH23ClN20 2: C, 63.26; H, 7.18; N, 8 .68.
Found: C, 63.06; H, 7.34; N , 8.53.

The filtrates from the recrystallizations of 5 were combined and 
concentrated to dryness. Two recrystallizations of the residue 
from a minimum of boiling methanol gave 570 mg (25%) of 
virtually pure 4: fine needles; mp 285-288° dec; 3260,

1655 cm-1; mass spectrum m/e 286 (M +), 243; nmr (DMSO-dj, 
100 M Hz) 5 9.12 (s, 1, ArOH), 7.39 (d, 1, NH CO-, / n h c h  = 6 
Hz), 6.82 (d, 1, aromatic H, J =  8.0 Hz), 6.74 (d, 1, aromatic 
H, J  =  2.5 Hz), 6.51 (q, 1, aromatic H , J  — 2.5 and 8.0 Hz),
4.36 and 2.96 [q, 2, A rC H (H ')-, |7| =  14 H], 4.15 (q, 1, 
-CH N H C O -), 2.32 (s, 3, NCH3).

Anal. Calcd for CnH22N20 2: C, 71.29; H, 7.74; N , 9.28. 
Found: C, 71.44; H, 7.46; N , 9.57.

Compound 4 gave a positive phenol test with FeCl3 solution. 
It was shown to be free of 5 by tic in two sysems (one spot; 
Ri 0.35 in system I, 0.18 in system I I ).7

O-Acetyl Derivative of 5.—A  suspension of 100 mg (0.35 mmol) 
of 5 in 2 ml of acetic anhydride was warmed at 90° until a clear 
solution was formed (24 hr). Evaporation of the solution in 
vacuo gave an oily residue which was taken up in methylene 
chloride, washed with NaH C03, and dried (Na2S04). Removal 
of the solvent gave 85 mg (74%) of a precipitate which was 
recrystallized from acetone to give hexagonal plates: mp 235- 
238°; >w  3230, 1770, 1680 cm-1; mass spectrum m/e 328 
(M+), 300, 286, 285; nmr (CDC13, 100 Hz) S 7.15-7.25 (m, 2, 
aromatic protons, AB part of an A B X ), 6.92 (m, 1, aromatic H, 
X  part of an A B X ), 6.40 (d, 1, NH CO-, / nhch =  6 Hz), 4.26 
(q, 1, -C H N H -), 3.92 and 3.70 [q, 2 , ArCH (H ')-, |J| =  15 
H z], 2.45 (s, 3, CH3C O -), 2.34 (s, 3, NCH3).

Anal. Calcd for Ci2H24N20 3: C, 69.48; H, 7.36; N, 8.53. 
Found: C, 69.49; H, 7.65; N, 8.83.

O-Acetyl D erivative of 4 .— A mixture of 120 mg (0.35 mmol) 
of 4  in 2 ml of acetic anhydride was kept at 90° for 2 hr, during 
which time a clear solution was gradually formed. After isola
tion as described above, 91 mg (77%) was obtained. Recrystal
lization from acetone-hexane gave prisms: mp 232-235° dec; 
>w°' 3200, 1770, 1670 cm-1; mass spectrum m/e 328 (M +), 
300, 286 , 285; nmr (CDC13, 100 M Hz) S 7.06 (d, 1, aromatic
H, J =  8.5 Hz), 7.02 (d, 1, aromatic H , /  =  2.4 Hz), 6.85 (q, 1, 
aromatic H, J =  8.5 and 2.4 Hz), 4.39 and 3.27 [q, 2, ArCH (H ')-, 
\J\ =  15 Hz], 4.26 (q, 1, -CH N H C O -), 2.44 (s, 3, CH3C O -), 
2.35 (s, 3, NCH3).

Anal. Calcd for C19H24N20 3: C, 69.48; H, 7.36; N , 8.53. 
Found: C, 69.68; H, 7.31; N, 8.67.

Acid R earrangem ent of 5 HC1 to 9 -c is-A m in o-5 -(2 '-o xo - 
2 ' ,3 '-dihydrobenzofuryl )-2-m ethyl-2-azabicyclo [3.3 .1] nonane (6) 
2H C1.— A solution of 161 mg (0.5 mmol) of 5 HC1 in 4 ml of 4 
N HC1 was refluxed under N2 for 24 hr. The course of the reac
tion was followed by tic7 which showed a gradual change from 
Rt 0.41 to 0.33. Evaporation of the excess acid, followed by re
precipitation from ethanol-ethyl acetate, gave 125 mg of a very 
hygroscopic powder. It decomposed gradually above 150- 
160°: v" ”'“1 3180, 1800 cm-1; mass spectrum m/e 286 (M+), 269, 
256.

Anal. Calcd for Ci7H24Cl2N20 2: N, 7.79. Found: N, 
8.04.

l,2 ,3 ,4 ,4 a ,5 -H e x a h y d ro -8 -m e th o x y -3 -m e th y l-4 ,llb -p ro p a n o - 
l lb /7 -p y rid o -[4 ,3 -a ] [3]ben zazep in -6(7H )-on e (8 ) .— A solution 
of 134 mg (0.5 mmol) of 5 in 10 ml of methanol was allowed to 
stand overnight with an excess of diazomethane prepared from
I. 2 g of A'-methyl-X'-nitrosoguanidine. Evaporation of the 
reaction mixture, followed by vacuum sublimation (10~~4 mm, 
170°), gave 110 mg (74%) of virtually pure 8 . Recrystallization 
from acetone-hexane afforded colorless plates: mp 228-231°; 
¿ " f  1675 cm-1; mass spectrum m/e 300 (M +), 257 (base).

Anal. Calcd for CI8H24N20 2: C, 71.97; H, 8.06; N, 9.32. 
Found: C, 71.48; H, 7.68; N, 9.25.

1 ,2,3 ,4 ,4 a ,5 ,6 ,7 -O cta h y d ro -8 -m eth o x y -3 -m eth y l-4 ,1 lb -pro - 
pano-1 lb ff-p y rid o [4,3 -a] [3]benzazepine (9) 2 H B r.— To a solu
tion of 300 mg (1 mmol) of 8 was added 6 ml of 1 M  borane13 in 
THF and the mixture was refluxed for 4 hr. The slightly cooled 
solution was treated with 12 ml of 6 N  HC1 and refluxing was con
tinued for an additional 2 hr. Evaporation in vacuo left a 
semisolid mass which was basified with 1 N NaOH. The lib
erated oil was taken up in ether, dried over K 2C 03, and con
verted to 285 mg (64%) of 9 2HBr in ether. Recrystallization 
from ethanol-ether gave fine needles: mp 265-268°; mass
spectrum m/e 286 (M +), 271, 243 (base).

Anal. Calcd for C18H28Br2N20 : C, 48.22; H, 6.29; N, 
6.24. Found: C, 48.13; H, 6.48; N, 6.58.

1 ,2 ,3 ,4 ,4a ,5 ,6 ,7-O ctah ydro-3-m eth yl-4 ,1 lb -p rop an o-1 lb  H -p y - 
rido [4 ,3 -a]-[3 ]b en zazepin -8 -o l (9a) 2 H B r.— A solution of 150

(13) Purchased from Alpha Inorganics, Inc.
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mg (0.52 mmol) of 9 in 3 ml of 48% HBr was refluxed under N2 
for 30 min. Evaporation of the excess acid in vacuo left an oily 
residue which was crystallized from ethanol-acetone-ether to 
give 191 mg (84%) of irregular prisms, mp 283-286°, mass 
spectrum m/e 272 (M +), 229 (base).

Anal. Calcd for CnH«Br2N20 : C, 47.01; H, 6.03; N, 6.45. 
Found: C, 46.91; H, 6.26; N, 6.36.

1 ,2 ,3 ,4 ,4 a ,5 ,6 ,7 -O ctah ydro-3 ,5 -d im eth yl-8 -m eth oxy-4 ,1 lb -  
p ro p a n o-llb if-p yrid o[4 ,3 -a ] [3]benzazepine (12) 2 H B r.— A mix
ture of 400 mg (1.4 mmol) of 9 and 2 ml of formic acid was refluxed 
for 2 hr before 1.8 ml of 38% formaldehyde solution was added. 
Refluxing was continued for 18 hr. Evaporation of the mixture 
in vacuo, followed by basification with 1 N  NaOH, afforded 390 
mg of 12 as a viscous oil. It was converted to its dihydrobromide 
in anhydrous ether, yield 605 mg (93%). Recrystallization 
from 90% ethanol-ether gave colorless rods, mp 275-277°, 
mass spectrum m/e 300 (M +), 285, 270, 269, 257 (base).

Anal. Calcd for Ci9H30Br2N2O: C, 49.36; H, 6.54; N, 6.06. 
Found: C, 49.20; H, 6.69; N , 6.28.

l ,2 ,3 ,4 ,4 a ,5 ,6 ,7 -O c ta h y d r o -3 ,5 -d im e th y l-4 ,llb -p r o p a n o -llb //-  
p yrido[4 ,3 -a ]-[3]ben zazep in -8-o l (15) 2 H B r.— A mixture of 320 
mg (0.7 mmol) of 12-2HBr in 3 ml of 48% HBr was refluxed 
under N2 for 30 min. Evaporation in vacuo left a crystalline re
sidue which was recrystallized from 90% ethanol-ether to give 
300 mg (96%) of 15 2HBr, mp 230-235° dec, m/e 286 (M +), 
243 (base).

Anal. Calcd for C18H2SBr2N20 :  C, 48.22; H, 6.29; N, 
6.24. Found: C, 48.31; H, 6.54; N, 6.08.

1 ,2,3 ,4 ,4 a ,5 -H exahydro- 10-m eth oxy-3-m eth yl-4 ,1 lb-propano- 
llb H -p y rid o -[4 ,3 -a ] [3]ben zazepin -6(7H )-on e (7 ) .— A solution 
of 240 mg (0.84 mmol) of 4  in 50 ml of methanol was methylated 
with an excess of diazomethane in the same manner as described 
for 5. The course of reaction was followed by tic (system I )  
which showed a gradual disappearance of the spot at R[ 0.35 while 
a new spot emerged at Rt 0.56. Evaporation of the solution 
followed by sublimation (10_4mm, 180°) gave 223 mg (88% ) of 7, 
rectangular plates from acetone: mp 246-249° dec;
3200, 1675 cm "1; m/e 300 (M+), 257 (base).

Anal. Calcd for Ci8H24N20 2: C, 71.97; H, 8.06; N, 9.32. 
Found: C, 72.22; H, 7.86; N, 9.55.

1 ,2 ,3 ,4 ,4a ,5 ,6 ,7-O ctahydro- 10-m eth oxy-3-m eth yl-4 ,1 lb -pro - 
p a n o -llb fi-p y rid o [4 ,3 -a ] [3]befinazepine (10) 2H B r.— A solution 
of 240 mg (0.8 mmol) of 7 in 50 ml of THF was reduced with 5 ml 
of 1 M  borane in THF. After 4 hr, the mixture was treated with 
12 ml of 6 A  HC1 and refluxing was continued for an additional 
2 hr. Evaporation of the mixture in vacuo left an oily residue 
which was basified with 2 N NaOH and extracted with ether. 
After drying briefly over K 2C 03, the amine was converted to 10

2HBr by passing through anhydrous HBr, yield 225 mg (63%). 
Recrystallization from 90% ethanol-ether gave irregular prisms, 
mp 269-272°, mass spectrum m/e 286 (M +), 271, 243 (base).

Anal. Calcd for CisH28Br2N20 : C, 48.22; H, 6.29; N, 6.24. 
Found: C, 47.98; H, 6.52; N, 6.18.

l ,2 ,3 ,4 ,4 a ,5 ,6 ,7 -O c ta h y d r o -3 -m e th y l-4 ,llb -p r o p a n o -llb i /-  
pyrido[4,3-a] [3]benzazepin-10-ol (10a) 2 H B r.—A mixture of 
224 mg (0.5 mmol) of 10-2HBr in 4 ml of 48%  HBr was refluxed 
for 30 min. Evaporation of the excess acid in vacuo left a sirup 
which, upon trituration with acetone, crystallized to yield 196 
mg (90%) of 10a-2HBr. Recrystallization from 95%  ethanol- 
ether gave fine needles, mp 279-282° dec, mass spectrum m/e 
272 (M+), 229 (base).

Anal. Calcd for CnH26Br2N20 : C, 47.02; H, 6.03; N,
6.45. Found: C, 47.26; H, 6.32; N, 6.31.

1 ,2 ,3 ,4 ,4a ,5 ,6 ,7-O ctahydro-3,5-d im eth yl- 1 0-m eth ox y-4 ,11b - 
p ropan o-llb H -pyrid o[4 ,3-a] [3]benzazepine (11) 2 H B r.— Com
pound 10, 286 mg (1 mmol, purified through its dihydrobromide), 
was methylated with formic acid (90%) and formalin in the same 
manner as described for 9 to give 431 mg (93%) of 11 2HBr, 
mp 243-246° dec, prisms from 90% ethanol-ether, mass spectrum 
m/e 300 (M+), 285, 270, 269, 257 (base).

Anal. Calcd for Ci9H30Br2N2O: C, 49.36; H, 6.54; N, 6.06. 
Found: C, 49.44; H, 6.61; N, 6.25.

1 ,2 ,3 ,4 ,4a ,5 ,6 ,7 -O c ta h y d ro -3 ,5 -d im e th y l-4 ,1 lb -p r o p a n o -l lb //-  
pyrido-[4,3-a] [3]benzazepin-10-ol (14) 2 H B r.— A mixture of 
462 mg (1 mmol) of ll-2H B r in 3 ml of 48% HBr was refluxed 
gently for 1 hr. Evaporation of the excess acid in vacuo left an 
oily residue which crystallized upon trituration with acetone, 
yield 350 mg (78%). Recrystallization from 80% ethanol- 
ether gave elongated plates, mp 238-241° dec, mass spectrum 
m/e 286 (M+), 243 (base).

Anal. Calcd for CI8H28Br2N20 : C, 48.22; H, 6.29; N, 6.24. 
Found: C, 48.20; H, 6.53; N, 6.39.

When the refluxing time was prolonged to more than 1 hr, ex
tensive decomposition and polymerization took place.

R eg istry  N o — 2, 32969-96 -3 ; 2 d iH B r, 3296 9 -9 7 -4 ; 
3, 3 2969 -98 -5 ; 3 HC1, 3 3068 -03 -0 ; 4, 3 3020 -81 -4 ; 4 0- 
a ce ty l d eriv a tiv e , 3 3020 -82 -5 ; 5 ,3 3 0 6 8 -0 4 -1 ; 5 HC1, 
33020-83-6 ; 5 0 -a c e ty l  d eriva tive , 3 3020 -84 -7 ; 6
d iH C l, 3 3068 -05 -2 ; 7, 33020-85 -8 ; 8, 3 3 0 2 0 -8 6 -9 ; 9 
d iH B r, 33020-87 -0 ; 9a d iH B r, 33020 -88 -1 ; 10 d iH B r, 
3 3020 -89 -2 ; 10a d iH B r, 33020-90 -5 ; 11 d iH B r, 33020- 
9 1 -6 ; 12 d iH B r, 33020-92-7 , 14 d iH B r, 33020 -93 -8 ; 
15 d iH B r, 33020-89-2 .
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The basicities of a series of 2,3-disubstituted quinoxalines were determined by potentiometric titration in acetic 
anhydride. A decrease in basicity was observed for those compounds containing a fused, strained ring adjacent to 
the heteroatoms. Such an effect was consistent with previous interpretations based on orbital rehybridization. 
In conjunction with the present study, J  (13C -H ) values were determined for the benzylic protons of acenaphthene 
and pyracene.

I t  has recen tly  been  established th at a  fused  strained 
ring ad jacen t to  th e  n itrogen  a tom  in  a qu inoline ring 
causes a m arked  decrease in  th e  b a s ic ity  o f  such  h etero
cyclic  com p ou n d s.2-4 T h ese  observations are in  ac
cord  w ith  th e  con cep t o f  orb ita l reh ybrid ization  de
ve lop ed  b y  S treitw ieser and  cow orkers to  a ccou n t for  
the changes in  k inetic a c id ity  an d  rea ctiv ity  tow ard  
e lectrophilic su bstitu tion  observed  w ith  strained ca rb o - 
cy c lic  system s.6 T h is  in terpretation  has gained sup
p o rt from  a v a rie ty  o f  studies: J  ( 13C -H )  nm r d ata ,6-7 
esr data ,8'9 rates o f  p ro tod es ily la tion ,10 polarograph ic 
redu ction  p oten tia ls ,11 and  m olecu lar orb ita l calcu la
t io n s .12

In  our earlier studies o f  1,2 -d ih y d rocy clob u ta  [b ]- 
qu inoline (1) and acenaphtho [1,2-6] qu inoline (2) de

creases in b a s ic ity  o f  ten - and  fivefo ld , respectively , 
w ere observed  relative to  m od el com pou n ds. S ince 
there is greater strain  in b iph en ylen e  than  in b en zo- 
cy c lo b u te n e ,13 it w as an ticipated  th at p K & data  fo r  an 
azabiphenylene w ou ld  exh ib it a further substantial de
crease in b asicity . A lth ou g h  n o  m onoazabiphenylenes 
have been  rep orted  in th e  literature, th e  d iazabiph en yl- 
ene, ben zo  [3,4 ]cy  c lob u ta  [1,2-6] qu inoxaline (3 ), has 1 2 3 4 5 6 7 8 9 10 11 12 13

3

(1 ) P a rb  V :  C . W . K o c h  a n d  J . H .  M a r k g r a f ,  J .  H e te r o c y d . C h em ., 7, 235 
(1 9 7 0 ).

(2 ) J . H . M a r k g r a f  a n d  W . L . S c o t t ,  C h em . C o m m u n ., 2 9 6  (1 9 6 7 ).
(3) J . H . M a r k g r a f  a n d  R .  J . K a t t ,  T etra h ed ron  L e tt ., 6 0 6 7  (1 9 6 8 ).
(4 ) E . S p in n e r  a n d  G . R .  Y e o h ,  J .  C h em . S o c . B , 2 7 9  (1 9 7 1 ).
(5 ) A . S tre itw ie se r , J r ., G . R .  Z ie g le r , P . C .  M o w e r y ,  A . L e w is , a n d  R .  G . 

L a w le r , J .  A m e r . C h em . S o c ., 90 , 1 35 7  (1 9 6 8 ).
(6 ) G . F r a e n k e l, Y .  A sa h i, M .  J . M it c h e l l ,  a n d  M . P . C a v a , T etrah ed ron , 

20, 1179 (1 9 6 4 ).
(7 ) J . H .  M a r k g r a f ,  R .  J . K a t t ,  W .  L . S c o t t ,  a n d  R .  N. S h e fr in , J .  O rg. 

C h em ., 34, 4 13 1  (1 9 6 9 ).
(8 ) (a ) R .  D . R ie k e ,  C .  F .  M e a r e s ,  a n d  L . I .  R ie k e ,  T etra h ed ron  L e tt ., ,  

5 27 5  (1 9 6 8 ) ;  (b )  R .  D .  R ie k e ,  S . E .  B a ie s , P . M .  H u d n a ll ,  a n d  C . F . M e a r e s , 
J . A m er . C h em . S o c ., 92, 1 41 8  (1 9 7 0 ) ;  ( c )  R .  D .  R ie k e  a n d  W .  E . R ic h ,  ib id ., 
92, 7 3 4 9  (1 9 7 0 ) ;  (d )  R .  D .  R ie k e ,  S. E .  B a ie s , P . M .  H u d n a ll ,  a n d  C . F . 
M e a r e s , ib id ., 93, 697  (1 9 7 1 ).

(9 ) N . L . B a u ld ,  F .  F a rr , a n d  G . R .  S t e v e n s o n , T etra h ed ron  L e tt ., 625 
(1 9 7 0 ).

(10 ) A . R .  B a ss in d a le , C .  E a r b o r n , a n d  D .  R .  M .  W a lt o n ,  J .  C h em . S oc ., 
B , 12 (1 9 6 9 ).

(11 ) R .  D .  R ie k e ,  W .  E .  R ic h ,  a n d  T .  H . R id g w a y ,  T etra h ed ron  L e tt ., 
4381  (1 9 6 9 ).

(1 2 ) R .  D .  R ie k e ,  J .  O rg . C h em ., 36, 2 2 7  (1 9 7 1 ).
(1 3 ) R .  T a y lo r ,  J .  C h em . S oc . B , 5 3 6  (1 9 7 1 ).

been  k n ow n  fo r  som e t im e .14 T h is  report, therefore, 
presents th e  synthesis and b a s ic ity  m easurem ents o f  a 
series o f  strained qu inoxaline derivatives.

R esu lts  and D iscu ssion

T h e  com pou n ds selected  for  th is s tu d y  are listed  in 
T a b le  I. B asicities w ere determ ined  as half-neutraliza-

T a b l e  I
B asicities of 2 ,3-D isubstititted Quinoxalines

C o m p o u n d
H N P ,“

m V P K.
2,3-Dimethylquinoxaline (4) 468 2.08s
Phenazine (5) 536 1.23d
l,2-Dihydrocyclopent[5,6] acenaphtho- 

[1,2-6]quinoxaline (6) 5366 1.23
Quinoxaline (7) 548 1.03d
2,3-Diphenylquinoxaline (8) 564 0.85
Acenaphtho[l,2-b]quinoxaline (9) 573 0.72
Benzo [3,4] cyclobuta [1,2-6] quinoxaline ( 3  ) 58R 0.62
Dibenzo [a,c] phenazine (10) 607 0.30
“ Duplicate runs, ± 2  mV, at 25° unless otherwise stated. 

b At 30°. s Reference 16a. d Reference 16b.

tion  potentia ls (H N P ) at 25° in  acetic an hydride b y  
titra tion  w ith  perch loric acid  in  acetic acid. T h e  ap
parent acid  d issociation  con stan ts (p A a) w ere ca lcu 
la ted  from  th e  k n ow n  values o f  selected  qu inoxalines 
and the assum ption  th at H N P  (A c20 )  and p A a (H 20 )  
are linearly re la ted .16 Structures 4, 5, and 7 o f k n ow n  
aqueous acid ities16 w ere used to  ca librate  th e  a b ov e  
extrapolation . C om p ou n d s 8 and  10 w ere m odel com 
pou n ds o f p rev iou sly  u n k n ow n  ba sicity . C om p ou n d s 
3, 6, and 9 w ere th e  desired qu inoxalines conta in ing  
strained fused rings ad jacen t to  th e  h eteroatom s. 
T h ose  com pou n ds, n ot com m ercia lly  available, w ere 
prepared  b y  con densation  o f o-ph en ylen ed iam ine w ith  
th e  appropriate  a d iketone.

T h e  b a s ic ity  data  are presented  in  T a b le  I . T h e  
sequence o f relative base strengths (7 >  8 >  9 >  3) 
w as in  accord  w ith  p red iction . T h e  d iph en yl (8) and 
acen aphtho (9) derivatives exh ib ited  th e  sam e relative 
effects in  th e  qu inoline series.3 T h e  fa c t .th a t  3 was 
th e  least basic in th e  a b ov e  series con firm ed ou r ex
pectation s, a lthou gh  th e  decrease in  b a s ic ity  relative 
to  8 (ca. tw o fo ld ) w as less than  th at an ticipated . T h is  
d iscrepan cy  m ay  be  a ttribu ted  to  th e  effect o f  the 
secon d  n itrogen  atom , w h ich  is th e  dom inant in
fluence. T h e  difference betw een  the basicities o f

(1 4 ) (a ) M .  P .  C a v a  a n d  D .  R .  N a p ie r ,  J. Am er. Chem. Soc., 7 9 , 3 60 6  
(1 9 5 7 ) ;  (b )  M .  P . C a v a , D . R .  N a p ie r ,  a n d  R .  J . P o h l,  ibid., 85, 2 0 7 6  (1 9 6 3 ).

(1 5 ) C . A .  S tre u li, A nal. Chem., 30, 997  (1 9 5 8 ).
(1 6 ) (a ) P .  V eteS n ik , J . K a v & lek , V . B e rd n e k , a n d  O . E x n e r , Collect. 

Czech. Chem. Commun., 33, 5 6 6  (1 9 6 8 ) ;  (b )  A . A lb e r t ,  R .  G o ld a c r e ,  a n d  
J. P h il lip s , J . Chem. Soc., 2 2 4 0  (1 9 4 8 ).
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qu inoline (pK & 4 .94) and  qu inoxaline (pK & 1.03) is 
qu ite  strik in g .1615 C om pared  to  th e  h eteroatom  effect, 
th e  in fluence o f  a strained ring is clearly  secondary.

T h e  basicities o f  tw o  oth er com pou n ds require co m 
m ent. I t  w as n o t an ticipated  th at d ib en zo [a ,c ] 
phenazine (10) w ou ld  b e  th e  least basic o f  th e  present

series. T h e  d ifficu lty  in p roton atin g  10, how ever, can  
b e  ascribed  to  steric in h ib ition  o f so lva tion  o f th e  con 
ju g a te  acid . C om p arab le  effects h ave been  observed  
w ith  b en zo  [a jphenazine, in  w h ich  th e  rea ctiv ity  o f  N -12  
is rendered  m u ch  less th an  th at o f  N -7 ,17 and w ith  
ben zo  [ / ] -  and ben zo  [h ]quinolino, in w h ich  th e  latter 
is u n reactive  tow a rd  m ethy l io d id e .18 T h e  enhanced 
b a s ic ity  o f 6 relative to  9 also w as n o t expected . In

6 9

fa ct , it  w as assum ed in itia lly  th at 6 w ou ld  b e  less basic 
th an  9. T h e  m olecu lar geom etry  o f acenaphthene is 
k n ow n ,19 and th e  strain is a ccom m oda ted  m ain ly  b y  
changes in  b o n d  angles. T hese  ad justm ents result in a 
C s-C sa-C e b o n d  angle o f  128°. A lth ou gh  th e  geom etry  
o f pyracen e has n ot been  determ ined, it  seem ed reason
able th at w h atever strain  is present in  acenaphthene 
w ou ld  b e  increased b y  th e  in corp ora tion  o f  an ethylene 
brid ge  across C 5 -C 6- T h is  w as con firm ed  b y  nm r m ea
surem ents on  th e  13C - H  cou p lin g  constants fo r  the 
b en zy lic  p roton s  o f  acenaphthene (129 H z) and p yra 
cene (132.5 H z ). A  th reefo ld  enhancem ent in  the 
b a s ic ity  o f  6 com pared  to  9 was, therefore, qu ite  re
m arkable. T h is  change u n d ou b ted ly  reflects th e  elec
tron-releasing character o f  the ethylene bridge  in  6. 
A  sim ilar effect has been  observed  for  p rod u ct d istribu 
tion  and partia l rate fa ctors  in th e  n itration  o f ace
n aphthen e.20

Experimental Section21
Materials.—The following compounds were obtained from 

Aldrich Chemical Co.: phenazine (5), recrystallized from acetic 
acid, mp 175.3-175.9° (lit.22 mp 174.9-175.6°); quinoxaline (7);
2,3-diphenylquinoxaline (8), recrystallized from 95% ethanol, 
mp 125.8-126.7° (lit.23 mp 124.0-124.5°); and dibenzo[a,c]- 
phenazine (10), recrystallized from benzene, mp 224.8-225.7° 
(lit.24 mp 220- 222°). Benzo[3,4]cyclobuta[l,2-6]quinoxaline
(3) was prepared from benzocyclobutenedione25 by the method

(1 7 ) I .  J . P a c h te r  a n d  M .  C .  K lo e t z e l ,  J. Amer. Chem. Soc., 7 3 , 4 9 5 8  
(1 9 5 1 ).

(1 8 ) G . C o p p e n s  a n d  J . N a s ie lsk i, Bull. Soc. Chim. Belg., 6 8 , 187 (1 9 5 9 ).
(1 9 ) H . W . W . E h r lic h ,  Acta Crystallogr., 1 0 , 699  (1 9 5 7 ).
(2 0 ) A . D a v ie s  a n d  K .  D .  W a r r e n , J. Chem. Soc. B, 8 7 3  (1 9 6 9 ).
(2 1 ) M e lt in g  p o in t s  a re  u n c o r r e c te d .
(2 2 ) D . N . B a ile y ,  D .  K .  R o e ,  a n d  D .  M .  H e rcu le s , J. Amer. Chem. Soc., 

9 0 , 6291 (1 9 6 8 ).
(2 3 ) G . A . R u s se ll ,  R .  K o n a k a , E .  T .  S tr o m , W .  C . D a n e n , K . - Y .  C h a n g , 

a n d  G . K a u p p , ibid., 9 0 ,  4 6 4 6  (1 9 6 8 ).
(2 4 ) F .  S p a ra to r e , Gazz. Chim. Ital., 87 , 1014  (1 9 5 7 ).

of Cava,28 mp 229.3-229.9. (lit.28 mp 238-239°). 2,3-Dimethyl- 
quinoxaline (4) was prepared from biacetyl and recrystallized 
from water, mp 105.9-106.3° (lit.29 mp 106°). 1,2-Dihydro- 
cyclopent [5,6] acenaphtho[ 1,2-6] quinoxaline (6) was prepared 
from 5,6-dihydrocyclopenta[/,9]acenaphthylene-l,2-dione (dike- 
topyracene)30 by the method Richter and Stocker31 and recrystal
lized from benzene-ligroin, mp 275.5-276.5° (lit.31 mp 275- 
276°). Acenaphtho[1,2-6]quinoxaline (9) was prepared from 
acenaphthenequinone and recrystallized from benzene, mp 239.5- 
240.3° (lit.32 mp 241°). Acetic anhydride (J. T . Baker, assay 
99.2%) and 0.10 N perchloric acid in acetic acid (Fisher Certified 
Reagent) were used without further purification.

Basicity Determinations.— Basicities were determined by 
potentiometric titration with a Beckman Model 76 expanded 
scale pH meter fitted with a glass indicator electrode and a 
saturated calomel reference electrode, previously equilibrated 
with acetic anhydride for 48 hr. Titrations were carried out at 
25.00 ±  0.02° under a nitrogen atmosphere in a water-jacketed 
cell connected to a constant temperature bath and fitted with a 
Teflon cover drilled to accommodate two electrodes, buret, 
thermometer (certified by the Natioanl Bureau of Standards), 
and nitrogen inlet tube. In a typical run an accurately weighed 
amount of the compound (ca. 10-3 mol) was dissolved in acetic 
anhydride in a nitrogen-swept 50-ml volumetric flask; a 20-ml 
aliquot was transferred under nitrogen to the titration cell, 
diluted with 80 ml of acetic anhydride, and with magnetic 
stirring titrated with 0.10 A  HCIO. in acetic acid (ca. 7 ml). 
The end point and half-neutralization potential were determined 
graphically; all runs were carried out in duplicate, with a pre
cision of ± 2  mV. Compounds 3 and 6 were not completely 
soluble at 25°; these measurements were conducted at 30.00 ±  
0.05°, along with redeterminations of 5, 7, and 10 for calibration 
purposes.

Nmr Data.— The 13C-H  coupling constants for the benzylic 
protons of acenaphthene and l,2,5,6-tetrahydrocyclopent[/,s]- 
acenaphthylene (pyracene) were determined as saturated solu
tions in CCh and DCCU, respectively, with tetramethylsilane as 
an internal standard. The acenaphthene spectrum was obtained 
with the aid of a Varian time-averaging computer attached to a 
Varian HA-100 instrument; 100 scans were required to delineate 
the sidebands. The low solubility of pyracene precluded the 
above procedures. Its spectrum was obtained by the Fourier 
transform pulse mode and required 13,500 scans. The J (13C -H ) 
values thus obtained for acenaphthene and pyracene were 129 ±  
1 Hz and 132.5 ±  1 Hz, respectively, which correspond to
25.8 and 26.5% s character for the benzylic C -H  bonds.

Registry No.—3, 2 5 9 -5 7 -4 ; 4, 2 3 7 9 -5 5 -7 ; 5, 9 2 -  
8 2 -0 ; 6 , 3 3 0 6 8 -1 5 -4 ; 7 , 9 1 -1 9 -0 ; 8 , 1 6 8 4 -1 4 -6 ; 9 , 
2 0 7 -1 1 -4 ; 1 0 ,2 1 5 -6 4 -5 .
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(2 5 )  B e n z o c y c lo b u t e n o l26 (1 1 ) w a s  o x id iz e d  b y  t h e  J o n e s  r e a g e n t  t o  
b e n z o c y c lo b u t e n o n e  ( 7 6 % ) ,  w h ic h  w a s c o n v e r t e d  t o  2 ,2 -d ib r o m o b e n z o c y c lo -  
b u t e n o n e  ( 9 6 % )  a n d  th e n  t o  b e n z o c y c lo b u t e n e d io n e  ( 6 2 % ) . 27 I n  o u r  h a n d s , 
th is  r o u te  w a s s u p e r io r  t o  t h e  d ir e c t  o x id a t iv e  b r o m in a t io n  o f  1 1 .27
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The o-Styrylnitrene Route to 2-Substituted Indoles. Pyrolysis of o-Azidostyrenes1
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The utility of o-azidostyrene derivatives as indole precursors via  o-styrylnitrenes has been examined. The 
cyclization proceeds efficiently for /3-alkyl- and /3-aryl-o-azidostyrenes and is also satisfactory for /3-acyl-o-azido- 
styrenes. A synthesis of 2-acylindoles involving two steps, base-catalyzed condensation of a methyl ketone 
with o-azidobenzaldehyde and pyrolysis to the indole, was carried out successfully in five cases with yields from 
21 to 73%. These yields are generally superior to yields of 2-acylindoles prepared by the deoxygenation method.

A n  o -styry ln itren e w ou ld  b e  exp ected  to  cyclize  to  
an indole on  th e  basis o f  an a logy  w ith  oth er cycliza - 
tions o f  aryl azides h avin g  ad jacen t unsaturated sub
stitu ents.2 T h e  d eoxygen ation  o f o -n itrostyrenes to  
indoles m ay, indeed , b e  an exam ple o f  such a cy cliza 
t io n .3 In  v iew  o f  th e  efficien cy  w ith  w h ich  azides serve 
as precursors o f  nitrenes on  therm al or p h o to ly tic  de
com p osition ,4 5 a s tu d y  o f th e  synthesis and d ecom posi
tion  o f th e  requisite o-azidostyren es w as undertaken .6 
P articu lar a ttention  w as focu sed  on  /3-aoyl-o-azido- 
styrenes becau se o f  th e  desirability  o f  d eve lop in g  im 
p rov ed  m ethods o f  synthesis o f  2 -acy lin doles. Som e 
additional studies o f  th e  deoxygen ation  m eth od  are 
also reported  fo r  purposes o f  com parison .

T h e  azides la  and lb  w ere prepared  from  th e  cor
responding o-n itrostyren es in tw o  steps. T h e  n itro  
group  w as redu ced  w ith  iron  and acetic acid  to  th e  ani
line. T h e  azido grou p  w as in trod u ced  via d iazotiza - 
tion . A  m ixture o f  azides l c  and Id  w as ob ta in ed  b y  
con densation  o f  o -az idoben za ldeh yde w ith  p y ru v ic  acid  
fo llow ed  b y  acid -ca ta lyzed  esterification . T h e  azides 
l e - h  w ere prepared  b y  con den sation  o f the appropriate  
m ethyl k eton e  w ith  o -azidoben za ldeh yde. T h e  non 
crysta lline azides lg  and  lh  w ere p artia lly  purified and

H

1

Compd R

a -C H 2CH2CH3

b - c6h5
c -C 0 C 0 2Me

d -CXOMe^CC^Me

e  -C O P h

(1 ) S u p p o r te d  b y  N S F  G ra n ts  G P -7 9 5 1  a n d  193 7 4 . A  p r e lim in a r y  a c 
c o u n t  o f  Borne o f  th e se  re su lts  has  a p p e a r e d : R .  J . S u n d b e rg , L .-S .  L in , a n d  
D .  E . B la c k b u rn , J . H eterocycl. Chem., 6 , 441  (1 9 6 9 ).

(2 ) P . A . S . S m ith  a n d  B . B . B r o w n , J . Am er. Chem. Soc., 73 , 2 4 3 5  (1 9 5 1 ) ;  
L . K r b e c h e k  a n d  H . T a k im o t o ,  J . Org. Chem., 29, 115 0 , 3 6 3 0  (1 9 6 4 ).

(3 ) (a ) R .  J . S u n d b e r g , J . Org. Chem., 30, 3 6 0 4  (1 9 6 5 ) ;  (b )  J . I .  G . 
C a d o g a n , M .  C a m e r o n -W o o d ,  R .  K .  M a c k ie ,  a n d  R .  J . G . S ea rle , J. Chem. 
Soc., 4831 (1 9 6 5 ).

(4) G . L ’ a b b e , Chem. Rev., 69, 3 4 5  (1 9 6 9 ).
(5) S m ith  a n d  c o w o r k e r s  h a v e  in d e p e n d e n t ly  s tu d ie d  sy n th e s is  a n d

th e rm a l d e c o m p o s it io n  o f  s e v e r a l  o -a z id o s ty r e n e  d e r iv a t iv e s :  u n p u b lis h e d
w o rk  re fe rre d  t o  in  “ N it r e n e s ,”  W . L w o w s k i, E d .,  In te r s c ie n c e  P u b lish e rs ,
N e w  Y o r k , N . Y . ,  1970 , p p  1 3 5 -1 3 9 .

p y ro ly zed  b u t n o t ch aracterized  b y  elem ental analysis. 
Several attem pts to  con dense o -az idoben za ldeh yde 
w ith  4 -acety lp yrid in e  fa iled . A tte m p te d  con densa
tions o f  o -az idoben za ldeh yde w ith  4 -a ce to n y l-l-b e n z o y l-
1 ,2 ,3 ,6 -tetrah ydropyrid in e  and  4 -a ce to n y l-l-b e n z o y l-  
3 -h yd roxyp iperid in e  also gave  ill-defined  p rod u cts  ap
paren tly  con ta in ing  azido groups, b u t  no in doles cou ld  
b e  isolated  after pyro lysis  o f  these m aterials. T h e  
stereochem istry  abou t th e  ca rb o n -ca rb o n  d ou b le  b on d  
is assum ed to  b e  trans in com p ou n d s l c - h  on  the 
basis o f  th e  k n ow n  preferen ce  fo r  fo rm a tion  o f trans 
p ro d u ct in  b ase-ca ta lyzed  C laissen con densation s.8

P yro lysis  o f  the azides w as e ffected  either in  re
fluxing decalin  or  eth ylen e g lyco l. In  th e  case o f  deca- 
lin, th e  so lven t w as rem ov ed  b y  v a cu u m  d istillation  
and th e  in dole  isolated  from  th e  residue. W h en  eth y l
ene g ly co l w as used, th e  in dole  cou ld  b e  o b ta in ed  b y  
d ilu tion  o f th e  solu tion  w ith  w ater fo llow ed  b y  so lven t 
extraction .

T h e  y ields ob ta in ed  in  th e  variou s  pyro lyses  are re
p orted  in th e  E xperim en ta l S ection . A lth ou g h  de
oxygen a tion  g ives y ields com p arab le  to  th ose  from  
azidostyren e pyro lysis  fo r  a lk y l- and  ary lin d o les ,3a th e  
p yro lysis  is usually  m ark ed ly  m ore  efficient fo r  the 
synthesis o f  2 -a cy lin d o les .3a-7

T h e  preparation  o f 4 -a ce ty l-l-b e n zo y lp ip e r id in e  (3) 
and its con densation  w ith  n itroben za ldeh yde to  g ive  4 
fo llow ed  b y  deoxygen ation  to  g ive  2g w as carried  ou t 
in the course o f  th is w ork . A s n oted  p rev iou s ly  in 
sim ilar deoxygen ation s ,3a'7 th e  correspon d in g  1 -e th oxy - 
in dole  is a b y -p ro d u ct.

C H = C H C O - < ^ N C O P h  P(0Et)] ^

N 0 2

4

2 g  +

5

D eoxygen a tion  p rov id ed  an efficient synthesis o f  2- 
in d o ly l 4 -p y rid y l k eton e8 2i, a lthough , as m en tioned  
above , w e w ere unable to  prepare th e  in term ediate  
requ ired  fo r  synthesis o f  th is k eton e  b y  th e  o-azido
styrene route. 4 -A cety lp y rid in e  w as con densed  w ith

(6 ) H . O . H o u s e , “ M o d e r n  S y n th e t ic  R e a c t io n s ,”  W .  A . B e n ja m in , I n c . ,  
N e w  Y o r k ,  N . Y . ,  196 5 , p p  2 1 6 -2 2 4 .

(7 ) R .  J . S u n d b e rg , J . Org. Chem., 33, 4 8 7  (1 9 6 8 ).
(8 ) P r e v io u s ly  p r e p a r e d  f r o m  m e th y l is o n ic o t in a te  b y  C la is se n  co n d e n s a 

t io n  w ith  m e t h y l  p r o p io n a t e  fo l lo w e d  b y  J a p p —K lin g e m a n n  c o n v e r s io n  t o  
t h e  p h e n y lh y d r a z o n e  a n d  F is c h e r  c y c li z a t io n :  A . J a ck s o n , N . D .  V . W ils o n , 
A . J . G a sk e ll, a n d  J . A .  J o u le , J . Chem. Soc., C, 2 7 3 8  (1 9 6 9 ).
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o-n itrobenza ldehyde. T h e  k eto l w as deh ydrated  and 
th e  resulting unsaturated  k eton e  6 w as con verted  to  
th e  ethylene g ly co l k eta l 7. D eoxygen a tion  o f this 
com p ou n d  proceed ed  efficiently  to  g ive  th e  in dole  2i, 
after h ydrolysis.

Ir, nm r, and m ass spectral data  w ere in a ccord  w ith  
exp ecta tion  for  each  o f  the new  indoles 2c,9 2d, 2f, and 
2g. S pectra l data  and ph ysica l con stan ts fo r  the 
k n ow n  indoles 2a,15 2b,16 2h,7 and 2i8 w ere in  agreem ent 
w ith  literature values. T h e  structure o f  in dole  2i 
w as further corrobora ted  b y  N -m eth y la tion  to  the 
k eton e  9 w h ich  w as in depen den tly  prepared  from  2 - 
lith io -l-m e th y lin d o le  and 4 -cyan opyrid in e .

In terrela tion  o f  2i and th e  p iperidin e deriva tive  2g 
w as also carried  ou t. T h e  k eta l 8 w as quatern ized  
w ith  eth y l b rom oa ceta te  and redu ced  ov e r  pallad ium  
on  charcoal. T h e  p iperidine 10 w as the m a jor  p rod u ct 
a long w ith  a b y -p ro d u ct  11 w h ich  is d iscussed below . 
T h ese  interrelations, w h ich  are sum m arized in  Schem e
I serve to  establish  th at n o  substituent m igration  o c 
curred  in either the pyro lysis  o f  lg  or the deoxygen a
tion  o f 7. I t  w as o f in terest to  establish  this, particu 
larly in  th e  latter case, since su bstitu ent m igration  is 
observed  in  d eoxygen ation  o f th e  ph en y l analog o f 7.7

T h e  te tra cyc lic  skeleton  assigned to  th e  b y -p ro d u ct
I I  is th a t fou n d  in the u leine17 and d asycarp id on e18 
ty p e  o f alkaloid . T h e  form ation  o f 11 under th e  con d i
tions o f  the red u ction  can  b e  rationalized  b y  a lkylation  
o f  the in dole  3 p osition  b y  an im in ium  in term ed ia te19 
present at th e  d ih yd ro  or  tetrah ydro  red u ction  stage. 
Such a cycliza tion  m ight b e  expected  to  b e  fa v ored  b y  
acid ic h yd rogen ation  con d ition s b u t 10 w as also fou n d  
to  be  the m a jor p rod u ct in 5 %  acetic acid  in  ethanol 
as w ell as in  ethanol. R in g  closures o f  th is ty p e  have 
been  n oted  using isolated  te tra h yd rop yrid in e  inter
m ediates,8 b u t th is is the first exam ple o f  th e  cycliza 
tion  proceed in g  d irectly  from  th e  pyrid in e  ox idation  
level. In  add ition  to  th e  m olecu lar form ula  established 
b y  elem ental analysis and m ass spectrom etry , the 
ev iden ce for  th e  structure includes a ty p ica l in dole  uv  
spectrum . T h e  nm r show s no in dole  3 H  and the 
m ethylene group  o f th e  n itrogen  substituent appears 
as an A B  quartet, J gem =  16 H z, becau se th e  p roton s 
are an isochronous as a result o f  th e  in trod u ction  o f 
the in d o ly l substituent at C -2  o f  th e  p iperidine ring. 
M ass spectral com parison  o f 10 and 11 revea l th e  ab 

(9 ) A  r e p o r t 10 t h a t  es ters  o f  in d o le -2 -g ly o x y l ic  a c id  ca n  b e  p r e p a r e d  fro m  
in d o ly lm a g n e s iu m  b r o m id e  a n d  d ia lk y l  g ly o x a la te s  ca n  b e  d is c o u n te d  o n  t h e  
b a s is  o f  (1 ) t h e  k n o w n 11 s e le c t iv i ty  o f  th is  r e a c t io n  f o r  fo r m a t io n  o f  3 - 
s u b s t itu te d  in d o le s ;  (2 ) t h e  a g re e m e n t  o f  th e  r e p o r t e d 10 m e lt in g  p o in t s  o f  
t h e  es ters  w ith  lite ra tu re  v a lu e  is f o r  3 d e r iv a t iv e s  [m e th y l e s te r  m p  2 2 0 °  
( l i t . 12. «  m p  2 2 4 ° ,  2 3 1 ° ) ,  e t h y l  e s te r  m p  1 8 4 °  ( l i t . « . «  m p  1 8 6 ° , 1 8 7 ° ) ] ;  (3 ) 
th e  a g re e m e n t  o f  th e  m e lt in g  p o in t  r e p o r t e d 10 fo r  t h e  a c id , 2 2 4 -2 2 5 ° ,  w ith  
t h a t  o f  in d o le -3 -g ly o x y l ic  a c id , l i t . 13 14 m p  2 1 8 °  d e c .

(1 0 ) I .  I .  L a p k in  a n d  Y u .  P .  D o r m id o n t o v ,  Chem. H eterocyd . Compounds, 
3, 6 7 8  (1 9 6 7 ) ;  Chem. Abstr., 68, 8 7 0 9 2  (1 9 6 8 ).

(1 1 ) R .  J . S u n d b e rg , “ T h e  C h e m is tr y  o f  I n d o le s ,”  A c a d e m ic  P re ss , 
N e w  Y o r k ,  N . Y . ,  197 0 , p p  3 3 -3 5 ,  4 1 2 -4 1 4 ;  R .  A . H e a c o c k  a n d  S . K a § p £ re k , 
Advan. H eterocyl. Chem., 10, 43  (1 9 6 9 ) .

(1 2 ) J . W .  B a k e r , J. Chem. Soc., 4 5 8  (1 9 4 0 ).
(1 3 )  K .  N . F .  S h a w , A . M c M il la n ,  A . G . G u d m u n d s o n , a n d  M . D . 

A r m s tr o n g , J. Org. Chem., 23, 1171 (1 9 5 8 ).
(1 4 ) F . M il l ic h  a n d  E . I .  B e c k e r , ibid., 23, 1 09 6  (1 9 5 8 ).
(1 5 )  A . V e r le y  a n d  J. B e d u w e , Bull. Soc. Chim. Fr., 37 189 (1 9 2 5 ).
(1 6 )  E . F is ch e r  a n d  T .  S c h m it t , Chem. B er., 21, 1071 (1 8 8 8 ).
(1 7 )  J . A . J o u le  a n d  C . D je r a s s i ,  J. Chem. Soc., 2 7 7 7  (1 9 6 4 ).
(1 8 )  J . A .  J o u le , M .  O h a sh i, B .  G ilb e r t , a n d  C . D je r a s s i , Tetrahedron, 21, 

1 71 7  (1 9 6 5 ).
(1 9 )  F o r  a  s u m m a r y  o f  e le c t r o p h i l ic  s u b s t itu t io n  o f  in d o le s  b y  im in iu m

in te rm e d ia te s , s e e  R .  J . S u n d b e r g , “ T h e  C h e m is tr y  o f  I n d o le s , ’ '  A c a d e m ic
P re ss , N e w  Y o r k ,  N . Y . ,  197 0 , p p  5 6 -6 7 ,  2 3 6 -2 5 1 .

sence in 11 o f a peak at 188 attributable to  the m ono- 
substituted indole fragment a. In  addition peaks 
at 227, 210, 196, 181, and 167 can be assigned to  the 
carbazole ring fragments of type b, c, d, and e. T he 
mass spectrum of uleine is also dom inated b y  fragments 
containing the carbazole ring system .17

a, 188

Me
OCH2CH2OH

b, 241

b', -O H  (224) 

b " ,  -C H 2OH (210) 

b ' " ,  -C H 2CH2OH (196)

c ' , -O H  (210) 

c " ,  -C H 20 H  (196) 

c ' " ,  -C H 2CH2OH (182)

d,181

H

e, 167

E xperim ental S ection

(ran.s-l-(o-Azidophenyl)-l-pentene (la ).— ¿ra«s-o-(l-Pente- 
nyl)aniline20 (0.81 g, 5 mmol) was dissolved in a solution of 
glacial acetic acid (40 ml), sulfuric acid (8 ml), and water (25 
ml) and cooled with an ice-salt bath. A solution of sodium 
nitrite (0.38 g, 5.5 mmol) in water (5 ml) was added slowly. The 
solution was stirred for 1 hr. The reaction mixture was diluted 
with ice water (50 ml) and treated with urea to destroy excess 
nitrous acid. A solution of sodium azide (0.67 g, 10.3 mmol) in 
water was added slowly. After standing 45 min at 0° and 5 hr 
at room temperature, the reaction mixture was extracted with 
petroleum ether. The extract was washed with aqueous sodium 
carbonate and water, dried, and concentrated on a rotary evapora
tor. Chromatography of the residue on alumina using petro
leum ether as the eluent gave la as a light yellow liquid, rN, 2125 
cm-1.

Anal. Calcd for Ci,HI3N3: C, 70.56; H, 7.00. Found: C, 
70.79; H, 7.23.

2-Propylindole (2a). A. In Decalm.— A solution of la  (1.1 
g, 5.8 mmol) in decalin (100 ml) was reluxed for 4 hr. The 
decalin was distilled at reduced pressure and the residue chro
matographed on silicic acid. Hexane-benzene (2:1) eluted 2a 
(0.75 g, 81%), mp 32-34° after recrystallization from benzene- 
hexane (lit.15 34°), having an infrared spectrum identical with 
that of an authentic sample.

B. In Ethylene Glycol.—A solution of la (1.0 g, 5.3 mmol) 
was refluxed in ethylene glycol (100 ml) for 4 hr. The cooled 
solution was poured into water. Ether extraction followed by 
purification as in A gave 2a (0.65 g, 76%).

irans-2-Azidostilbene (lb ).—irans-2-Aminostilbene21 (1.3 g,
5.5 mmol) was converted to lb  essentially as for la. Extrac
tion of the reaction mixture with benzene and evaporation gave 
lb  (1.05 g, 4.8 mmol, 87%), mp 94-95.5° after recrystallization 
from benzene-hexane, rN, 2150 cm-1.

Anal. Calcd for ChH uN3: C, 75.99; H, 5.01; N , 18.99. 
Found: C, 75.78; H, 4.90; N, 18.78.

2-Phenylindole (2b).—The pyrolysis of 2a (1 g, 4.5 mmol) was 
carried out in ethylene glycol as described for 2-propylindole.

(2 0 ) R .  J . S u n d b e rg , J. Amer. Chem. Soc., 8 8 , 3 78 1  (1 9 6 6 ).
(2 1 ) P r e p a re d  b y  iro n —a c e t ic  a c id  r e d u c t io n  o f  f r a n s -2 -n it r o s t i lb e n e .
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S c h e m e  I

6

^-l-cyanopyridme
I  BrCH2C02Et

H20  | -OH 

2 g

After extraction and evaporation, there was obtained 2b (0 .7 5  g, 
8 5 % ) ,  mp 1 8 7 -1 8 8 °  after recrystallization from ethanol.

M eth yl Indole-2-glyoxalate (2c) and M eth yl 2 ',2 '-D im e th o x y - 
indole-2-acetate (2d ).—o-Azidobenzaldehyde22 (3 .7  g, 25 mmol) 
and pyruvic acid (3 .52  g, 25 mmol) were dissolved in 20  ml of 
anhydrous methanol cooled in an ice bath. To the vigorously 
stirred solution, there was added dropwise a solution of potas
sium hydroxide (2 .1  g, 3 7 .5  mmol) in methanol (20 ml). After 
about two-thirds of the potassium hydroxide solution had been 
added, the remainder was run in rapidly to minimize precipi
tation of potassium pyruvate prior to condensation. A volumi
nous yellow precipitate formed. The solution was stirred at room 
temperature and then refrigerated overnight. The precipitated 
sodium salt ( ~ 8 0 %  yield) was dissolved in warm (4 0 °)  water and 
added to vigorously stirred 1.6 N  hydrochloric acid cooled in an 
ice bath. After 1 hr, the solution was extracted with ether 
giving the acid hydrate as a yellow-orange semisolid after con-

(2 2 ) T .  J . S ch w a n  a n d  C . S . D a v is ,  J. Pharm. Sei., 57, 8 7 7  (1 9 6 8 ).

centration. The crude acid was dissolved in anhydrous methanol 
and a small amount of sulfuric acid was added. The solution 
was refluxed for 12 hr. The methanol solution was concentrated 
to 50 ml using a rotary evaporator and poured into a large ex
cess of anhydrous ether. The ether solution was washed with 
NaHC03 solution, dried, and evaporated to give 3.8 g of a mix
ture of the ester lc  and the corresponding ketal Id . Pyrolysis 
of this mixture in refluxing decalin (4 hr) gave a mixture of 2c 
(1.2 g, 21% ) and 2d (0.5 g, 8% ) after separation by chromatog
raphy on silicic acid. The keto ester 2c was eluted by benzene 
and the ketal 2d by 1:20 ether-benzene. After decolorization 
with charcoal and recrystallization from chloroform-hexane 2c 
was obtained as a yellow solid: mp 138-139°; pnh 3370, rco 
1730,1650 cm1; nmr peaks (C D C I 3 ) at 5 3.88 (3 H, s), 7.0-7.9 (6
H, m); uv X9̂  Et0H 240 (3.8), 331 nm (4.2).

Anal. Calcd for C 1 1 H 9N O 3 : C, 65.02; H, 4.46; N, 6.89. 
Found: C, 65.08; H, 4.44; N, 6.81.

Recrystallization of 2d from chloroform-hexane gave white 
crystals: mp 161-162.5°; »nh 3350, roc 1750 cm-1; nmr peaks 
( C D C I 3 ) at b 3.28 (6 H, s), 3.70 (3 H, s), 6.58 (1 H, d, /  =  3 
Hz), 7.0-7.25 (3 H, m), 7.4-7.7 (2 H, m); uv X9m”  Et0H 215.5 
(4.53), 277.5 (4.01), 284 (4.02), 292 nm (3.89).

Anal. Calcd for C13H15NO4: C, 62.64; H, 6.07; N, 5.62. 
Found: C, 62.24; H, 6.29; N, 5.74.

irans-1- (o-Azidophenyl )-3-phenylpropen-3-one (1 e ).—Ace
tophenone (0.83 g, 6.8 mmol) was added dropwise to a solu
tion of sodium hydroxide (0.3 g) in water (10 ml) and ethanol 
(5 ml) cooled in an ice bath. A solution of o-azidobenzaldehyde 
(1.0 g, 6.8 mmol) in ethanol (1 ml) was added. After 10 min the 
reaction solution was removed from the ice bath and stirred at 
room temperature for 16 hr. Filtration gave the crude product. 
Recrystallization from ethanol gave le  (1.1 g, 65% ). The 
analytical sample was prepared by repeated recrystallization: 
mp 70.5-71.5°; rNs 2145, rco 1670 cm-1; nmr peaks (CDC13) at 
S  8.2-7.8 (m, 3 H), and 7.8-6.9 (m, 8 H).

Anal. Calcd for CnsHnNjO: C, 72.27; H, 4.45; N, 16.86. 
Found: C, 72.13; H, 4.56; N, 16.82.

2-Benzoylindole (2 e ).— A mixture of le  (0.53 g, 2.1 mmol) and 
decalin (80 ml) was refluxed under nitrogen for 4 hr. After re
moval of decalin, the residue was recrystallized from chloroform- 
benzene giving 2e (0.36 g, 72% ), mp 147-148.5° (lit.23 mp 146- 
148°), having an ir spectrum identical with that of an authentic 
sample.

1- (o-Azidophenyl)-3-(2-pyridyl)propen-3-one (If).— Condensa
tion of 2-acetylpyridine (0.85 g, 7.0 mmol) and o-azidobenz
aldehyde (1.0 g, 6.8 mmol) was carried out as for l e .  Re- 
crystallization of the crude product from ethanol gave If ( 1.0 
g, 59% ). The analytical sample was prepared by repeated re
crystallization: mp 111-112°; »Nj 2150, vco 1680 cm-1; nmr 
peaks ( C D C I 3 ) at b 8.7 (m, 1 H), and 8.3-7.0 (m, 9 H).

Anal. Calcd for C„H,oN30 : C, 67.19; H, 4.03; N, 22.39. 
Found: C, 67.37; H, 3.93; N, 22.55.

2- Indolyl 2-Pyridyl Ketone (2f).— A solution of If (0.55 g, 2.2 
mmol) in decalin (80 ml) was reluxed for 4 hr. The cooled re
action mixture was extracted with dilute hydrochloric acid. The 
aqueous extract was made alkaline and extracted with chloro
form. Evaporation of the dried extract gave a residue which 
soon crystallized. Recrystallization from benzene gave 2f 
(0.25 g, 51% ). An additional recrystallization gave the 
analytical sample: mp 134.5-136°; k n h  3350, vco 1630 cm-1; 
nmr peaks (CDC13) at b 8.7 (m, 1 H ), 8.4-6.9 (m, 9 H).

Anal. Calcd for C »H 10N2O: C, 75.65; H, 4.54; N, 12.61. 
Found: C, 75.42; H, 4.63; N, 12.41.

4-Acetyl-l-benzoylpiperidine (3 ) .— 2-Methyl-2-(4-pyridyl)-
I , 3-dioxolane24 (8.3 g, 50 mmol) in water (40 ml) was hydro
genated (50 psi) over 5%  rhodium-carbon catalyst until hydrogen 
uptake ceased. The catalyst was removed by filtration and the 
filtrate was stirred vigorously for 24 hr with a mixture of potas
sium carbonate (32 g), water (65 ml), chloroform (70 ml), 
ethanol (5 ml), and benzoyl chloride (11.2 g, 80 mmol). The 
chloroform layer was separated and the aqueous layer was ex
tracted again with chloroform. The crude ketal obtained by 
evaporation was stirred at room temperature for 1 hr with 50% 
aqueous ethanol containing 1% hydrochloric acid. The prod
uct was extracted with chloroform and then chromatographed 
on silicic acid. The major component was eluted with 1:1

(2 3 ) R .  V . J a rd in e  a n d  R .  K .  B r o w n , Can. J . Chem.. 41, 2 06 7  (1 9 6 3 ).
(2 4 ) A . T .  N ie la en , D .  W . M o o r e ,  J. H .  M a z u r ,  a n d  K . H . B e r r y , J . Org. 

Chem., 29, 2 8 9 8  (1 9 6 4 ).
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ether-benzene and distilled giving 3 (6.5 g, 28 mmol, 56% ), bp 
175-177° (0.4 mm), which readily crystallized. The analytical 
sample, mp 68-70°, was prepared by recrystallization from 
hexane: »co 1710, 1630; nmr peaks (CDC13) at S 1.0-3.3 (10 H, 
m with prominent s at 2.17), 3 .5 ^ .7  (2 H, very broad), 7.38 
(5 H, s).

Anal. Calcd for C I4H „N 0 2: C, 72.70; H, 7.41; N, 6.06. 
Found: C, 72.45; H, 7.32; N, 5.87.

Smaller amounts of material having ir, nmr, and mass spec
tral data in accord with expectation for l-benzoyl-4-( 1-benzoyl- 
oxyethyl)piperidine and 2-(l-benzoyl-4-piperidyl)-2-methyl-l,3- 
dioxolane were eluted prior to 3.

2-Indolyl 4-(l-Benzoylpiperidyl) Ketone (2g). A. Via 1- 
(l-Benzoyl-4-piperidyl)-3-(2-azidophenyl)-2-propen-l-one (lg ).—  
The methyl ketone 3 (2.31 g, 10.0 mmol) was added to a solution 
of sodium hydroxide (0.8 g) in 50% aqueous ethanol (100 ml). 
When the ketone had completely dissolved, o-azidobenzaldehyde 
(1.5 g, 10 mmol) in ethanol (10 ml) was added slowly. After 2 
hr the reaction mixture was extracted with chloroform and the 
chloroform was washed with brine, dried, and concentrated to 
an orange foam. Half of the crude product chromatographed 
on silicic acid with 1:4 ether-benzene gave lg  as a tan oil (0.80 
g, 2.2 mmol, 44% ). The compound was not obtained in 
crystalline form.

A sample of chromatographed lg  (0.60 g, 1.7 mmol) was sus
pended in decalin and refluxed (195°) for 4 hr. After the decalin 
was removed, the residual solid was chromatographed on silicic 
acid. Elution with 1:2 ether-benzene gave an oil which crystal
lized from carbon tetrachloride giving 2g (0.20 g, 0.6 mmol, 
35% ): mp 166-167.5 after recrystallization from carbon tetra
chloride; »nh 3350, »co 1645 cm "1; X“ * E,0H 226 (log * 4.30), 
310 (4.37); nmr peaks (CDC13) at 5 1.6- 2.2 (4 H, m), 2.8-3.7 
(3 H, m), 3.8-4.2 (2 H, very broad), 7.0-7.8 (10 H, m), 9.8 (1 
H, s).

Anal. Calcd for C2,H20N2O2: C, 75.88; H, 6.07; N, 8.43. 
Found: C, 75.83; H, 6.19; N , 8.34.

The unchromatographed portion of lg  gave a comparable 
yield of 2g (0.24 g, 43%) when subjected to an identical pyrolysis.

B. By Deoxygenation. l-(l-Benzoyl-4-piperidyl)-3-(o-ni- 
trophenyl)-2-propen-l-one (4).— A solution of the ketone 3 
(2.31 g, 1.00 mmol) and o-nitrobenzaldehyde (3.8 g, 2.5 mmol) 
in ether (50 ml) was treated with 3 ml of a solution prepared by 
dissolving 3 ml of 10% NaOH in ethanol (25 ml). The solution 
was stirred at 0° for 2 hr and then refrigerated overnight. The 
crude product was extracted into benzene and washed with 
sodium bicarbonate solution and dilute hydrochloric acid. The 
dried solution was concentrated and redissolved in benzene (100 
ml) containing p-toluenesulfonic acid (0.5 g). This solution was 
refluxed for 2 hr to complete dehydration of any intermediate 
ketol. The cooled solution was washed with dilute sodium 
bicarbonate, dried, and evaporated. Chromatography of the 
residue on silicic acid gave 4 (1.0 g, 2.8 mmol, 28% ): mp 116— 
117° after recrystallization from carbon tetrachloride; »co 
1695, 1640, »N02 1540, 1350 cm-1; nmr peaks (CDCI3) at 5 0.8-
2.2 (4 H, m), 2.8-3.4 (3 H, m), 3.6-4.7 (2 H, very broad), 6.7 
(1 H, d, J  =  16 Hz), 7.45 (5 H, s), 7.68 (3 H, broad s), 8.1 
(2 H, m with prominent d, J =  16 Hz).

Anal. Calcd for C2,H20N2O4: C, 69.21; H, 5.53; N, 7.69. 
Found: C, 69.02; H, 5.65; N, 7.49.

2-Indolyl 4-(l-Benzoylpiperidyl) Ketone (2g)and 2-(l-Ethoxyin- 
dolyl) 4-(l-Benzoylpiperidyl) Ketone (5).— A suspension of 4 
(1.05 g, 2.9 mmol) in triethyl phosphite (100 ml) was slowly 
heated to 145° over a 1.5-hr period using an oil bath. The 
nitrostyrene dissolved during this period. The solution was 
kept at 145° for an additional 0.5 hr. After the mixture was 
cooled, the triethyl phosphite was removed by distillation at 
0.1 mm. The residue was dissolved in benzene and washed with 
sodium bicarbonate, dilute hydrochloric acid, and water. Evap
oration of the dried benzene extract gave a brown oil which was 
chromatographed on silicic acid. Elution with 1:4 ether-benzene 
gave first 5 and then 2g. The latter product (0.20 g, 0.6 mmol 
21% ), was identified as 2g by mixture melting point and ir 
comparison with 2g prepared by azide pyrolysis.

The by-product 5 was crystallized from benzene-hexane (0.12 
g, 0.3 mmol, 11%): mp 131-132.5°; »NH none, »c0 1660, 1625 
cm -1; nmr peaks (CDC13) at 5 1.43 (3 H, t), 1.6-2.2 (4 H, m), 
2.75-3.6 (3 H, m), 3.8-4.8 (4 H, m superimposed on q), 7.0-
7.9 (10 H ); X S  El0H 232 (log e 4.35), 306 (4.37).

Anal. Calcd for C23H24N20 3: C, 73.38; H, 6.43; N, 7.44. 
Found: C, 73.16; H, 6.59; N, 7.48.

l-Benzoyl-4-acetonyl-l,2,3,6-tetrahydropyridine (14) and 1- 
Benzcyl-A4,“ -piperidine-4-acetone (15).— Sodium hydride (4.2 
g of 50% mineral oil dispersion) was rinsed with hexane and 
covered with anhydrous ether (250 ml). A solution of diethyl 
acetonylphosphonate26 (21.4 g, 0.11 mol) in ether (50 ml) was 
added slowly. When hydrogen evolution had ceased, a solution 
of l-benzoyl-4-piperidone (20.3 g, 0.10 mol) in dry benzene (100 
ml) and ether (200 ml) was added in one portion. The resulting 
reaction mixture was refluxed under nitrogen for 20 hr. The 
organic solution was decanted and the gummy precipitate was 
washed with additional ether. The combined organic layers 
were titered, washed with water, dried (M gS04), and evaporated. 
The residue was chromatographed on silicic acid using 30% ether 
in benzene to elute a mixture of the products (12.9 g of 14, 53%;
4.3 g of 15, 18%). Separation of the isomers could be effected
by chromatography on silicic acid using 5%  ether in benzene as 
eluant. The exocyclic ketone 15 was eluted most rapidly and 
was obtained as crystals: mp 70.5-72° on recrystallization from
ether-hexane; »co 1690, 1640 cm“ 1; nmr peaks (CDC13) at 5
7.4 (s, 5 H ), 6.15 (broad s, 1 H), 3.9-3.4 (broad, 4 H ), 3.1-2.8 
(broad t, 2 H ), 2.5-2.1 (broad t, 2 H), and 2.1 (s, 3 H).

Anal. Calcd for Ci5H n02N: C, 74.05; H, 7.04; N, 5.76. 
Found: C, 73.84; H, 7.12; N, 5.54.

The endocyclic isomer 14 was an oil: »co 1720, 1640 cm -1; 
nmr peaks (CDCI3) at S 7.4 (s, 5 H), 5.5 (broad, 1 H), 4.3-3.3 
(broad, 4 H), 3.1 (s, 2 H), 2.3-1.9 (broad, 2 H), and 2.1 (s, 3 H).

Anal. Calcd for C15H „N 02: C, 74.05; H, 7.04; N, 5.76. 
Found: C, 73.89; H, 7.06; N, 5.62.

l-Benzoyl-4-piperidylmethyl Methyl Ketone (16).— A mixture 
of 14 and 15 (2.3 g, 9.4 mmol) was hydrogenated (40 psi) over 
platinum oxide (0.3 g) in ethanol for 30 min. The reaction 
solution was filtered and evaporated. The residue gave crystal
line 16 (1.8 g, 78% ) on trituration with ether, mp 62-64° (lit.7 
mp 63-65°). The ir spectrum was identical with that of an 
authentic sample.

l-Benzoyl-4-piperidylmethyl 2-Indolyl Ketone (2h).— Con
densation of 16 (0.25 g, 10.0 mmol) and o-azidobenzaldehyde 
(0.15 g, 1.0 mmol) was carried out in basic aqueous ethanol as 
described for 2g. After the reaction mixture was stirred over
night, it was diluted with water and extracted with chloroform. 
The residue was purified by chromatography on silicic acid giving 
lh  (0.2 g, 0.5 mmol, 50%) as a gum: »N 2150, »co 1680, 1650; 
nmr peaks (CDC13) at 5 8.0-6.9 (m, 10 H), 6.65 (d, 1 H) and
3.2-0.3 (braod, 11 H).

The azide (0.18 g, 0.48 mmol) was pyrolyzed in decalin in the 
usual way and the residue obtained after evaporation of the 
decalin was chromatographed on silicic acid (12 g). Elution with 
1:10 ether-benzene gave 2h (0.10 g, 60%), mp 154-155° after 
recrys^allization from carbon tetrachloride (lit.7 mp 154-156°). 
The ir and nmr spectra were identical with those of an authentic 
sample.

3-(o-Nitrophenyl)-l-(4-pyridyl)prop-2-en-l-one (6).— 4-Acetyl- 
pyridine (10.0 g, 83 mmol),o-nitrobenzaldehyde (11.1 g, 83 mmol), 
and sodium hydride (1.00 g, 59% dispersion in mineral oil, 25 
mmol) were added in that order to dry ether (150 ml). Within 
2 min. dark yellow crystals separated and additional ether (50 
ml) was added. The solution was stirred for an additional 30 
sec and then poured as rapidly as possible into a stirred 4%  hydro
chloric acid solution. The two-phase system was neutralized 
with aqueous sodium bicarbonate. During this process most of 
the ether evaporated as carbon dioxide was evolved. The prod
uct was obtained by filtration, washed several times with water, 
and dried to give 6 (18.9 g, 90% ). Recrystallization from 
ethancl-water gave the analytical sample, mp 147°, »co 1680 
cm-1.

Anal. Calcd for Ci4HioN20 3: C, 66.14; H, 3.96; N, 11.02. 
Found: C, 66.14; H, 4.06; N, 10.96.

2-[2-(o-Nitrophenyl)vinyl]-2-(4-pyridyl)-l,3-dioxolane (7.)—  
The ketone 6 (18.9 g, 75 mmol), ethylene glycol (13.5 ml), and 
p-toluenesulfonic acid (12.9 g, 83 mmol) were refluxed together 
in benzene (340 ml) in a flask equipped with a Dean-Stark trap. 
After 2 hr, more ethylene glycol (20 ml) and p-toluenesulfonic 
acid (0.36 g) were added and reflux was continued for 22 hr. The 
reaction solution was cooled and washed with 10%  potassium 
carbonate solution (450 ml). The aqueous wash was reex
tracted with chloroform and the benzene and chloroform solu
tions were combined, dried over potassium carbonate, and con
centrated. The residue was passed through a short Florisil 25

(2 5 )  N . K re u tz k a m p  a n d  H . K a y s e r ,  Chem. Ber., 8 9 , 1 61 4  (1 9 5 6 ) .
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column to give pure 7 (11.7 g, 54%) after removal of the solvent. 
Recrystallization from chloroform-hexane gave pale yellow 
needles: mp 93-94°; nmr peaks (CDC13) at 8 8.9-8.6 (broad d, 
2 H), 8.2-7.8 (m, 1 H), 7.7-7.2 (m, 6 H), 6.3 (d, 1 H, J  =  18 
Hz) and 4.2 (m, 4 H).

Anal. Caled for C,6H14N20 4: C, 64.42; H, 4.73; N, 9.39. 
Found: C, 64.21; H, 4.71; N, 9.31.

2-(2 -In d oly l)-2 -(4-pyrid yl)-l,3 -d ioxolan e (8 ) .—The dioxolane 
7 (5.40 g, 2.03 mmol) was dissolved in triethyl phoshite (170 ml) 
and this solution was added dropwise during 2 hr to refluxing 
triethyl phosphite (130 ml) under a nitrogen atmosphere. Re
flux was continued for 4 hr after the addition was complete. The 
reaction mixture was then cooled and unreacted triethyl phos
phite was removed by distillation at reduced pressure. The 
residue was dissolved in ether (300 ml). The hydrochloride of 
the product was precipitated as a glass by passing hydrogen 
chloride gas through the solution. The ether was decanted when 
precipitation was complete. The residue was washed with 
ether and stirred with a mixture of chloroform and dilute sodium 
hydroxide until it was completely dissolved. The chloroform 
layer was dried and concentrated. After elution through a 
Florisil column, 8 was obtained as colorless plates (2.43 g, 45%): 
mp 166-168° from chloroform-hexane; nmr peaks (CDC13) at 8 
9.30 (1 H, broad s), 8.64 (2 H, d), 7.8-7.0 (6 H, m), 6.4 (1 H, d, 
J =  3 Hz) and 4.0 (4 H, m).

Anal. Caled for Ci6H14N20 2: C, 72.16; H, 5.30; N, 10.52. 
Found: C, 72.32; H, 5.11; N, 10.53.

2-Indolyl 4-Pyridyl K etone (2 i).— The ketal (1.00 g, 3.8 
mmol) was heated with 10%  hydrochloric acid (100 ml) on a 
steam bath for 5 min. The crude product precipitated when the 
solution was made basic with sodium hydorxide solution. Re- 
crystallization from aqueous ethanol gave 2i (0.80 g, 95% ), mp 
172-174° (lit.8 mp 172-174°).

Im ine of 2 -(l-M eth y lin d o ly l) 4-Pyridyl K eton e (17).—N- 
Methylindole (1.31 g, 10.0 mmol) in anhydrous ether (20 ml) 
was added at 0° to 5 ml of a 2 M  hexane solution of butyllithium.26 
The mixture was refluxed for 7 hr, cooled to 0°, and treated with 
a solution of 4-cyanopyridine (1.04 g, 10.0 mmol) in ether (50 
ml). The mixture was stirred overnight during which time a 
reddish brown solid appeared. The reaction mixture was then 
cooled and hydrolyzed with a mixture of crushed ice and am
monium chloride resulting in the precipitation of the imine 17. 
Additional amounts of 17 were obtained by ether extraction 
giving a total yield of 1.85 g (7.9 mmol, 79% ): mp 165-166.5° 
after recrystallization from benzene-hexane; »nh 3245, »cn 1605 
cm-1; nmr peaks (CDC13) at 8 4.03 (3 H, broad s), 6.58 (1 H, s), 
7.0-7.7 (7 H, m), 8.75 (2 H. d); X**°H 222 (log c 4.42), 277 
(3.84), 3.13 (4.03).

Anal. Caled for Ci5Hi3N3: C, 76.57; H, 5.57; N, 17.87. 
Found: C, 76.55; H, 5.62; N, 17.78.

2 -(l-M eth y lin d o ly l) 4-Pyridyl K etone (9 ). A . B y H ydrolysis
of 17.—The imine 17 (1.2 g, 5 mmol) was suspended in 60 ml of 
50% ether-water and 1 N hydrochloric acid was added at 0° 
until the mixture was acidic. The mixture was then refluxed for 
2 hr, cooled, made alkaline, and extracted with ether. The sol
vent was dried, and concentrated and the residue was triturated 
with hexane to give 9 as a yellow solid. Recrystallization from 
hexane afforded 9 (0.95 g, 4.0 mmol, 80% ): mp 91-92.5°; 
»co 1640 cm-1; nmr peaks (CDC13) at 8 4.14 (3 H, s), 7 .0 -7 .8 
(7 H, m including a d, /  =  6 Hz, at 7.7), 8.83 (2 H, d, J  = 6 Hz); 
X*'°H 224 (log e 4.37), 268 (3.64), 325 (4.23).

Anal. Caled for C,6Hi2N20 : C, 76.25; H, 5.12; N, 11.86. 
Found: C, 76.11; H, 5.18; N, 11.72.

B. By Méthylation of 2i. A solution of sodium amide in am
monia was prepared by addition of ferric nitrate nonahydrate 
(1 mg) and then sodium (0.20 g) in small pieces to liquid am
monia. The solution was stirred for 1 hr and then 2i (1.11 g, 
5.0 mmol) in anhydrous tetrahydrofuran (30 ml) was added 
dropwise. After the mixture was stirred for 15 min, a solution 
of methyl iodide (1.5 g, 10 mmol) in anhydous ether (10 ml) was 
added. Stirring was continued for 0.5 hr and then the ammonia 
was allowed to evaporate. Water (10 ml) was added cautiously 
and the resulting mixture was extracted with ether. Drying and 
evaporation gave a residue which was crystallized from chloro
form-hexane to give recovered 2i (0.55 g, 50% recovery). The 
mother liquors contained 9 (0.45 g, 1.9 mmol, 38% ), mp 89- 
92° after recrystallization from hexane. The ir spectrum of

(26) D. A. Shirley and P. A. Roussel, J. Amer. Chem. Soc., 75, 375
(1953).

this material was identical with that of the product prepared as 
described in part A.

l-C a rb eth oxym eth yl-4 -[l-(2 -in doly l)-l-d ioxolan yl] pyridinium  
Brom ide (1 8 ).— A solution of 8 (0.45 g, 1.7 mmol) in anhy
drous tetrahydrofuran (40 ml) was treated with ethyl bromo- 
acetate (5 ml) and refluxed for 2 hr. The product 18 precipi
tated as a bright yellow solid (0.72 g, 98% ). Recrystallization 
from ethanol-ether gave the analytical sample: mp 150-152° 
dec; »co 1750 cm-1; nmr peaks (DMSO-d,) at 8 9.3 (d, 2 H), 8.4 
(d , 2 H), 6 .8-7.7 (m, 4 H), 6.3 (s, 1 H ), 5.38 (s, 2 H ), 3.9M.5 
(6 H, m), 3.38 (s, 1 H) and 1.25 (t, 3 H ).

Anal. Caled for C20H2,BrN2O4: C, 55.43; H, 4.85; N, 
6.47. Found: C, 55.20; H, 4.95; N, 6.47.

Reduction of 18. l-(2 -In d o ly l) -l -(A T-carbethoxym ethyl-4-pi- 
peridyl)dioxolane (10) and By-Product 11.— A solution of 18 
(4.1 g, 95 mmol) in absolute ethanol (150 ml) was hydrogenated 
at 30 psi over 10% P d/C  for 12 hr. The solution was filtered 
and evaporated. The residue was dissolved in chloroform and 
washed with 10% sodium carbonate solution. Evaporation 
yielded an oil which was chromatographed on silicic acid using 
1:1 ether-benzene for elution. The major product 10 was 
eluted first and crystallized from benzene-hexane (3.4 g, 79%): 
mp 152-153°; »n h  3200, »co 1750 cm-1; nmr peaks (CDC13) at 
8 8.4 (broad s, 1 H), 6.9-7.7 (m, 4 H ), 6.45 (broad s, 1 H), 3.6-
4.4 (m, 6 H including q at 4.15), 2.7-3.3 (m, 4 H including s 
at 3.15), 1.45-2.40 (broad, 7 H), 1.21 (t, 3 H).

Anal. Caled for C20H26N2O4: C, 67.02; H, 7.31; N, 7.82. 
Found: C, 67.13; H, 7.38; N, 7.72.

Compound 11 was eluted immediately after 10 and was 
crystallized from ether-hexane (0.25 g, 7% ): mp 149-150.5°; 
» n h  3310 cm-1, »co 1730 cm -1; nmr peaks at 8.55 (broad s, 1 H), 
7.0-7.75 (m, 4 H), 3.95-4.50 (m, 7 H ), 3.40 (d, 1 H, J  =  16 Hz), 
2.83 (d, 1 H, 16 Hz), 1.7-2.8 (broad, 7 H ), 1.25 (t, 3 H).

Anal. Caled for C20H24N2O4: C, 67.39; H, 6.79; N, 7.86. 
Found: C, 67.44; H, 6.89; N , 7.93.

The yields of 10 and 11 were 66 and 12%, respectively, when 
the reduction was carried out in ethanol containing 5%  acetic 
acid.

2-Indolyl 4-(l-C arbethoxym ethyl)piperidyl K etone (1 3 ).—  
A solution of 10 (0.20 g, 0.56 mmol) in 85% ethanol containing 3 
drops of concentrated HC1 was refluxed for 0.5 hr and then made 
alkaline with 10% sodium hydroxide solution. Most of the 
ethanol was removed using a rotary evaporator and the resulting 
suspension was extracted with chloroform. The chloroform was 
dried and evaporated to give an oil. Trituration with ether 
gave 13 (0.14 g, 80% ): mp 129.5-131° after two recrystalliza
tions from benzene-hexane; » n h  3360, »co 1740, 1645 cm-1 in 
KBr; X ™ El01' 227 (log £ 4.1), 234 (sh, 4.08), 311.5 (4.34); 
nmr peaks (CDCls) at 8 1.25 (3 H, t, /  = 7  Hz), 1.75-2.7 (7 
H, m), 2.85-3.35 (m with prominent s at 2.25, 4 H), 4.15 (q, 
2 H), 7 .0 -7 .8 (m, 6 H).

Anal. Caled for ;CibHhN20 ,:  C, 68.77; H, 7.05; N,
8.91. Found: C, 68.58; H, 7.08; N, 9.11.

2-Indolyl 4-(l-Carbethoxym ethyl)piperidyl K eton e (13) from  
2g via 12.— A solution of 2g (200 mg, 0.6 mmol) and KOH (3.5 
g) in 50 ml of methanol and 15 ml of water was heated under re
flux for 48 hr. The solution was cooled, diluted with water, and 
thoroughly extracted with CHC13. The solvent was evaporated 
from the combined, dried extracts to give 0.16 g of yellowish 
oil. Trituration with anhydrous ether gave 0.13 g (95%) of 
cream colored solid which thin layer chromatograph and 
melting point showed to be slightly impure. Four recrystal
lizations from benzene eventually gave 2-indolyl 4-piperidyl ke
tone (12) as a pale tan solid of constant melting point (163-164°): 
»n h  3345, »co 1640 cm-1 in KBr; nmr peaks (CDC13) at 8 7.0-
7.8 (m, 6 H), 2.5-3.6 (broad m, 6 H).

A solution of 12 (20 mg, 0.88 mmol) in anhydrous benzene (5 
ml) was treated with ethyl bromoacetate (10 /d) and stirred at 
room temperature for 4 hr. Aqueous sodium carbonate was 
added and the mixture was extracted with chloroform. The 
extract was dried and evaporated. The residual oil (22 mg, 80%) 
was identified as 13 by tic. Isolation by preparative layer 
chromatography (250 n, silica gel) and crystallization from ben
zene-hexane gave 13 (20 mg) identified by melting point and ir 
spectrum.

Ar-C arbethoxym ethyl-4- (indol-2-ylcarbonyl )pyridinium Bro
m ide (1 9 ) .— A solution of 2i (3.0 g, 0.0135 mol) and ethyl 
bromoacetate (20 ml) in tetrahydrofuran (50 ml) was refluxed for 
1 hr. The product partially separated as a heavy oil. The 
mother liquor was diluted with ether to precipitate the re
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mainder of the product. Crystallization from ethanol-ether 
gave 19 (4.0 g, 76%): mp 195° dec; rco 1750, 1640 cm-1; 
nmr peaks (DMSO-de) at 5 12.3 (s, 1 H), 9.5 (d, 2 H), 8.6 (d, 
2 H ), 7.9-7.0 (m, 4 H), 6.0 (s, 1 H ), 4.31 (q, 2 H), 3.4 (s, 2 H), 
and 1.32 (t, 3 H).

Anal. Calcd for Ci8H„BrN20 3: C, 55.52; H, 4.37; N, 7.19. 
Found: C, 55.68; H, 4.31; N, 7.10.

A '-C arbethoxym ethyl-4-(l-m ethylindol-2-ylcarbonyl)pyridin- 
ium  Brom ide (20 ).— A solution of 9 (2.4 g, 0.010 mmol) in 
anhydrous tetrahydrofuran (50 ml) was treated with 10 ml of 
ethyl bromoacetate with stirring. The solution was reduxed for 
2 hr, cooled, and diluted with ether. The orange precipitate 
was recrystallized several times from ethanol-ether giving 20 
(3.6 g, 89% ): mp 166.5-167.5° dec; vco 1750, 1640 cm“ 1 2; 
nmr peaks (DMSO-d6) at S 9.48 (d, 2 H), 8.6 (d, 2 H ), 7.0-7.9 
(m, 5 H), 6.0 (s, 2 H), 4.0-4.5 (overlapping q and s, 5 H), 1.30 
(t, 3 H).

Anal. Calcd for Ci9Hi9BrN20 3: C, 56.58; H, 4.71; N, 
6.95. Found: C, 56.33; H, 4.77; N, 6.92.

M a ss  Spectral D a ta .—The principal ions in the mass spectra 
of compounds 2c, 2d, 2g, 2i, 9 , 10, 11, 12, 13, and 17 have been

submitted in tabular form as supplementary data in the micro
film edition of this jouranl.27

R eg istry  N o .— la , 33037-72-8 ; l b ,  33037-73-9 ; 
l e ,  33037-74-0 ; I f ,  33037-75-1 ; lh ,  33037-76 -2 ; 
2 b , 948-65-2 ; 2e , 18132-19-9 ; 2d , 33037-79 -5 ; 2 f, 
24512-42-3 ; 2g , 33037-81-9 ; 3, 33037-82 -0 ; 4, 33037-
83 -1 ; 5, 33037-84-2 ; 6, 33037-85-3 ; 7, 33037-86 -4 ; 8, 
33037-87-5 ; 9 , 25387-27-3 ; 10, 33037-89 -7 ; 11,
33080-10-3 ; 12, 33037-90-0 ; 13, 33037-91 -1 ; 14,
33037-92-2 ; 15, 33037-93-3 ; 17, 33037-94 -4 ; 18,
33037-95-5 ; 1 9 ,33037 -96 -6 ; 20 ,3 3 0 3 7 -9 7 -7 .

(2 7 ) M a a s  s p e c tr a l  d a t a  w ill  a p p e a r  fo l lo w in g  th e s e  p a g e s  in th e  m ic r o f ilm  
e d it io n  o f  th is  v o lu m e  o f  th e  jo u rn a l. S in g le  c o p ie s  m a y  b e  o b t a in e d  f r o m  
t h e  B u s in e s s  O p e ra t io n s  O ffice , B o o k s  a n d  J o u rn a ls  D iv is io n ,  A m e r ic a n  
C h e m ic a l  S o c ie t y ,  1155  S ix te e n th  S t ., N .W . ,  W a s h in g t o n , D .  C . 2 0 0 3 6 , b y  
r e fe r r in g  t o  a u th o r , t i t le  o f  a r t ic le , v o lu m e , a n d  p a g e  n u m b e r . R e m it  
c h e c k  o r  m o n e y  o r d e r  fo r  $ 3 .0 0  f o r  p h o t o c o p y  o r  $ 2 .0 0  fo r  m ic r o f ic h e .

Isocarbostyrils from Monomeric and Dimeric /?-Styryl Isocyanates1,2
G . J. M ikol and J. H . B oyer*

Chemistry Department, University of Illinois, Chicago Circle Campus, Chicago, Illinois 60680

Received August 27, 1971

In an inert solvent at 250°, trans-/3-styry\ isocyanate (3a) and its /3-methyl (3b ) and /9-phenyl (3c) derivatives 
were efficiently isomerized into the corresponding isocarbostyril 4a, 4b , and 4c. In the presence of iodine the re
action proceeded conveniently at the reduced temperature of 140°. Two dimers of /3-styryl isocyanate were 
obtained; one was converted into 4a on heating in refluxing pyridine.

A  form al, b u t  unestablished, in tercon version  b y  
va len ce  isom erization  m ay  b e  recogn ized  fo r  an s-cis- 
isocyan atobu tad ien e-1 ,3  and  a 2 -o x o -2 ,3 -d ih y d rop y ri- 
dine. S hould  ring closure p roceed  instead from  either 
a zw itterion ic or  d irad ica i structure, then  th e  geom et
rica l restriction  on  th e  isocyan ate  disappears. S tyry l

y C H = C R 2
CH

CH

\ = C O

.CHCRj
A  *
I

NCO
* =  ±  or ■

R,

isocyanates w ere selected  for  in vestigation  since ring  
closure from  closely  related  system s was k n ow n 3 and 
th ey  are m ore  read ily  availab le than  structurally  sim 
p ler isocyanatod ienes.

B y  th e  therm al C urtiu s reaction  each frans-cinna- 
m oy l azide (2 ), ob ta in ed  b y  treating frans-cinnam oyl 
ch loride  (1) w ith  sod iu m  azide, gave the correspon d in g  
trans-p-s ty ry l isocyan ate  (3) in  overall y ie ld  ranging

(1 ) F in a n c ia l  a ss is ta n ce  w a s r e c e iv e d  fr o m  N A S A  G r a n t  N o . N G R -  
0 1 2 -1 1 4 .

(2 )  G . J . M ik o l  a n d  J . H . B o y e r ,  A b s tr a c ts ,  1 6 0 th  N a t io n a l  M e e t in g  o f  
th e  A m e r ic a n  C h e m ic a l  S o c ie t y ,  C h ic a g o ,  111., S e p t  197 0 , O R G N  51 .

(3 )  T h e  p re s e n t  in v e s t ig a t io n s  w e re  c o m p le t e d  w h e n  F . E l o y  a n d  A .
D e r y c k e r e  [J. Heterocyd. Chem., 1 19 1  (1 9 7 0 ) ;  Chim. Ther., 4 8  (1 9 7 1 ) ]  
r e p o r t e d  th e  p r e p a r a t io n  p f  p y r id in e ,  is o q u in o lin e , a n d  o th e r  h e t e r o c y c lic  
d e r iv a t iv e s  b y  th e  th e r m a l c y c l i z a t io n  o f  v in y l  is o cy a n a te s  s u b s t itu te d  in  th e  
P p o s it io n  b y  a  v in y l  r a d ic a l. H .  M .  B la t t e r  a n d  H . L u k a sz e w sk i [Tetra
hedron Lett., 8 5 5  (1 9 6 4 ) ]  r e p o r t  a  s im ila r  th e rm a l c y c liz a t io n  fo r  C e H 6 N =  
C (C e H 5 )N C S  a n d  d iscu ss  s im ila r  c y c liz a t io n s  fo r  C6H bN = C ( C 6 H s) N C O  a n d  
fo r  C 6H 6C (C 6 H 5 )= C (C 6 H 6) C H = C = = 0 .

from  m oderate  to  good . T h e  azide cou ld , h ow ever, b e  
con v erted  in to  th e  isocarbostyril w ith ou t iso la tion  o f
3.

CeH5N. CeH5. / R - n2]
YV COC1 I T  CONa

1 2
CeH,

) C=
W

R<
NCO

3

C6H5CH=C(R)NCO -----►
3

a, R =  H; b, R =  CH3; c, R =  C6H5

E a ch  isocyan ate  w as efficiently  isom erized  in  m ineral 
oil or d iph en yl ether at 2 5 0 °. T h e  isom erization  3a -*■ 
4a in  th e  presence o f  iod ine occu rred  in  d ich loroben 
zene at 180° or  in  m -xylene at 140°, b u t  th ere w as n o  
reaction  in  carbon  tetrach loride  at 77 ° and trans-iso- 
cyan ate  w as qu an tita tive ly  re cov ered .4 R e a ctio n  
progress in  o -d ich lorobenzen e w as m on itored  n ot o n ly  b y  
disappearance o f ir absorp tion  at 2260 c m -1  (N C O ), 
b u t also b y  developm en t, fo llow ed  b y  disappearance, 
o f  ir absorp tion  (o -d ich loroben zene solu tion ) at 1740 
c m -1  and  b y  developm en t o f  perm anent ban d s at 
1665 and 1650 c m -1 . T h is  in d ica ted  th a t th e  form a -

(4 ) L . C r o m b ie ,  Quart. Rev., Chem. Soc., 6 , 101 (1 9 5 2 ), r e v ie w s  m e t h o d s  fo r  
g e o m e tr ic a l  is o m e r iz a t io n .
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T able I
P reparation  and Properties of A zides 2 and Isocyanates 3 

C6H5C H = C (X )Z
1, -------2, Z = C O N a“ ------ -------- 3 , Z  = N C O ”--------

F o r m , Z  = CO C 1, Mp, Y ie ld , N m r , Ir , Bp, °C Y ie ld , N m r , Ir,
X Mp, ° C ° C % 5 c m -1 (m m ) % 8 c m “ 1

a,
H

33.5-34 .5 ' 84-86d 72 7.68'
6 .46 '

2143' 44-45»
(0 . 10)

81 6.58* 
6 .3D

2260'

b ,
c h 3

49-50' k 7.61'
2.05“

2140' 57-59"
(0.17)

78 6 .20'
2.05"

2255'

c,
CeHs

Oil5 70-72r 49 7.90' 2150' t 37“ 6.50' 2250*

“ Each azide was prepared from the corresponding acyl chloride, assumed to be trans, and sodium azide according to a general pro
cedure described by P. A. S. Smith, in “ Organic Reactions,”  Vol. I ll , R. Adams, Ed., Wiley, New York, N. Y., 1946, p 373, but with 
acetonitrile as solvent. b Each isocyanate was prepared by heating the corresponding acyl azide in refluxing benzene according to a 
general procedure described by M. O. Forster,./. Chem. Soc., 433 (1909), with the added precaution of purging with nitrogen before and 
during pyrolysis. '  As obtained from Distillation Products, Rochester, N. Y. * L. W. Jones and J. P. Mason, J. Amer. Chem. Soc., 
49, 2523 (1927), reported mp 86°. '  Trans vinyl protons with / „ b =  16 Hz. '  Azido group. 5 M. O. Forster (ref 6) reported bp 107°
(12 mm). h Trans vinyl protons with J ab =  15 Hz. *' Isocyanate group. > J. A. Moore, J. Org. Chem., 20, 1607 (1955), reported mp 
49-50°. In the present work the preparation followed a general procedure reported by H. E. Zimmerman, L. Singer, and B ,S. Thyagara- 
jan, J. Amer. Chem. Soc., 81, 108 (1959). k The preparation was carried out below 10°. A quantitative yield of impure product which 
solidified at 0° and melted with decomposition at room temperature could not be purified for analysis. On a silica gel column there was 
appreciable decomposition, but about 50% of the azide was eluted with hexane-benzene (4:1). 1 Vinyl proton quartet, J ac =  1.5 Hz.
“ Methyl protons as a doublet, ,/,lc =  1.5 Hz. n Mp 27-28°. Anal. Calcd for C10H9NO: C, 75.45; H, 5.70; N, 8.80. Found: 
C, 75.36; H, 5.82; N, 8.76. 0 Vinyl proton quartet, J ac =  1.2 Hz. p Methyl protons as a doublet, ,/ac =  1.2 IIz. 5 R. Riemschneider 
and H. Kampfer, Monatsh. Chem., 90, 518 (1959), reported mp 47-48°. The preparation here followed a general procedure (see ref j). 
'T h e  preparation was carried out below 10°. The product was obtained initially as an oil which solidified on cooling. Apparently 
heat of crystallization was sufficient to cause nitrogen evolution. It melted with decomposition. It was not purified for analysis. 
Trituration with hexane removed isocyanate and other impurities. * Vinyl proton singlet. ‘ The isocyanate undergoes ring closure 
on heating. " Eluted with benzene-hexane (3:2) from a silica gel column containing crude product.

tion  o f  4a m ight be  p roceed in g  from  either an isocya 
nate m on om er 3a or one o f  its  d im ers 5a.

A  solid  d im er 5a, m p 1 6 7 -1 6 8 °, ir  1725 and 1650 
c m -1  (ch loro form  so lu tion ), w as isola ted  from  a reac
tion  carried  ou t in  a m ixture o f  m -xylene and carbon  
tetrach loride  (1 5 :1 )  con ta in in g  a  trace o f  iod ine. A b 
sence o f  absorp tion  near 2260 c m -1  (N C O ) requ ired  
the d im erization  to  consum e isocyan ato  groups. I t  
was con verted  in to  4a b y  heating in d iph en yl ether or 
in  pyrid ine. R eflu x in g  3a in  a m ixture o f  benzene and 
pyrid in e d id  n o t con v ert th e  isocyan ate  to  4a; another 
d im er 5a', m p 2 2 9 -2 3 0 ° , w as th e  on ly  p rod u ct isolated.

W h eth er or n ot th e  separate con version s o f  an iso
cyan ate and  its d im er in to  an isocarbostyril are un
related or proceed  from  a com m on  interm ediate has n ot 
been  determ ined. In  either even t the ring closure re
qu ired  for  isocarbostyril form a tion  cou ld  b e  available 
either from  a zw itterion ic or d irad ica l in term ediate or 
from  a cis olefin  b y  va len ce  isom erization . T h e  present 
data  tends to  d isa llow  a con certed  valen ce isom eriza
tion , since cy cliza tion  is su b ject to  catalysis.

Experimental Section
Instrumental data were obtained from a Beckman IR-10 

and/or a Perkin-Elmer Model 521 infrared spectrometer, a Varian 
A-60A nmr spectrometer, and a Perkin-Elmer Model 270 mass 
spectrometer except where noted. Melting points were de
termined with a Thomas-Hoover capillary apparatus. Both melt
ing points and boiling points are uncorrected. Elemental analyses 
were obtained from Microtech Laboratories, Skokie, 111. The 
preparation of styryl isocyanates is described in Table I.

Thermal Reactions of /3-Styryl Isocyanates 3.— A solution of 
725 mg (5 mmol) of trans-fj-styryl isocyanate (3a) in 4 ml of 
mineral oil (Fisher Scientific Company No. 13639) was heated at 
240-250° for 4 hr. Isocarbostyril (4a) was isolated by pre
cipitation on cooling and by dilution with hexane. The solid 
product, 688 mg, 95%, after trituration with hexane, recrystal
lized from ethanol as tan needles, mp 205-207°, ir (CHCL) 3440 
(NH), 1660 (C = 0 ) ,  and 1640 cm“ 1 (C = C ). A mixture melting 
point with an authentic sample showed no depression and the ir 
spectrum was superimposable on the spectrum obtained from

authentic material. Isocarbostyril (4a) was obtained in 70% 
yield from a similar treatment of 3a in refluxing diphenyl ether, 
bp 250°, for 2.5 hr.

In a similar way in mineral oil at 240-250°, 3-methylisocarbo- 
styril (4b), 80% yield, mp 208-210°, ir (CHCh) 3420 (NH),1660 
(C = 0 ) ,  and 1650-1670 cm-1 (C = C ), was obtained from trans- 
d-(/3-methyl)styryl isocyanate (3b), and 3-phenylisocarbostyril 
(4c), 75% yield, mp 197-198°, ir (CHCh) 3420 (NH), 1660 
(C = 0 ) ,  and 1645 cm-1 (C = C ), was obtained from trans-0-((S- 
phenyl)styryl isocyanate (3c), prepared in situ by heating 
a-phenylcinnamoyl azide (2c) in mineral oil at 80°.

/3-Sty ryl isocyanate (3a) was prepared in situ by heating cin- 
namoyl azide (2a), 1.2 g (6.94 mmol) in refluxing carbon tetra
chloride for 4 hr (or until ir monitoring showed disappearance of 
absorption for the azido group). Continued heating for 24 hr 
at the reflux temperature after adding a few flakes of iodine pro
duced no change in the trans isocyanate. After replacing the 
solvent with wi-xylene to which a flake of iodine was added, heat
ing at the reflux temperature, 139°, for 166 hr brought about 
slow development of an absorption peak at 1740 cm-1 (C = 0 ) .  
Removal of solvent left a solid residue from which a small 
amount of colorless needles, mp 167-168° after recrystallization 
from acetonitrile, was obtained: ir (CHCI3) 3300-2800, 1725 
(C = 0 ) ,  1650, 1640, 1628 (C = C ), and 1410 cm “ 1; nmr (CDC13) 
S 6 .0-7.0 (C6H5), 5.77 and 7.30 (doublets, J»b =  8 Hz), and 
5.52 and 6.78 (doublets, Jab =  15 Hz). It appears to be a dimer 
(5a) of /3-styryl isocyanate. Anal. Calcd for (CglRNOh: C,
74.46; H, 4.86; N, 9.64; mol wt, 290.4. Found: C, 74.51; 
H, 4.91; N, 9.47; mol wt (osmometric), 262.

A similar treatment of trans-[3-styryl isocyanate (3a) in re
fluxing o-dichlorobenzene, bp 179°, to which a flake of iodine 
was added brought about disappearance of absorption at 2260 
cm -1 while a new carbonyl band initially developed at 1740 
cm -1 (solvent was o-dichlorobenzene), but after 4 hr began to 
disappear as a band at 1665 cm-1 developed. Isocarbostyril 
(4a), mp 204-207°, was isolated in 90% yield. The solid dimer 
5a, mp 167-168°, ir 1725 cm-1 (CHC13), was also transformed 
into isocarbostyril in 34% yield on heating in refluxing diphenyl 
ether for 15 min, the time required for disappearance of the 1725- 
cm“ 1 absorption band and development of absorption at 1660 
cm-1.

A different dimer (5a ') of /3-styryl isocyanate was obtained. 
After generating the isocyanate in situ by heating 2.4 g (13.9 
mmol) of cinnamoyl azide in 25 ml of refluxing benzene for 4 hr, 
0.7 ml of pyridine was added and the solution was heated at 
reflux for 190 hr. On standing at room temperature for 7 days
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a granular solid, 0.62 g, 38.7%, separated. Recrysiallization 
from a mixture of ethyl acetate and acetonitrile gave colorless 
needles: mp 229-230°; ir (CHC1,) 3030, 1705 (C = 0 ) ,  1430 
and 960 cm-1 ; nmr (CH3COCH3) S 7.2-7.8. Anal. Calcd for 
(C9H,NO)2: C, 74.46; H, 4.86; mol wt, 290.4. Found: C, 
74.25; H, 4.91; mol wt, 325 (osmometric).

In contrast the dimer 5a, mp 167-168°, on heating in pyridine 
for 1 hr was transformed into isocarbostyril; its ir (pyridine)

absorption was identical with a spectrum for authentic material 
in pyridine.

Registry N o.-2a , 33066-17-0 ; 2b, 33066-18 -1 ;
2c, 32528-95-3 ; 3a, 33066-20-5 ; 3b, 33066-21-6 ; 3c, 
33066-22-7 ; 4a, 491-30-5 ; 4b, 7114-80-9 ; 4c, 7115-
13-1; 5a, 33041-36-0.

The Reaction of Acyl Cyanides with Grignard Reagents
R i c h a r d  F . B o r c h , * la S t e p h e n  R . L e v i t a n ,113 a n d  F r e d e r i c  A . V a n - C a t l e d g e

Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 56455

Received July 22, 1971

The reaction of benzoyl cyanide (1 ) with Grignard reagents occurs via addition to the carbonyl group to give 
the corresponding phenyl ketones 2 in good yield. Acetyl cyanide (3), however, reacts with aliphatic Grignard 
reagents predominantly by reduction of the carbonyl group and subsequent acylation by 3 to give cyano ester 5. 
Carbonyl cyanide (6) is attacked by isopropylmagnesium bromide at carbonyl to give isobutyryl cyanide, which 
is further reduced and acylated to give isobutyraldéhyde cyanohydrin and its isobutyl ester. Finally, 6 reacts 
with phenylmagnesium bromide by attack at both the carbonyl and cyano groups to give benzil, benzophenone, 
and minor amounts of benzonitrile and benzoyl cyanide. These variations in reaction selectivity are discussed in 
light of the mechanisms postulated, and INDO calculations of electron density and infrared stretching frequencies 
are brought to bear on the reactivity of these compounds.

Part A

T h e  reaction  o f G rign ard  reagents w ith  carboxy lic  
acid  derivatives has been  exten sively  in v estig a ted ;1 2 
one apparent excep tion  to  th is is th e  a cy l cyan ide 
deriva tive . Som e tim e ago w e began  an in vestigation  
o f a cy l cyan ide  and  ca rb on y l cyan ide  reactions w ith  
G rignard  reagents in  order to  answ er th e  fo llow in g  
questions. (1) W o u ld  these com pou n ds react as 
“ d ea ctiva ted ”  acid  ch lorides; i.e., w ou ld  the cyan o 
grou p  a ct exclu sive ly  as a ca rb on y l a ctiva tin g  group, 
or  w ou ld  it  com p ete  w ith  the organ om eta llic  reagent? 
(2) W o u ld  th e  in term ediate  cya n oh yd rin  m agnesium  
salt (I  or  I V  in eq  1 or 2) h ave sufficient stab ility  to  
b lo ck  fu rth er a dd ition  to  the ca rb on y l group , thus 
p erm ittin g  the synthesis o f  keton es, or w ou ld  it  co m 
pete  w ith  the ca rb on y l grou p  in reaction  w ith  the 
organ om eta llic  reagen t? (3) C ou ld  sequential a dd ition  
to  ca rb on y l cyan ide  be  con tro lled  to  perm it synthesis o f 
u nsym m etrica l k e ton es?3 T h e  answers to  these ques
tions con stitu te  th e  su b je ct o f  this tw o -p a rt paper.

W e  began  b y  in vestigatin g  the reactions o f  b en zoy l 
cyan ide  (1) and a ce ty l cyan ide (3) to  determ ine the 
se lect iv ity  o f  ca rb on y l add ition . R e a ctio n  o f  1 w ith  a 
v a rie ty  o f  G rignard  reagents p roceed ed  as ex p ected ; 
th e  correspon d in g  p h en yl k eton es 2a-c w ere obta in ed  
in  6 5 -8 4 %  y ie ld  w h en  1 w as treated  w ith  1 eq u iv  o f  the 
organom agnesium  com p ou n d  in  ether at — 4 0 °. G as 
ch rom atograph ic  analyses o f  the crude prod u cts show ed  
< 5 %  o f the tertia ry  a lcoh ol and n o  trace  o f  p rod u ct 
d erived  from  a d d ition  to  the cya n o  grou p  o f 1. S im 
ilarly , reaction  o f 3 w ith  phenylm agnesium  brom id e  at 
— 70° resu lted  in a 7 0 %  y ie ld  o f  2a. W h en  3 w as 
a llow ed  to  react w ith  isopropy l-, n -am yl-, or cy c lo -

(1 ) (a )  A l fr e d  P . S lo a n  F o u n d a t io n  F e l lo w ;  (b )  t a k e n  in  p a r t  fr o m  t h e  
P h .D .  th e s is  o f  S . R .  L . ,  U n iv e r s it y  o f  M in n e s o t a ,  1971 .

(2 )  M .  S . K h a r a s c h  a n d  O . R e in m u t h , “ G r ig n a r d  R e a c t io n s  o f  N o n -  
M e t a l l i c  S u b s ta n c e s ,”  P r e n t ic e -H a l l ,  N e w  Y o r k ,  N .  Y . ,  1954 , p p  7 0 9 -  
72 4 .

(3 )  D u r in g  th e  co u rs e  o f  th is  w o rk  a n  e x c e lle n t  g e n e ra l m e t h o d  f o r  u n 
s y m m e tr ic a l  k e t o n e  sy n th e s is  w a s  r e p o r t e d ;  f o r  a  r e v ie w  se e  D .  S e e b a ch , 
Synthesis, 1 , 17 (1 9 6 9 ) .

h exylm agnesium  brom ide, h ow ever, a  n ew  p rod u ct 
5 w as iso la ted  in  5 8 -7 7 %  y ie ld  in a d d ition  to  m inor 
am ounts o f  th e  expected  k eton e . T h e  structure o f  5 
w as con firm ed  b y  nm r and b y  synthesis o f  an  au th entic 
sam ple ; its m ode o f  form ation  is postu la ted  in  e q  1 
(R  =  R '  =  C H 3). I t  is apparent th at, in  th e  case o f  
3, red u ction  o f the carbon y l grou p  via h ydride  transfer 
predom in ates over add ition . T h ere  w as n o  ev iden ce  
o f  a dd ition  or red u ction  at the cyan o grou p  o f  3.

R e a ctio n  o f  ca rb on y l cyan ide 6 w ith  G rign ard  
reagents also occu rred  b y  d istin ct pa th w ays depend ing  
on  the nature o f  the organom agnesium  reagent. I t  
sh ou ld  o f course be  n oted  th at p rod u cts  resu lting  from  
red u ction  o f 6 w ou ld  be  su fficiently  v o la tile  to  escape 
detection  under the reaction  cond itions. W h en  6 w as 
treated  w ith  1 equ iv  o f  isopropylm agnesiu m  brom id e  
in  eth er a t — 7 0 °, 7 and  8 w ere isola ted  in  51 an d  2 1 %  
yield , respective ly . T h e  in itia l step  in  b o th  cases 
in v o lv es  a dd ition  at ca rb on y l an d  su bsequ ent elim i
n a tion  o f  cyan id e  to  g ive  isobutyT yl cyan id e  I I  as an 
in term ediate . R e d u ctio n  o f I I  as in  th e  case o f  3 
fo llow ed  b y  trapp in g  o f the cyan oh yd rin  m agnesium  
salt I  b y  6 or  I I  leads to  the cya n oh yd rin  esters (for  
R '  =  C N , e q  2, the cyan oform ate  h ydrolyses in  w a ter  
to  g ive  th e  cya n oh yd rin  7).

W h en  6  w as treated  w ith  phenylm agnesium  b rom id e  
in e th er at — 7 0 °, h ow ever, fou r  identifiab le p rod u cts  
w ere ob ta in ed  as a resu lt o f  add ition  at both th e  ca rb on y l 
and  cya n o  grou ps: ben zil (9 ), 4 9 % ; b en zoph en on e
(10 ), 1 9 % ; ben zon itrile  (11 ), 8 % ;  an d  b en zoy l 
cyan ide  (12 ), 5 % . T h e  form ation  o f these p rod u cts  is 
postu la ted  in  eq  2 ; a dd ition  to  the cya n o  grou p  p re
dom inates ov e r  a dd ition  to  ca rb on y l in  6 b y  2 .4  to  1. 
W e  h ave p ostu lated  th e  form ation  o f 11 as occu rrin g  
via in term ediate I I I  ra th er than  IV a  on  th e  basis o f  
th e  fa ct  th a t IV b  rap id ly  elim inates cyan id e  to  g ive
11 (and  u ltim ately  7 and  8 ) under th e  rea ction  con 
ditions. T h u s, IV a  w ou ld  be  exp ected  to  collapse to
12 b e fore  a dd ition  o f a secon d  p h en y l grou p  cou ld  
occu r. W h en  phenyllith iu m  w as used  as th e  organ o
m etallic reagent, 11 w as the on ly  d etectab le  p rod u ct,
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isolated  in  7 3 %  yield . P resu m ab ly  the m ore ion ic 
n itrogen -lith iu m  b o n d  in  I I I  p rom otes  m ore rapid  
collapse to  11.

Part B

Experimental Section
Infrared (ir) spectra were measured on a Unicam SP-200 or a 

Perkin-Elmer 257 spectrophotometer. Nuclear magnetic res
onance (nmr) spectra were obtained on Varian T-60 and A-60D 
instruments and are given in parts per million (S) downfield 
from tetramethylsilane as an internal standard. Mass spectra 
were determined at 70 eV on a Hitachi RM U-6 instrument. 
Gas chromatographic (glpc) analyses were carried out on a 
Varian A90-P gas chromatograph using 0.25 in. X 10 ft columns 
with Chromosorb W as support. Microanalyses were deter

mined by the Microanalytical Laboratory, University of Min
nesota.

Benzoyl cyanide (1) was prepared by the method of Oakwood 
and Weisgerber4 in 76% yield, mp 28-30°.

Reaction of Acyl Cyanides with Grignard R eagents. General 
P rocedure.— A 50-ml three-neck flask was fitted with an air
tight mechanical stirrer and pressure-equalizing funnel and placed 
under an atmosphere of nitrogen. A solution of the acyl cyanide 
in 25 ml of anhydrous ether was added to the flask, and the 
resulting solution was cooled to the specified temperature. An 
equimolar quantity of the Grignard solution in ether was added 
dropwise over 1 hr; stirring was continued for the specified 
time. The mixture was removed from the cooling bath and 
poured into 200 ml of saturated aqueous ammonium chloride. 
The ether layer was separated, and the aqueous solution was 
extracted with three 25-ml portions of ether. The combined 
extracts were washed with water and dried (MgSO(), and the 
solvent was removed by fractionation.

Grignard Reaction of 1. A . M ethylm agnesium  Iod id e.—  
Benzoyl cyanide (0.66 g, 5.0 mmol) was treated with 3.7 ml (5.0 
mmol) of 1.36 M  methylmagnesium iodide at —40° for 8 hr. 
Work-up afforded 0.53 g of an oil which was 82% acetophenone 
(2a) (73% yield) and 18% unreacted 1 by glpc analysis.

B . Isopropylm agnesium  B rom ide.— A solution of 5.0 m l (5.0 
mmol) of 1.0 M  isopropylmagnesium bromide was added to 0.66 
g (5.0 mmol) of benzoyl cyanide at —40° and stirred for 8 hr. 
Work-up afforded 0.64 g of an oil which was 98% isobutro- 
phenone (2b) by glpc analysis (84% yield). A collected sample 
was identified by comparison of ir and nmr spectra with those 
of an authentic sample.

C . Phenylm agnesium  B rom ide.— Benzoyl cyanide (1.00 g,
7.6 mmol) was treated with 9.7 ml (7.6 mmol) of 0.79 M  phenyl
magnesium bromide for 2 hr at — 40°. Work-up afforded 1.31 g 
of crude product. A 1.23-g sample of this product was chro
matographed on silica gel (30 g). Elution with 2:3 benzene- 
petroleum ether (bp 30-60°) gave 0.85 g (66% ) of benzophenone 
(2c), 2,4-DNP mp 236-238°. Elution with 1:19 chloroform- 
benzene gave 0.06 g (3% ) of triphenylcarbinol, identified by ir 
and tic comparison with an authentic sample.

Grignard Reaction of 3 . A . Phenylm agnesium  B rom ide.—  
Acetyl cyanide5 (3) (0.98 g, 14.1 mmol) was treated with 13.0 
ml (14.1 mmol) of 1.08 M  phenylmagnesium bromide for 1.5 
hr at —70°. Work-up afforded 1.43 g of yellow oil which was 
showm by glpc analysis to contain 83% acetophenone (2a) (70% 
yield), 2,4-DNP mp 246-248°.

B . 7i-Am ylm agnesium  brom ide is representative of the “ re
ducing”  Grignard reagents. Acetyl cyanide (0.49 g, 7.1 mmol) 
was allowed to react with 8.3 ml (7.1 mmol) of 0.85 M  n-amyl- 
magnesium bromide for 5 hr at —70°. Work-up afforded 0.63 
g of an oil which was shown to be 22%  2-heptanone (4a) and 
49% a-cyanoethyl acetate (5) by glpc analysis. A collected 
sample of 5 was identified by ir and nmr comparison with an 
authentic sample prepared as described below: ir (CC14) 1760
cm "1; nmr (CC1<) 5 1.59 (d, 3, /  =  7 Hz), 2.10 (s, 3), 5.32 
(q, l ,  J  =  7 Hz). Yields of 2-heptanone and 5 based on acetyl 
cyanide were 22 and 77%, respectively.

a-C yanoethyl Acetate (5 ) .— To a mixture of 5.6 ml (0.10 
mol) of a 20%  aqueous solution of acetaldehyde and 10.2 g (0.10 
mol) of acetic anhydride at 5° was added over 10 min with stirring 
a solution of sodium cyanide (4.90 g, 0.10 mol) in 25 ml of water. 
Stirring was continued for 30 min at 10-20°, and the reaction 
mixture was then extracted with three 25-ml portions of ether. 
The combined extracts were washed with aqueous sodium bi
carbonate, dried (MgSO,), and evaporated in vacuo to give 5.77 g 
of crude product. Distillation afforded one major fraction (3.8 
g): bp 166-170°; ir (CC14) 1760 cm “ 1; nmr (CC14) 1.61 (d, 
3, J  = 7 Hz), 2.10 (s, 3), 5.33 (q, 1, J  =  7 Hz). An analytical 
sample was prepared by preparative glpc. Anal. Calcd for 
C5H7N 0 2: C, 53.05; H, 6.23; N, 12.39. Found: C, 52.78; 
H, 6.15; N, 12.41.

Carbonyl cyanide (6 ) was prepared in 80% yield from tetra- 
cvanoethylene oxide according to the procedure of Linn, Web
ster, and Benson,6 bp 64-66° (lit. bp 65-66°).
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(4 ) T .  S . O a k w o o d  a n d  C . A . W e isg e rb e r , “ O rg a n ic  S y n th e s e s , ’ ’ C o l le c t  
V o l .  I l l ,  W ile y ,  N e w  Y o r k ,  N . Y . ,  p  112 .

(5 ) A v a ila b le  as p y r u v o n it r ile  fr o m  A ld r ic h  C h e m ic a l  C o . ,  M ilw a u k e e , 
W is .

(6 ) W .  L in n , O . W . W e b s te r , a n d  R .  B e n s o n , J. Amer. Chem. Soc., 87, 
3651 (1 9 6 5 ).
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Reactions of Carbonyl Cyanide. A. Isopropylmagnesium 
Bromide.— Carbonyl cyanide (1.74 g, 21.8 mmol) was treated 
with 25.6 ml (21.8 mmol) of 0.85 M  isopropylmagnesium bro
mide for 4 hr at —70°. Work-up afforded 1.23 g of dark oil, 
which was shown by glpc analysis to contain 45%  a-hydroxyiso- 
valeronitrile (7) [ir (CC1<) 3620 cm-1; nmr (CCh) 5 1.09 (d, 6 ), 
1.96 (m, 1), 3.61 (s, 1), and 4.20 (d, 1); mass spectrum m/e 
(rel intensity) 72 (11), 43 (32), 27 (37)] and 32% a-cyanoiso- 
butyl isobutyrate (8) [ir (CC14) 1760 cm-1; nmr (CCh) i  1.06 
(m, 12), 2.16 (m, 2), 5.14 (d, 1)].

Anal. Calcd for C9H15NO2: C, 63.98; H, 8.95. Found: 
C, 63.95; H .9.20.

Yields of 7 and 8 based on isopropylmagnesium bromide were 
51 and 21%  respectively.

B. Phenylmagnesium Bromide.— Carbonyl cyanide (0.54 
g, 6.8 mmol) was treated with 6.3 ml (6.8 mmol) of 1.08 M  
phenylmagnesium bromide for 4 hr at — 70°. Following work-up 
with 1 N  hydrochloric acid, removal of ether gave 0.66 g of yellow 
oil which contained (glpc) benzil (9), 49% ; benzophenone (10), 
19%; benzonitrile (11), 8% ; and benzoyl cyanide (12), 5% . 
Collected samples were identified by comparison of their ir spec
tra and glpc retention times with those of authentic samples.

C. Phenyllithium.— Carbonyl cyanide (0.75 g, 9.3 mmol) 
was allowed to react with 9.0 ml (9.3 mmol) of 1.04 M  phenyl
lithium in ether for 3 hr at —70°. Work-up afforded 0.99 g of 
oil which contained 69% benzonitrile by glpc analysis. Benzil 
and benzophenone were completely absent from the reaction 
mixture (glpc). The yield of benzonitrile was 73% based on 
carbonyl cyanide.

D iscu ssion

In frared  S pectra  and  E lectron  D en sity  C a lcu lations.—
In  order to  gain  insight in to  the deta iled  stru ctu re o f  
the acy l cyan ides and thus explain  the apparent in 
consistencies in the results, w e ca lcu lated  electron  
densities on  1, 3, and  6 via S C F  ca lcu lation s in  IN D O  
approx im ation .7 T hese  results togeth er  w ith  the 
correspon d in g  infrared stretch ing  frequ en cies are re
p orted  in  T a b le  I. T h e  m ost surprising result w as the

T a b l e  I

I n f r a r e d  A b s o r p t i o n  F r e q u e n c i e s  a n d  INDO II E l e c t r o n  

D e n s i t y  C a l c u l a t i o n s  f o r  t h e  C = 0  a n d  C = N  
G r o u p s  i n  A c y l  C y a n i d e s

C-0 C =  N■'rn.ix , ■'max ,
C o m p d  c m -1  c m ' i  qf~° q°~°  |9 o ic | q°mN

PhCOCN 1680 2225 +0 .297  -0 .3 0 7  0.091 +0 .059
CH3COCN 1730 2220 + 0 .36 6  -0 .3 3 1  0.121 +0 .049
NCCOCN 1710 2240 + 0 .32 6  -0 .2 4 3  0.079 + 0 .07 0

sequence observed  for  the ca rb on y l stretch ing  fre
quencies. F or  th e  series b en zoy l ch lo r id e -a ce ty l 
ch lor ide -p h osgen e  ( ¡ w °  1773, 1790, and 1810 c m -1 , 
resp ectiv e ly ), the ca rb on y l stretch ing freq u en cy  in 
creases as a result o f  the progressively  greater e lectron - 
w ith draw ing e ffect in goin g  from  m eth y l to  ph en y l to  
chlorine in increasing the force  con stan t fo r  th e  C = 0  
b on d . B ased  on  b o th  th e  <rm va lues fo r  - C l  an d  - C N 8a 
and on  the pK  va lu es fo r  ch loro - and  cya n oa cetic  
acids,8b one w ou ld  ex p ect th e  sam e order fo r  th e  acy l 
cyan ide  C = 0  frequencies. H ow ever, carbon y l cyan ide 
is in term ediate  betw een  a ce ty l cyan ide and b en zoy l 
cyan ide . T h e  IN D O  results are in  agreem ent w ith  this 
result, the partia l charge on  th e  carbon y l carbon  o f  6 
fa lling  betw een  th at o f  1 an d  3. S im ilarly, the nitrile 
stretch ing  frequencies correlate w ith  the partia l charge

(7 ) J . A .  P o p le  a n d  D .  L . B e v e r id g e ,  (a ) J. Chem. Phys., 47, 158  (1 9 6 7 ) ;  
(b )  " A p p r o x im a t e  M o le c u la r  O rb ita l  T h e o r y , ”  M c G r a w -H i ll ,  N e w  Y o r k ,  
N . Y . ,  197 0 , C h a p t e r  3.

(8 ) (a ) E .  S . G o u ld ,  " M e c h a n is m  a n d  S tru c tu re  in  O rg a n ic  C h e m is t r y ,”  
H o lt , R in e h a r t , a n d  W in s to n , N e w  Y o r k ,  N . Y . ,  1959 , p  2 2 1 ; (b )  p  2 01 .

on  the nitrile carbon , th e  ord er be in g  6 >  I >  3. I t  is 
in teresting to  note  th at th e  in frared  and IN D O  results 
are in  excellent qu alitative agreem ent and  su p p ort the 
th eory  th at e lectrostatic  in teraction s m ake a m a jor  
con tr ib u tion  in  determ in ing b o n d  strength  fo r  tw o - 
e lectron  (as apposed  to  on e -e lectron ) b o n d s .9

T h u s th e  electron ic ch aracter o f  th e  th ree a cy l 
cyan ides can  be  sum m arized as fo llow s (s, m , w  =

0

— CN 
(w) (m)

1

O

CH3— C— CN 
(s) (w)
3

0aNC— C— CN
(m) (s) 
6

strong, m edium , and w eak ly  e lectrop ositiv e ). D e -  
loca lization  o f  th e  carbon y l charge is clearly  responsib le  
fo r  th e  e lectron  d istribution  in  1. In  th e  case o f  
a ce ty l cyan ide , the in du ctive  e ffect o f  the cy a n o  grou p  
creates a sizable electron  deficien cy  at th e  cen tra l 
ca rb on ; the charge at the cyan o carbon  is p resu m ably  
m in im ized  as a result o f  charge repulsion . O ne m ight 
an ticipate th at the presence o f  tw o cy a n o  grou ps b on d ed  
to  ca rb on y l w ou ld  increase this e ffect, as occu rs fo r  the 
a cy l ch lorides. Such an e lectron  d istribu tion  w ou ld  
h ave a large repulsion  energy, h ow ever, arising from  
three a d ja cen t e lectropositive  ca rb on  atom s. T h u s  6 
ach ieves a m ore stable con figuration  b y  len gth en in g  the 
C = 0  b on d  (relative to  C O C L ) and  sh orten in g  the 
C = N  b o n d  (relative to  3 ).

A dd ition  vs. R ed u ction .— H a vin g  in  h and  a qua lita 
t iv e  p ictu re  o f  the electron  d istribu tion  in  1, 3, and 
6, w e can  attem p t to  correlate th is d a ta  w ith  the 
experim ental results. I t  has been  estab lish ed 10 th at 
ca rb on y l group  redu ction  b y  G rign ard  reagents is 
enhanced  b y  th e  presence o f  stron g  e lectron -w ith - 
draw ing groups proxim ate to  the ca rb o n y l carbon , 
i.e., is enhanced  b y  increased b o n d  po lariza tion  {qcq0 in  
T a b le  I )  in  th e  ca rb on y l group . F or  exam ple, acet
a ldeh yde reacts w ith  isopropy lm agnesiu m  brom id e  
exclu sive ly  b y  addition , b u t tr iflu oroaceta ld eh yde 
reacts b y  redu ction  to  g ive  triflu oroeth an ol in  8 7 %  
y ie ld .10 T h u s our results con cern in g  ad d ition  vs. 
red u ction  are consistent w ith  th e  spectra l and ca l
cu lated  data. B en zoy l and carbon y l cyan ides, w ith  
their re la tive ly  stabilized  carbon y l groups, u ndergo  
add ition  exclu sive ly ; a ce ty l and  isob u ty ry l cyan ides, 
h ow ever, react p redom in an tly  b y  redu ction . W e  d o  
n ot com p lete ly  understand the reason fo r  this corre
lation  betw een  carbon y l group  p olarization  an d  re
du ction . A  possible exp lanation  lies in th e  fa ct  th a t 
the com plexin g  o f an organom agnesium  reagent w ill be

I
,,'M g  /

O V r  
II / \

‘ c i T  /  
/ c \
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A i +
OMgBr \ /
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/ |X H A
(9 ) R .  F e rre ira , J. Phys. Chem., 75 , 3 0 1 2  (1 9 7 1 ).
(1 0 ) E . T .  M c B e e ,  O . R .  P ie r c e , a n d  J . F .  H ig g in s , J. Amer. Chem. Soc., 
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m uch stronger in  the case o f  a h igh ly  polarized  car
b on y l group , an d  thus the m agn esiu m -carbon  b o n d  w ill 
be substantially  w eakened . T h is  in turn  w ou ld  assist 
in the h ydride transfer from  the /3 carbon  due to  the 
increase in e lectron  den sity  on  the ca rb on  b on d ed  to  
m agnesium .

Addition at C = 0  vs. C = N .— A d d itio n  o f organ o- 
m agnesium  reagents occu rs exclusively  at carbon y l in  
b o th  the a roy l and  a cy l cyan id e  system s. T h e  nitrile 
fu n ction s on ly  as an a ctiva tin g  grou p  and does n o t 
com p ete  in  electrophilic  addition . S im ilarly, carbon y l 
cyan ide suffers in itia l attack  b y  isopropylm agnesiu m  
brom ide  exclusively  at th e  ca rb on y l group . In  con 
trast, how ever, phenylm agnesium  brom ide  attacks 
predom in an tly  (and  ph enyllith iu m  exclu sively ) at the 
cya n o  group . T h ese  results can  b e  explained  as 
follow s. T h e  ca rb on y l grou p  is u n d ou b ted ly  the m ore 
electroph ilic  site in 6, and  in the absence o f  oth er 
factors add ition  occu rs at this site. T h e  gen eration  o f 
in term ediate IV b  (see eq  2) also rem oves the charge 
repulsion  in teraction s present in  6. In  the case o f

ph enyl G rignard  add ition , h ow ever, the stabilization  o f 
in term ediate I I I  renders a dd ition  at the cya n o  group 
com p etitive  w ith  a dd ition  a t ca rbon y l, and  b oth  
p rod u cts  are form ed. T h is  ty p e  o f  stab iliza tion  w ou ld  
be  exp ected  to  be  m ore im p ortan t in  the case o f  the 
m ore ion ic  lith ium  in term ediate ( I I I  w here M g B r  is 
rep laced  b y  L i), and hence add ition  at the cyan o 
group  occu rs exclusively .

I t  is apparent th at these explanations do n o t prov ide  
com plete  su pport for  th e  results described ; other 
fa ctors  m ust be  operating  in  th e  transition  state 
com plexes. I t  is in teresting to  n ote , h ow ever, th at a 
consistent pattern  em erges w ith  spectral, experim ental, 
and  ca lcu lated  data  in agreem ent to  su pport w h at w e 
consider a prio ri t o  be  surprising results.

Registry No.—1, 613-90-1 ; 2a 2 ,4 -D N P , 1677-87-8; 
2c 2 ,4 -D N P , 1733-62-6; 3 , 631-57-2 ; 5 , 15657-96-2; 
6 , 1115-12-4; 7, 15344-34-0; 8 , 32861-42-0 ; m ethy l- 
m agnesium  ch loride, 676-58-4 ; isopropylm agnesiu m  
brom ide, 920-39-8.
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A series of 1,1'-oligomeric ferrocenes, including biferrocene, l,l'-terferroeene, l,l'-quaterferrocene, l,l'-quin- 
queferrocene, and l , l ’-sexiferrocene, have been formed from a mixed Ullmann reaction between a haloferrocene 
and l,l'-diiodoferroeene. Conditions were varied as to the haloferrocene, the ratio of haloferrocene to 1,l'-di- 
iodoferrocene, and the type of copper used in order to ascertain the maximum yields of each oligomer. Mass 
spectra of all the l,l'-oligomeric ferrocenes have been obtained.

C onsiderable in terest has been  focu sed  recen tly  on  
the therm al and co n d u ct iv ity  properties o f  oligom eric 
ferrocen es ;1-4 y e t  th e  ch em istry  o f  ferrocene oligom ers 
larger th an  b iferrocen e is v irtu a lly  unknow n. In  the 
last 11 years, b iferrocene (1) has been  synthesized  in 
m an y w a y s .4-12 T h e  m ost useful o f  these m ethods has 
u tilized  the U llm ann  rea ction .7’ 12 Iod o ferrocen e  is an 
extrem ely  reactive  com p ou n d  in  the U llm ann  reaction , 
since a 9 7 %  y ie ld  o f  b iferrocen e can  b e  obta in ed  at tem 
peratures as low  as 6 0 ° .12

N esm eya n ov  and cow ork ers13 first isola ted  1 ,1 '-te r - 
ferrocen e (2) w h en  th ey  co n d u cted  a m ixed  U llm ann  
reaction  w ith  brom oferrocen e (7) and l , l '-d ib r o m o -  
ferrocene to  g ive  a 5 7 %  y ie ld  o f  b iferrocene, a 1 4 %  
yield  o f  l , l ' - t e r f erracene (2 ), and  oth er h igher o ligo -

(1 ) M .  D .  R a u s c h , R .  F .  K o v a r ,  a n d  C . S . K ra ih a n z e l, J . Am er. Chem. 
S o c ., 91, 1259 (1 9 6 9 ).

(2 ) D .  O . C o w a n  a n d  F .  K a u fm a n , ibid., 9 2 , 2 1 9  (1 9 7 0 ).
(3 ) H . W a ta n a b e , I .  M o t o y a m a ,  a n d  K .  H a ta , Bull. Chem. Soc. Jap ., 

39, 8 5 0  (1 9 6 6 ).
(4 ) N . R o s e n b e r g  a n d  E .  W . N e u s e , J . Organometal. Chem., 6, 7 6  (1 9 6 6 ).
(5 ) S. I .  G o ld b e r g  a n d  D . W . M a y o ,  C h em .Ind . {London), 671 (1 9 5 9 ).
(6 )  A . N . N e s m e y a n o v , V . A . S a z o n o v a , a n d  V . N . D r o z d ,  D old. Akad. 

N au kS S S R , 126, 1 00 4  (1 9 5 9 ).
(7 ) E . G . P e r e v a lo v a  a n d  O . A .  N e s m e y a n o v a , ibid., 132, 1093 (1 9 6 0 ).
(8 ) O . A . N e s m e y a n o v a  a n d  E . G . P e r e v a lo v a , ibid., 126, 1007 (1 9 5 9 ).
(9 ) M .  D .  R a u s c h , Inorg. Chem., 1 , 4 1 4  (1 9 6 2 ).
(1 0 ) H . S h e ch te r  a n d  J. F . H e llin g , J. Org. Chem., 26, 1034 (1 9 6 1 ).
(11 ) J . F . H e ll in g , P h .D .  D is s e r ta t io n , T h e  O h io  S ta te  U n iv e rs ity , 1960 .
(12 ) M .  D .  R a u s c h , J . Org. Chem., 26, 1802 (1 9 6 1 ).
(13 ) A . N . N e s m e y a n o v , V .  N . D r o z d , V . A . S a z o n o v a , V . I .  R o m a n e n k o , 

A . K .  P r o k o f ’ e v , a n d  L . A . N ik o n o v a , Izv. Akad. N auk SS SR , Otd. K him . 
N auk, 667  (1 9 6 3 ).

m eric ferrocenes w h ich  w ere n ot separated. 1 ,1 '-T e r - 
ferrocene (2) has also been  synthesized  in  an u nequ iv
oca l m anner from  cyclopen tad ien y lferrocen e b y  R in e 
h art and cow ork ers .14 M ore  recen tly , W atan abe, 
et oZ.,16 h ave  described  the form ation  o f  th e  l , l ' - o l i g o -  
m eric ferrocenes from  b iferrocen e (1) to  sexiferrocene
(5 ), resulting from  the treatm en t o f  a m ixture o f  m on o- 
and  l,U -d ilith io ferrocen es  w ith  cob a lt  ch loride. T h e  
y ields were low  and a num ber o f  b u ty la ted  produ cts, 
resu ltin g  from  the excess n -bu ty llith iu m  bein g  present, 
were also isolated.

Results and Discussion

B ased  on  our earlier successfu l studies on  the U ll
m ann cou p lin g  o f  h a lo ferrocen es,12 and  also on  current 
interest in  o ligom eric ferrocenes, w e decided  to  in vesti
gate in  som e deta il th e  form a tion  o f  th is series o f  organ - 
om eta llic  com pou n ds via th e  U llm ann  route. T h e  
m ixed  U llm ann reaction  (eq  1) betw een  a h a loferrocen e 
and  l ,l '-d iio d o fe r r o c e n e  (9) has in deed  been  fou n d  to  
g ive  h igher y ields o f  the 1 ,1 '-o lig om eric  ferrocenes than 
h ave th e  p reviou s m eth od s .113'15,16 A  reaction  tim e o f

(1 4 ) K . L . R in e h a r t , J r ., D .  G . R ie s , C .  N . P a rk s , a n d  P . A . K it t le ,  1 4 6 th  
N a t io n a l  M e e t in g  o f  t h e  A m e r ic a n  C h e m ic a l  S o c ie t y ,  D e n v e r ,  C o lo . ,  Ja n  
196 4 , A b s tr a c t s  o f  P a p e rs , p  2 3 c .

(1 5 ) N . W a ta n a b e , I .  M o u o y a m a , a n d  K . H a ta , Bull. Chem. Soc. Jap., 
39, 7 9 0  (1 9 6 6 ).

(1 6 )  A  p r e lim in a r y  c o m m u n ic a t io n  o f  th is  w o rk  has  a lr e a d y  b e e n  p u b 
lish e d : M .  D .  R a u s c h , P .  V . R o l in g ,  a n d  A . S iegel, Chem. Commun., 502
(1 9 7 0 ).
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P ercentage Y ields“ of 1,1'-O ligomeric F errocenes

R u n F e C io H s X C o p p e r Ratio5 l 2 3 4 5 Total
1 I u . s. 2 :1 37 10 2 49
2 I u . s. 2 :2 23 8 3 1 35
3 1 “ u . s. 2 :4 18 13 7 4 1 43
4 I German 2 :1 50 21 12 4 1 88
5 I German 2 :2 48 21 9 6 1 85
6 I German 2 :4 52 24 11 6 1 94
7 Brc German 2 :4 35 29 9 4 2 79
8 Cl German 2 :4 71 11 10 6 2 100

° Yields are based on the limiting reagent in each reaction. b This ratio represents the molar ratio of haloferrocene to l,l'-d iiodo- 
ferrocene used. c A duplicate run was made in this case, and the yields of all products were reproducible.

6, X =  I 9
7, X =  Br

2, n = 1 5, n =  4
3, n =  2

23 hr w as used to  ensure th at to ta l reaction  betw een  
th e  haloferrocen e and  cop p er  h ad  tak en  p lace. T h e  
variou s o ligom eric ferrocenes w ere separated  b y  a com 
b in ation  o f  crysta lliza tion  and ch rom atograp h y  on  
alum ina.

A s seen in  T a b le  I  (runs 6 -8 ) ,  d ifferent p ro d u ct ratios 
were obta in ed  depend ing  on  th e  h a loferrocen e used. 
T h ese  varia tion s are u n d ou b ted ly  related to  th e  k n ow n  
grad ation  in  rea ctiv ity  o f  h a loferrocenes under U ll- 
m ann  co n d itio n s12 and m ay  p ossib ly  be  a ccou n ted  fo r  
as fo llow s. Iod o ferrocen e  (6 ), bein g  v e ry  reactive  in 
th e  U llm an n  reaction , undergoes se lf-cou p lin g  (Schem e 
I f)  faster th an  m ixed  cou p lin g  (Schem e I  a ,b ), thus

S c h e m e  1 “

FcX  +  Fell, — Fc—Fcl— I (a)
FcX  +  I— Fcl—Fcl— I — >- Fc— Fcl— Fcl— I (b)

Fell, +  F clb  — >- I— Fcl— Fcl— I (c)
I— Fcl— Fcl— I +  Fell, — >  I— Fcl— Fcl— Fcl— I, etc. (d) 

Fc— Fcl-—I +  Fcll2 — >- Fc— Fcl— Fcl— I, etc. (e)

FcX  +  FcX  — >■ Fc— Fc (f)
“ Fc =  ferrocenyl, FeCioEU; Fcl =  l,l'-ferrocenylene, Fe- 

(C5H4)2.

g iv in g  th e  h igh  y ie ld  o f  b iferrocene (1 ). B rom oferro - 
cene (7) ev id en tly  undergoes m ixed  cou p lin g  (Schem e 
Ia ,b ) m ore ra p id ly  than  does iod o ferrocen e  (6 ), and 
thus th e  y ields o f  the h igher oligom ers are slightly  
raised com pared  to  the yield  o f  b iferrocene (1 ). C h lo - 
ro ferrocen e (8 ), on  the o th er  h and, is k n ow n  to  be  m uch  
less reactive  th an  either b rom oferrocen e (7) or  iod o fer
rocen e  (6 ) under U llm ann  con d itions. S elf-cou p lin g

o f  l , l '-d iio d o fe r r o c e n e  (9) (Schem e I c - e )  ev id en tly  p ro 
ceeds faster th an  m ixed  cou p lin g  (S ch em e Ia ,b ). T h e  
rem aining ch loroferrocen e (8) th en  u ndergoes self
cou p lin g  (S chem e I f )  to  g ive  a  h igh  y ie ld  o f  b iferrocen e 
( 1).

T h e  cop p er  p ow d er used in  the present studies w as 
ob ta in ed  from  tw o  different sou rces: th e  S ch u ch ard t 
C o. (G erm an y) and the U . S. B ronze  P ow d er C o ., In c . 
T a b le  I  show s th at the overa ll percen tage  y ields o f  the 
oligom ers varies, depending on  th e  sou rce o f  cop p er  
used. T h e  G erm an  cop p er w as fou n d  su perior to  th e  
U . S. cop p er  in  all U llm ann reactions a ttem p ted  (co m 
pare runs 1 -3  vs. runs 4 -6 ) ,  even  th ou gh  b o th  pow ders 
h ad  been  a ctiva ted  in  ex a ctly  th e  sam e m an n er.17 A n  
U llm ann  reaction  carried  ou t on  o -iod oph en ylferrocen e 
gave, under iden tica l con d itions, 1 0 0 %  recov ery  o f 
startin g  m aterial w ith  the U . S. cop p er  and  an 1 1 %  
y ie ld  o f  2 ,2 '-d iferrocen y lb ip h en y l w ith  G erm an  copper. 
T h e  d ifference in  th e  rea ctiv ity  o f  the tw o  cop p er  p o w 
ders is n o t k n ow n  at the present tim e. A  va ria tion  in  
th e  m olar ra tio  o f  m on oh aloferrocen e to  l , l '-d i io d o fe r -  
rocen e (9) d id  n o t s ign ificantly  a ffect th e  p ro d u ct per
centages w h en  G erm an  cop p er w as used (T a b le  I ) . 
W ith  the U . S. copper, h ow ever, there w as a  n oticea b le  
tren d : as th e  ratio  decreased the am ou n t o f h igher
oligom ers increased. N o  l ,l '-b ife r r o c e n y le n e  [bis- 
(fu lva len e)d iiron ] cou ld  be  detected  in  these studies, 
even  th ou gh  it m ight h ave been  an expected  p ro d u ct on  
th e  basis o f  previou s w o rk .1’18

l ,l '-T e r fe r r o c e n e  (2) prepared  in  th is s tu d y  agrees 
in  its properties w ith  the l , l '- te r fe r r o c e n e  obta in ed  b y  
M o to y a m a , W atan abe, an d  H a ta ,15 and  its m elting  
p o in t ind icates th at the l , l '- te r fe r r o c e n e  rep orted  b y  
N esm eya n ov , et al.,w w as perhaps s ligh tly  im pure. 
T h e  present l,l '- te r fe r r o c e n e  also show ed  th e  p o ly 
m orp h ic  p roperties  reported  b y  th e  Japanese w ork ers .15 
T h e  m aterial o f  R osen b erg  and  N eu se4 th at m elted  at 
2 2 4 -2 2 6 ° can  then  also be  assigned as l , l '- te r fe r r o c e n e  
(2 ). T h e  properties o f  the h igher o ligom ers (3 -5 )  o b 
ta ined  in  ou r studies are in  general agreem ent w ith  
th ose  prepared  b y  th e  Japanese w ork ers .15

T h e  m ass spectra  o f  the 1 ,1 '-o ligom eric  ferrocenes 
are sum m arized in  T a b le  I I . E a ch  o ligom er show s th e  
expected  paren t io n  peak  as w ell as a d o u b ly  ch arged  
io n  p eak  at m /2 e , excep t in  th e  case o f  l , l '- s e x i fe r r o -  
cene (5 ), w here on ly  th e  paren t peak  is observed . F o r  
l,l '-q u a te r fe r ro ce n e  (3 ), a tr ip ly  charged  io n  p eak  at 
m/3e is observed . T h e  m ass spectru m  o f  l , l '- t e r f e r r o -

(1 7 )  A. I .  V o g e l, “ A  T e x t b o o k  o f  P r a c t ic a l  O rg a n ic  C h e m is t r y ,”  3 rd  e d ,  
W ile y ,  N e w  Y o r k ,  N . Y . ,  1962 , p  193.

(1 8 ) F . L . H e d b e r g  a n d  H . R o s e n b e r g ,  J. Amer. Chem. Soc., 9 1 ,  1 2 5 8  
(1 9 6 9 ).
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T a b l e  I I
R e l a t iv e  A b u n d a n c e  o f  M ass  S p e c t r a l  P e a k s  o f  

1 ,1 '-O l ig o m e r ic  F e r r o c e n e s

Peak,
m/e l 2 3 4 6

1106 2
922 6 7
738 61 12 4
554 100 5 1 5
489 10 29 5 2
461 2
423 14 22 3 4
370 100 7 19 6 12
369 4 14 88 33 28
368 15 48 100 100 100
310 5 5 7 5
305 42 20 22 2 29
277 30 4
249 6 8 4 8
246 6
185 23
184 6 5 6 90 15
128 4 5 4 7 19
121 27 17 9 4 28

56 20 7 6 15 30

cene (2) show s a m etastable  peak  a t m/e 431.6 , w h ich  
corresponds to  a paren t ion  o f  m, 554 and a daughter 
ion  o f m2 489. T h is  result in d icates th at a  neutral frag
m ent, cy c lop en ta d ien y l radical, is lost in  the p robe  in  a 
on e-step  process from  th e  paren t io n  to  form  the dau gh 
ter ion . N o  o th er  m etastable  peaks w ere observed  in  
th e  o th er spectra.

T h e  fragm en tation  patterns o f  th e  l , l '-o l ig o m e r ic  
ferrocenes are v e ry  sim ilar th rou gh ou t the series and 
in v o lv e  the loss o f  ferrocen y l units, cy c lop en ta d ien y l 
units, as w ell as iron  an d  h y d rog en  atom s. Som e plaus
ib le  structures are g iven  in  C h art I  fo r  th e  fragm ents

C h a r t  I
P ropo sed  St r u c t u r e s  f o r  Som e  I o n s  P rod u ced  in  th e  

M ass  S p e c tr a  o f  1 ,1 '-O l ig o m e r ic  F e r r o c e n e s

128

w ith  their respective  m ass units. O f specia l in terest is 
the fu lva lene  structure assigned to  m/e 310. Such  a 
structure is p lausib le fo r  th is ion  and is in  an a logy  w ith  
th e  form ation  o f  fu lva lene in  the fragm en tation  o f  fer
rocen e itse lf.19 T h e  310 peak  has a lm ost the sam e rel
ative abu ndan ce in  the spectra  o f  l , l ' - t e r f erracene to  
l , l '-s e x ife rro ce n e , in d ica tin g  th at th is su bstitu ted  fu l
va lene is possib ly  a  fu n ction  o f  the l , l '-o l ig o m e r ic  ar
rangem ent. T a b le  I I I  show s th at th e  ca lcu lated  v a l
ues20 and  fou n d  values fo r  the iso top ic  abundances o f  
iron  are in  excellent agreem ent, and  th at the various 
1 ,1 '-o ligom eric  ferrocenes analyze w ell fo r  the natural 
abundance d istribu tion  o f  iron  and  carbon .

(1 9 ) A . M a n d e lb a u m  a n d  M . C a is , Tetrahedron Lett., 3 8 4 7  (1 9 6 4 ).
(2 0 ) H . C . H ill , “ I n t r o d u c t io n  t o  M a s s  S p e c t r o m e t r y ,”  H e y d e n  &  S on s  

L td . ,  L o n d o n , 1966 , p  20 .

E xperim en ta l S ection

General.— Nmr spectra were recorded on a Varian A-60 
spectrometer in 5-10%  CDCU solutions. Mass spectra were re
corded either on an AEI MS-9 or a Hitachi RM U-6E mass 
spectrometer at 70 eV. The German copper used is Kupfer, 
KU300, Pulver mind. 99.75%; it was obtained from the Schu- 
chardt Co., Munich, Germany. The U. S. copper used is Copper 
4000, Lot 3767; it was obtained from the U. S. Bronze Powder 
Co., Inc., Flemington, N . J. Chloroferrocene,21 bromofer- 
rocene,22 23 iodoferrocene,10'21 and l,l'-diiodoferrocene24 were pre
pared by standard literature methods. The alumina of activity 
grade III used in this work was prepared by shaking 1 kg of neu
tral, activated CAMAG alumina (Alfa Inorganics) with 60 ml 
of water. All chromatographic columns were packed dry. The 
dimensions of the column were not considered important as long 
as the stated amount of alumina was used and the column was 
packed evenly. Melting points were taken on a Mel-Temp ap
paratus and are corrected. All microanalyses were carried out 
by Mr. Charles Meade of the Microanalytical Laboratory, 
Office of Research Services, University of Massachusetts.

1,1'-Oligomeric Ferrocenes.— A typical example (run 5) is 
given. In a 50-ml round-bottomed flask were melted 1.00 g 
(3.2 mmol) of iodoferrocene (6) and 1.41 g (3.2 mmol) of 1,1'- 
diiodoferrocene (9). Next was added 6.2 g (98 mmol) of acti
vated German copper,17 a glass stopper was inserted, and the mix
ture was shaken. The flask, flushed with nitrogen, was sub
merged in an oil bath to the depth of the bottom of the stopper, 
and the oil bath temperature was raised from 30 to 145° over
1.5 hr. The temperature was then maintained at 145° for an 
additional 21.5 hr. At the end of the heating period, the con
tents of the flask were extracted with benzene until the benzene 
extracts were colorless. The benzene was evaporated to yield 
substance A. The copper residue was further extracted with 
boiling toluene until the toluene extracts were colorless, and the 
toluene was evaporated tc yield substance B. Finally, the cop
per residue was extracted with boiling bromobenzene, the ex
tracts were allowed to cool, and the resulting precipitate was 
collected to give substance C.

Substance A was dissolved in 25 ml of benzene and 25 ml of 
hexane was added. A precipitate formed and was collected to 
yield 0.05 g of a yellow product. This product was crystallized 
from benzene and was identified as l,l'-quinqueferrocene (4), 
mp (sealed under N2) 262-264° dec (lit.16 mp 240-245°).

Anal. Calcd for CwH^Fes: C, 65.13; H, 4.59; Fe, 30.28; 
mol wt, 922. Found: C, 64.90; H, 4.89; Fe, 30.2; mol wt, 922 
(mass spectrometry).

The filtrate was placed on a column of 300 g of alumina (ac
tivity grade III) and the column was eluted with hexane to yield 
0.01 g of ferrocene, mp 170-172°. Elution with hexane-benzene 
(8:2 by volume) gave 0.26 g of biferrocene (1), mp (sealed 
under N2) 238-240° dec (lit.12 mp 238-239°). Anal. Calcd: 
mol wt, 370. Found: mol wt, 370 (mass spectrometry).

The third band was eluted with hexane-benzene (6:4) to 
yield 0.18 g of a yellow material, which was crystallized from a 
mixture of hexane-benzene. This material was l,l'-terfer- 
rocene (2): mp (sealed under N2) 224-226° dec (lit.15 226.5- 
227.2° dec); nmr (CDCU) singlet at r 6.04 [10 H, unsubstituted 
cyclopentadienyl ring protons), multiplet at 5.70-5.95 (16 H, 
a and (3 protons on the substituted rings).

Anal. Calcd for C3»H26Fe3: C, 65.03; H, 4.73; Fe, 30.24; 
mol wt, 554. Found: C, 65.10; H, 4.88; Fe, 30.2; mol wt, 
554 (mass spectrometry).

The last band was eluted with benzene to give 0.09 g of a red- 
orange compound, which was crystallized from benzene to yield 
1,1'-quaterferrocene (3), mp (sealed under N2) 279-281° dec 
(lit.15 mp 280°).

Ana?. Calcd for C,0H3<Fe,: C, 65.09; H, 4.64; Fe, 30.27; 
mol wt, 738. Found: C, 65.20; H, 4.92; Fe, 30.0; mol wt, 
738 (mass spectrometry).

Substance B was purified in a manner similar to substance A to 
yield 0.02 g of biferrocene, 0.01 g of l,l'-terferrocene, 0.01 g of 
1,1'-quaterferrocene, and 0.01 g of l,l'-quinqueferrocene.

(2 1 ) V . A . N e fe d o v  a n d  M .  N . N e fe d o v a , Zh. Obshch. Khim., 3 6 , 122 
(1 9 6 6 ).

(2 2 ) R .  W . F ish  a n d  M . R o s e n b lu m , J. Org. Chem., 3 0 , 1253  (1 9 6 5 ).
(2 3 ) A . N . N e s m e y a n o v , T .  G . P e r e v a lo v a , a n d  O . A . N e s m e y a n o v a , 

Dokl. Akad. Nauk SSSR, 1 0 0 , 1099  (1 9 5 5 ).
(2 4 ) R .  F . K o v a r ,  M .  D .  R a u s c h , a n d  H . R o s e n b e r g ,  Organometal. Chem. 

Syn., 1 , 173 (1 9 7 1 ).
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T able  III
Isotopic A bundances“ •t for  the 1,1 '-O ligomeric F errocenes 

1--------------------- . ,---------------------3--------------------- - ,-------------------3------------------- n ,-----------------4----------------- . ------------------S
P e a k C a le d F o u n d C a le d F o u n d C a le d F o u n d C a le d F o u n d C a le d F o u n d

M  +  4 0 .0 0 0.2 0 0 .5 1 1.1 1.4 2
M  +  3 0.5 0 1.4 1 3.1 3 5.8 5 9 .3 9
M  +  2 4.2 4 9 .0 9 15.4 16 23.2 24 31.5 32
M +  1 27.2 27 40.4 40 53.2 53 65.1 64 75.7 75
M 100.0 100 100.0 100 100.0 100 100.0 100 100.0 100
M  -  1 3.1 4 7.2 8 12.8 14 19.6 20 27.3 28
M  -  2 12.7 15 18.8 19 24.8 25 30.4 30 35.5 42
M  -  3 0.1 0 0.4 0 1.2 1 2.4 4 .2 5
M  -  4 '0 .4 0 1.2 1 2.3 3 3.8 5.5 8

“ All found isotopic abundances are the average of two or more spectra. b The isotopic abundances were calculated on a computer 
by an appropriate expansion of the expression, (a +  6 +  c +  d)m (e +  /)*, where a =  5.82% natural abundance of MFe, b = 91.66% 
66Fe, c =  2.19% 67Fe, d =  0.33% “ Fe, e =  98.89% 12C, /  = 1.11% 13C, m =  number of iron atoms, and n =  number of carbon atoms. 
Hydrogen was disregarded since the natural abundance of deuterium is low (0.015%).

Substance C was extracted with boiling benzene until the ex
tracts were colorless. The benzene was allowed to cool to yield 
0.01 g of a yellow-brown material, l,l'-sexiferrocene (5), mp 
(sealed under N s) 2 7 0 -2 7 2 °  dec (lit.16 mp 2 5 2 -2 5 6 °).

Anal. Caled for CeoHsoFee: C, 65.15; H, 4.56; Fe, 30.29; 
mol wt, 1106. Found: C, 65.15; H, 4.63; Fe, 30.3; mol wt, 
1106 (msss spectrometry).

The residue remaining after the benzene extraction of sub
stance C was in turn extracted with toluene to give 0.01 g of a 
substance with the following analysis.

Anal. Found: C, 63.80, 63.20; H, 4.67, 5.05.
The total amounts and percentage yields of oligomeric ferro

cenes from this reaction follow: biferrocene (1), 0.28 g (48%); 
l,l'-terferrocene (2), 0.19 g (21% ); l,l'-quaterf erro cene (3), 
0.10 g (9% ); l,l'-quinqueferrocene (4), 0.06 g (6% ); 1,1'- 
sexiferrocene (5), 0.01 g (1% ). Yields of products from other 
runs are summarized in Table I.

Thin layer chromatography (tic), using 6:4 hexane-benzene 
as eluent and silica gel as adsorbant, was very useful in identi
fying the oligomers. The approximate R¡ values under these 
conditions are as follows: ferrocene 0.7, biferrocene (1) 0.5, 
l,l'-terferroeene (2) 0.4, l,l'-quaterferrocene (3) 0.3, and 1,1'- 
quinqueferrocene (4) 0.2 . l,l'-Sexiferrocene (5) was too in
soluble for tic studies. All oligomers after separation and puri
fication were found to be pure by tic.

2 ,2'-Diferrocenylbiphenyl.— In a Schlenk tube under nitrogen 
were placed 1.20 g (3.1 mmol) of o-iodophenylferrocene“  and
5.5 g (86.5 mmol) of activated German copper.16 This mixture 
was heated at 147° in an oil bath for 22 hr. The reaction mixture 
was then extracted with ethyl ether and the ether evaporated. 25

(2 5 ) W .  F .  L it t le , C .  N . R e i l le y ,  J . D .  J o h n so n , K .  N . L y n n , a n d  A . P . 
S a n d e rs , J. Amer. Chem. Soc., 8 6 , 1376  (1 9 6 4 ).

The residue was dissolved in hexane and placed on a column of 
75 g of alumina. The first band was eluted with an 8:2 mixture 
of hexane-benzene. An nmr spectrum of the material indicated 
it to be a mixture of starting material and phenylferrocene. The 
second band was eluted with 1:1 hexane-benzene. Crystalliza
tion from hexane yielded 0.09 g (11%) of 2,2'-diferrocenylbi- 
phenyl: mp 172.5-174°; nmr ( C D C I 3 ) apparent singlet at t
5.99 (18 H, ferrocenyl protons), multiplet at 2.6-3.2 (6 H, 
protons meta and para to the ferrocenyl group), multiplet at
2.1-2.4 (2 H, protons ortho to the ferrocenyl group).26

Anal. Calcd for C32H26Fe2: C, 73.59; H, 5.02. Found: C, 
73.40; H, 5.18.

In a similar run with the U. S. copper, no 2,2'-diferrocenyl- 
biphenyl was obtained.

Registry No.— 1, 1287-38-3 ; 2, 1273-59 -2 ; 3, 1299-
15-6 ; 4, 1299-19 -0 ; 5, 1299-20-3 ; 2 ,2 '-d ife r ro ce n y lb i-  
ph en y l, 12597-74-9.
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Hydroboration and thermal isomerization of undecenols (1, 2, and 3), pentenol (11), and 2,2-dimethyl-3- 
nonenol-1 (21) were studied. Undecane-1,3- and -l,Udiols were obtained from undecenols via oxaborolane and 
oxaborinane. x-Complex mechanism for thermal isomerization (mechanism 1) was supposed and was confirmed 
by the studies using diborane-i4 and 5-ethyl-4-heptenol-l (39).

H y d rob ora tion  and  successive therm al isom eriza
tion  o f sim ple olefins h ave been  stu d ied  and  h ave be
com e usefu l syn th etic  m eth od s .1 O n  the oth er hand, 
few  exam ples h ave been  rep orted  in  the case o f  olefins 
bearing fu n ction a l g rou p s.2 F ro m  the v iew p oin t o f  
m echan istic studies an d  o f  syn th etic  applications, the 
h y d rob ora tion  and  th erm al isom erization  o f  unsatu 
rated a lcohols w ere reinvestigated .

Hydroboration and Thermal Isomerization.—T h ree  
undecenols, 10 -u n d ecen o l-l (1 ), 6 -u n d ecen o l-l (2 ), and 
3 -u n d ecen o l-l (3 ), w ere chosen  and w ere h y d rob ora ted  
at room  tem perature an d  th erm ally  isom erized  at 160° 
fo llow ed  b y  the usual ox ida tion . P rod u cts  w ere 
con verted  in to  trim eth y ls ily l ethers and  analyzed  b y

CH2= C H (C H 2)9OH
l

CH3(CH2)mC H =C H (C H 2)„OH
2, m  =  3; n  =  5
3, m  =  6; n  =  2

CH3(CH2)„CH (OH )(CH 2)„OH
5, m  =  0; n  =  9
6, m  =  6, n  =  3
7, m  =  7, n  =  2

HO(CH2)„OH
4

CH3(CH2),„OH
8

glc and m ass sp e ctro m e try .3 T h e  results o f  such 
analyses are show n  in  T a b le  I.

T able I
H ydroboration and T hermal I somerization of 

U ndecenols at  160°
Y ie ld

/----------Y ie ld  o f  u n d e c a n e d io l ,% ----------' o f  u n -
R e a c t io n  1 ,3 -  1 ,4 -  1 ,1 0 -  1 ,1 1 -  d e c a n o l

U n d e c e n o l t im e , h r (7 ) (6 ) 1 ,6 - 1 ,7 - (5 ) (4) (8), %
1 0 -U n d e c e n o l - l 0 0 0 0 0 8 92 0

(1) 3 1 56 0 0 1 40 1
7 11 66 0 0 1 19 1

10 12 67 0 0 1 18 1
22 12 70 0 0 1 15 1
34 13 70 0 0 < 1 15 2

6 -U n d e c e n o l- l 0 0 0 51 49 0 0 0
(2 ) 2 2 7 57 < 1 < 1 < 1 1 9

5 2 7 58 < 1 < 1 < 1 1 9
10 26 55 < 1 < 1 < 1 1 11

3 -U n d e c e n o l- l 0 61 33 0 0 0 0 6
(3) 0 . 5 60 34 0 0 0 0 6

2 60 32 0 0 0 0 7
5 58 32 0 0 0 0 10

10 5 3 31 0 0 0 0 16

In sp ection  o f  T a b le  I  in d icates th a t u n decan e-1 ,3- 
and 1 ,4 -d iol (7  and  6 ) are the m a in  prod u cts  in  each

(1 ) H . C . B r o w n , “ H y d r o b o r a t io n ,”  W .  A . B e n ja m in , N e w  Y o r k ,  N .  Y . ,  
1 9 6 2 ; G .  Z w e ife l  a n d  H . C . B r o w n , Org. React., 13, 1 (1 9 6 3 ) ;  H . C . B r o w n  
a n d  M .  V . B h a t t ,  J. Amer. Chem. Soc., 8 8 , 1440  (1 9 6 6 ).

(2 )  (a ) S . P .  F o r e  a n d  W .  G . B ic k fo r d ,  J. Org. Chem., 24, 9 2 0  (1 9 5 9 ) ;  (b )  
T .  J . L o g a n , ibid., 26, 3 6 5 7  (1 9 6 1 ).

(3 )  (a )  J . D ie k m a n , J . B .  T h o m s o n , a n d  C .  D je r a s s i , ibid., 32, 3 90 4  
(1 9 6 7 ) ;  33, 2 27 1  (1 9 6 8 ) ;  (b )  G . H . D r a ffa n , R .  N . S tillw e ll, a n d  J . A . 
M c C lo s k e y , Org. Mass Spectrom., 1 , 6 6 9  (1 9 6 8 ).

case. T h e  form ation  o f  the diols, 6 and 7, suggests 
th at th e  b o ro n  a tom  was trap p ed  on  C 3 or  C 4. T h is 
m ight b e  explained  b y  the form a tion  o f  oxaborolan e 
(1 0 )4 and  oxaborinane (9) derivatives. F or  experim ental 
con ven ien ce ,6 4 -p e n te n o l-l (11) w as chosen  to  con firm  
th e  in term ediary oxaborolan e and  oxaborin an e for 
m ation . H y d rob ora tion  o f 11 at ro o m  tem perature

1. B2H6 ̂
T Z

/(C H  2)n
CH3(CH2)mCH: N CH2

— Cr

9, m = 6; n =  2

6 and 7

14

and successive treatm en t w ith  tr ib u ty l borate  gave a 
m ixture o f  12 and 13. S im ilarly, 11 gave a m ixture 
o f  12, 13, and 14 b y  h yd rob ora tion , therm al isom eriza
tion , and  successive treatm en t w ith  tr ib u ty l borate . 
T h e  structure o f  12, 13, and  14 w ere determ in ed  b y  
ir, m ass spectral, and elem ental analyses and b y  the 
analyses o f  their ox id a tion  prod u cts . T hese  results 
in d icated  the form a tion  o f oxaborin an e during therm al 
isom erization.

T h e  assum ption  o f  coord in ate  b o n d  form a tion  b e 
tw een  b o ro n  and o x y g en 2*3 also m igh t explain  th e  trap 
p in g  o f b o ro n  on  C 3 or C 4. P ro v id e d  th at such a c o 
ordinate b o n d  does exist, the oxygen  a tom  o f the

CH2=CH(CH2)8CH,OCH3 CH3(CH2)6CH==CHCH2CH2OCH3
15 16

15
1. B.H,
2. A

CHj(CH2)mCH NCH2v<1 ch3
17, m =  6; n =  2
18, m =  7; n =  1

[CH3(CH2)mCH(OH)(CH2)nCH2OCH3]
19, m =  6; n =  2
20, m == 7; n =  1

(4 ) I s o la t io n  o f  o x a b o r o la n e :  B . M .  M ik h a i lo v  a n d  V . A . D o r o h o v ,  Izv. 
Akad. Nauk SSSR, 1661 (1 9 6 4 ) .

(5 ) T h e  m e t h o d  u se d  in  th is  e x p e r im e n t  is c o n v e n ie n t ly  a p p lic a b le  w h en  
th e  b o i l in g  p o in t  o f  t h e  o r g a n o b o r o n  c o m p o u n d  is  lo w e r  th a n  th a t  o f  t r ib u ty l  
b o r a te .
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m eth ox y  grou p , instead  o f  th e  h y d ro x y  grou p , m ay sim 
ilarly  trap  th e  b o ro n  a tom  at th e  C 3 or C 4 position . 
F ro m  th e  results o f  h y d rob ora tion  an d  therm al iso 
m eriza tion  o f  m eth y l 10- and 3 -u n decen y l ether (15 
an d  16 ), n o  ev iden ce  o f  in tram olecu lar coord in ate  b on d  
fo rm a tion  w as o b ta in ed  (T a b le  I I ) .

T able  I I

H ydroboration  and  T herm al Isomerization  of M eth yl  
U ndecenyl E ther  at  160° (CIROR)

Y ie ld  o f  h y d r o x y u n d e c y l  
✓----------m e t h y l  e th e r , % --------R e a c -

Y ie ld  
o f  u n -

T h e  organ oboron  com p ou n d  w hich  gave rise to  u n - 
d eca n e-1 , 1 1 -d io l m ight be  com p ou n d  26 rath er than

(CH2)I0

R
t io n

t im e , h r S o lv e n t
3 -

(2 0 )
4 -

(19 ) 1 0 - 11-
d e c a n o l  
(8), % C tH 15

1 0 -U n d e c e n y l 0 D ig ly m e 0 0 16 84 0 / — V
(1 5 ) 2 0 D ig ly m e 0 0 3 29 59 HB

20 D e c a lin 0 0 5 74 17 \ _  >
3 -U n d e c e n y l 0 D ig ly m e 51 4 3 0 0 6 O — '

(16 ) 8 D ig ly m e < 1 < 1 < 1 7 93 28

ÇôHn

H— B 
\o - 1
29

T h e  fo rm a tion  o f  th e  m on ofu n ction a l a lcoh ol, un- 
d e ca n o l-1 , m ay  be  expla ined  b y  reh y d rob ora tion  o f
1-u n decene, p rod u ced  b y  1,2  e lim in ation  o f  a h y d ro x y l 
grou p  and th e  v ic in a lly  situated  boron , b y  a m echanism  
sim ilar to  th a t o f  B row n  and C o p e .6 T h is  considera-

RCH(CH2)„CH2OB — >- R(CH2)„CH— c h 2

B
/  \

A- - 7B O— B
/  \  \

\  / / B~ H
R(CH2)„C H =C H 2 +  B— O— B ------- >

/  \

R(CH2)„CH2CH2— B ^  R(CH 2)„CH2CH2OH

tion  was su pported  b y  th e  reaction  o f  2 ,2-d im eth y l- 
3 -n o n e n o l-l (2 1 ) w ith  d iborane. H y d ro b o ra tio n  and 
therm al isom erization  o f  21  gave a m ixture o f  22 (8% ) ,

1 . BzH e
CH3(CH2)4CH =C H C (C H 3)2CH2O H ------ >-

21 2- [°1

CH3(CH2 ),CH2CH (OH )C (CH3 hCH2OH 
22

+
CH3 (CH2 )„CH(OH )CH2C (CH3 )2CH2OH 

23
1. BzH o

21 ------- >  22 +  23 +  HOCH2(CH2)6C(CH3)2CH2OH
3- [O] 24

[CHs (CH2 )6C (CH3 )2CH2OH]
25

23 (9 0 % ), and 24 (2 % ), b u t  2 ,2 -d im eth y ln on a n ol-l
(25) cou ld  n ot b e  d etected . C onsiderin g  these facts, 
as w ell as B row n ’s therm al isom erization  m ech an ism ,7 
the a b ove -m en tion ed  exp lan ation  fo r  th e  form ation  
o f  u n decan ol seem s plausible.

A  com parison  betw een  entries 3 (1 0 -u n d ecen o l-l,
7 -hr therm al isom erization ) and  12 (3 -u n d ecen o l-l, 
0 .5 -hr th erm al isom erization ) o f  T a b le  I  show s th at 
the y ie ld  o f  1 ,3-d iol w as on ly  1 1 %  in  th e  form er case 
and  6 0 %  in  th e  la tter case. T h is  d ifference m a y  be 
exp la ined  b y  th e  fo llow in g  considerations. In  th e  case 
o f  1 0 -u n d ecen o l-l, 1 9 %  o f  1 , 11-diol w as ob ta in ed .

(6 ) H . C .  B r o w n  a n d  O . J . C o p e ,  J. Amer. Chem. Soc., 8 6 ,  1801 (1 9 6 4 ).
(7 ) H . C . B r o w n  a n d  G . Z w e ife l ,  ibid., 8 2 , 1504  (1 9 6 0 ) .

27. T h e  reaction  m ixture from  1 0 -u n d ecen o l-l was 
con sidered  to  be  a m ixture o f  com pou n ds 26, 28, and 
29. O n  the o th er hand, th e  reaction  m ixtu re from
3 -u n d ecen o l-l was considered  to  be  a m ixtu re o f  28 and 
29. F orm a tion  o f 29 from  1 also in d ica ted  th a t  28 was 
the p recursor o f  29.

F ro m  these considerations, m igra tion  o f  th e  b o ro n  
a tom  from  th e  C 4 p os it ion  t o  th e  C 3 p os ition  w as con 
sidered  to  b e  exp la ined  b y  th e  fo llow in g  m echan ism  
(using as an analogy a  p rev iou sly  p rop osed  m ech 
anism ).8,9 T h e  therm al isom erization  o f  orga n ob oron  
com pou n ds seem s to  p roceed  via d eh y d rob ora tion  to  
fo rm  a 7r com p lex  (32 -*■ 33) fo llow ed  b y  reh y d rob ora 
tion  (33 —► 34 -*■ 3 5 ). T h e  b o ro n  a tom  elim in ated  
from  th e  C 4 p os it ion  o f  th e  six -m em bered  cy c lic  organ o
b o ro n  com p ou n d  form s a tt com p lex  w ith  th e  n ew ly  
prod u ced  olefin ic linkage, and  th e  ro ta tion  arou nd  th e  
ir com p lex  results in  the orig inal h y d rog en  a tom  (H a) 
b e in g  situated  close t o  th e  C 4 p osition  (34 ). T h e n  
reh yd rob ora tion  g ives the five-m em bered  cy c lic  or
ga n ob oron  com p ou n d  (35 ). T hu s, th e  isom erization  
from  oxaborin an e to  oxaborolan e proceeds w ith ou t 
d ifficu lty , and  is also considered  to  be  reversible. T h is  
th erm al isom erization  is considered  to  b e  rather diffi
cu lt w hen  th e  b o ro n  a tom  o f  com plex  37 has on ly  one 
h y d rog en  on  boron , as in  th e  case o f  36 ( R ’ =  a lk yl 
or a lk ox y ). In  th is case, th e  tran sform ation  o f  36 
in to  41 is considered  to  be  rather d ifficu lt w ith ou t first 
d estroy in g  th e  in tram olecu lar ir com p lex  (37 ). U p o n  
destroy in g  th e  tt com p lex  fo llow ed  b y  ro ta tion  arou nd  
th e  C 2- C 3 b o n d  or the B - 0  b on d , the com p lex  39 w ou ld  
be  recon stru cted  and  oxaborolan e (41) w ou ld  b e  
form ed  via 40 . T h is  ro ta tion  arou nd  the C -C  o r  B - 0  
b o n d  is, h ow ever, h indered  b y  the bu lkiness o f  th e  a lk y l 
or  a lk oxy  group  attach ed  to  the b oron  a tom  a n d /o r  o f  the 
rem ain ing a lk yl residue o f th e  olefin ic grou p . U sin g  
th is reasoning, reh yd rob ora tion  from  th e  com p lex  37 
is con sidered  t o  g ive  oxaborin an e 36 rather th a n  oxa 
b orolan e 41.

Mechanistic Studies.— In  order to  ob ta in  fu rth er 
ev iden ce  for  th e  therm al isom erization  m ech an ism  
(m echan ism  1 ) , deuterium -labeling experim ents w ere 
undertaken . T a k in g  a ccou n t o f  th e  con ce iva b le  fa c ility  
o f  oxaborin an e form ation , 5 -e th y l-4 -h ep ten o l-l (42)

(8 ) A . S tre itw ie se r , J r ., L . V e r b it , a n d  R .  B it t m a n , J. Org. Chem., 3 2 , 
1 53 0  (1 9 6 7 ).

(9 ) F . M .  R o s s i ,  P .  A . M c C u s k e r ,  a n d  G . F .  H e n n io n , ibid., 3 2 ,  4 5 0  
(1 9 6 7 ).
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w as chosen  and w as treated  w ith  d iboran e-d 6 (deuterium  
con ten t 8 6 % 10).

R e a ctio n  o f 42 and d iboran e-d6 in  th e  m olar ra tio  
o f  2 :1  at ro o m  tem perature a fforded  a m ixture o f  1,4- 
d iol 43 (9 9 % ) and  1 ,5-d iol 44 (1 % ) .  D eu teriu m  
analysis sh ow ed  th at th e  to ta l deuterium  con ten t in  
43 was 8 7 %  and th e  deuterium  was exclu sive ly  loca ted  
at C 5. T h erm al isom erization  o f the reaction  m ixture 
at 160° for  2 hr gave 1 ,4 -d iol 43 (6 4 % ), 1 ,3 -d iol 45 
(2 6 % ), 1 ,7-d iol 46 (4 % ) ,  and  5 -e th y lh ep ta n o l-l (47) 
(6 % ). F rom  th is m ixture, 1 ,3 -d iol 45 was iso la ted  
via the six -m em bered  cy c lic  b u tan eborin ic  ester 49.11

(1 0 )  D ib o ra n e -d e  w as g e n e r a te d  f r o m  s o d iu m  b o r o d e u t e r id e  a n d  b o r o n  
tr if lu o r id e  e th e r a te  in  D ig ly m e  a n d  u se d  in  T H F  s o lu t io n .  D e u te r iu m  c o n 
te n t  o f  th e  d ib o ra n e -d e  w as c a lcu la te d  f r o m  t h a t  o f  th e  c y c lo h e x a n o l  p r o 
d u c e d  b y  th e  r e a c t io n  o f  d ib o ra n e -d s  w ith  e x ce s s  c y c lo h e x e n e  fo l lo w e d  b y  
o x id a t io n .

(1 1 )  G. M .  A n th o n y , C . J . W .  B r o o k s ,  I .  M a c le a n  a n d  I .  S a n g s te r , J.
Chromatogr. Sci., 7, 6 2 3  (1 9 6 9 ).

Figure 1.—60-MHz nmr spectrum of deuterated 45 (12 mg) in 
CCb (150 ^1) after addition of Eu(dpm)3 (30 mg).

S ince mass spectrom etric determ ination  o f th e  deu
terium  d istribu tion  in  45 was con sidered  to  b e  unre
lia b le ,12 it was perform ed  b y  n m r and mass sp ectrom 
etry .

1. /B D
(C2H5)2C=CH(CH2)2CH2OH 2A 2hr *

42 3. [0]

(C2H5)2CCHD(CH2)2CH2OH

OH
44

(C2H5)2CDCH(CH2)2CH2OH (C2H5)2CDCHDCHCH2CH2OH

OH OH
43 45

HOCH2CH2CHCH2(CH2)2CH2OH (C2H5)2CHCH2(CH2)2CH2OH
I 47

c2h 5
46

45 - ^ o T “ * (C2H5)2CDCH2COCH3 
3. - oh 48

C4H9

o ^ o  
I I

(C2H6)2CDCHDH(X /C H 2
c h 2

49

T o ta l deuterium  con ten t at C 4 an d  C 5 w as deter
m ined  b y  the nm r spectru m  (F igu re  1) o f  a carbon  
tetrach loride so lu tion  o f  45 and tr is (d ip iva loy lm eth - 
an ato) eu rop iu m .13 T h e  proton s s itu ated  on  C 1- C 3, 
C 4- C 5, Ce, and C 7 w ere assigned14 as sh ow n  in  F igure

(1 2 )  B e ca u s e  t h e  m ass  s p e c t r a  o f  t h e  T M S  d e r iv a t iv e  o f  45 s h o w e d  a  v e r y  
s m a ll p a re n t  p e a k  ( 0 .0 7 % )  a n d  la rg e  M  — 1 p e a k  ( 0 .1 5 % ) ,  t h e  t o t a l  d e u 
t e r iu m  c o n t e n t  in  45 w as d iff icu lt  t o  d e te r m in e  u s in g  t h e  m o le c u la r  io n  p e a k . 
T h e  M  — 15 io n  w as p r o m in e n t  a n d  c o n s id e r e d  t o  b e  p o s s ib le  t o  u s e  f o r  th e  
d e te r m in a t io n  o f  d e u te r iu m  c o n t e n t ,  b u t  w as less  a c c u r a te , f o r  th is  f ra g m e n t  
is  sa id  t o  b e  th e  o n e  d u e  t o  m e t h y l  g r o u p  lo s s  f r o m  t h e  t r im e t h y ls i ly l  g r o u p , 
b u t  th e re  is  n o  e v id e n c e  t h a t  th e re  is  n o  in t r a m o le c u la r  h y d r o g e n -h y d r o g e n  
e x c h a n g e  b e fo r e  fra g m e n ta t io n .

(1 3 )  (a ) A . F .  C o c k e r i l l  a n d  D .  M .  R a c k h a m , Tetrahedron Lett., 5 15 3  
(1 9 7 0 ) ;  ( b )  J . K .  M .  S a n d e rs  a n d  D .  H . W ill ia m s , J. Amer. Chem. Soc., 93 , 
641 (1 9 7 1 ), a n d  re fe re n ce s  c it e d  th e re in .

(1 4 )  T h e  a ss ig n m e n t  o f  th e  s ig n a ls  s h o w n  in  F ig u r e  1 w a s s u ffic ie n t  f o r  t h e  
c a lcu la t io n  o f  t h e  d e u te r iu m  c o n t e n t  o n  C 4 a n d  C 5.
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1 , analogously  to  th e  case o f  2-h y d r o x y - l- (2-h y d ro y - 
e th y l)a d a m a n ta n e .13a T h e  in tegration  o f the h y d ro 
gen  atom s at C i, C 2, and  C 3 was used fo r  deuterium  
analyses, because th e  deuterium  con ten t at these posi
tion s  was considered  t o  b e  negligible. T h e  to ta l deu
teriu m  con ten t on  C 4 and  C 5 w as observed  to  be  1.56 
fro m  th e  in tegral o f  F igure 1. T h e  1 ,3-diol 45 was 
con v erted  in to  4 -ethyl-2 -h exan one (48) b y  ox idation  
an d  decarboxy la tion . A fte r  com plete  d eu ter iu m - 
h y d rog en  exchange o f th e  hydrogens a t o  the carbon y l 
grou p  b y  aqueous base treatm en t, th e  deuterium  con 
ten t on  C 4 an d  C 5-C e  (C 5 an d  C 6- C 7 positions, respec
t iv e ly , in  th e  precursor 45) was determ ined  to  be  0 .72  
an d  0 .06, respective ly , b y  mass spectrom etry . T h e  
deu teriu m  d istribu tion  in  45 was ca lcu lated  from  the 
a b ov e  described  data, and  is sum m arized  in  T a b le  I I I .

T a b l e  III
D e u t e r i u m  C o n t e n t  i n  45

Amount of deuterium atom at position
4 5 6

Observed 0.84 0.72 0.06
Mechanism 1 0.86 0.86 a
Mechanism 2 0.43 0.86 a

0 Deuterium content on C6 could not be obtained by mechanism 
1 and 2.

A s  described  in th e  a b ove  section , h y d rob ora tion  
an d  th erm al isom erization  o f  5 -e th y l-4 -h ep ten o l-l (42) 
was con sidered  to  p roceed  m ain ly  from  oxaborin an e 
31 to  oxaborolan e 35, since 9 9 %  o f 43 was obta in ed  
b y  h yd rob ora tion  and successive ox idation . T h e  ex
p e c te d  deu teriu m  d istribu tion  fo r  each  o f  the m ech 
anism s, m ech an ism  1 and  2, is sh ow n  in  T a b le  111.

In sp ection  o f  th e  d a ta  sh ow n  in  T a b le  I I I  ind icates 
th at m echan ism  1 is considered  to  b e  the p rob a b le  one 
becau se o f  the g o o d  agreem ent betw een  the observed  
values and the exp ected  ones. M ech an ism  2 is n ot 
con sidered  t o  be  su itable fo r  th is case since the deuter
iu m  con ten t on  C 4 is t o o  sm all.

(mechanism 2)

T h e  above -m en tion ed  in spection  for  each  m echanism  
in d ica ted  th at therm al isom erization  o f  oxaborinane 
31 to  oxaborolan e 35 proceeds via an in tram olecu lar 
w com p lex  (m echanism  l ) . 15

(1 5 ) W ill ia m s ’ m e c h a n is m 16 (A  B )  w as o m it te d .  I n s p e c t io n  o f  D r e id -  
in g  m o d e ls  in d ica te d  t h a t  t h e  a p p lic a t io n  o f  th is  m e c h a n is m  t o  o x a b o r in a n e  
w a s c o n s id e r e d  t o  b e  d iff icu lt .

R'

> . c - H

(1 6 ) R .  E . W ill ia m s , Inorg. Chem., 1 , 971 (1 9 6 2 ).

E xperim ental S ection

Gas chromatography was performed on a Shimazu GC-4APT 
and a Hitachi K-23 with a 3 m X 3 mm column packed with 15% 
polyethylene glycol and 10% HYSG on Chromosorb W  (80- 
100 mesh), and with a 45 m X  0.5 mm BDS Golay column. 
Mass spectra were obtained with an Hitachi RMS-4 spectrom
eter with 70 eV ionization potential. Nuclear magnetic reso
nance spectra were recorded with a Jeolco CL-60 spectrometer, 
with tetramethylsilane as internal standard and carbon tetra
chloride as solvent.

6-U n d ecen ol-l (2 ).— 6-Undeconic acid was prepared by the 
Wittig reaction between valeraldehyde and the phosphonium 
salt made from triphenylphosphine and 6-bromohexenoic acid. 
Methyl esterification of 6-undecenoic acid followed by lithium 
aluminum hydride reduction gave 2: bp 130° (16 mm); mass 
spectrum ro/e (rel intensity) 170 (M +, 1); ir 3330 and 1655 
cm-1.

Anal. Calcd for C iJR jO: C, 77.58; H, 13.02. Found: 
C, 77.31; H, 12.90.

3 -U n d ecen ol-l (3 ) .— 3-Undecenoic acid was prepared via the 
Knoevenagel reaction of malonic acid, nonyl aldehyde, and 
triethanolamine. Methyl esterification of 3-undecenoic acid 
followed by lithium aluminum hydride reduction gave 3 : bp 
121° (12 mm); ir 3320 cm-1; mass spectrum m/e (rel intensity) 
170 (M +, 0.9).

M eth yl 10-Undecenyl Ether (1 5 ).— Excess sodium hydride 
treatment of a THF solution of 1 followed by excess methyl 
iodide treatment gave 15: bp 116-119° (18 mm); ir 3100, 
1640, 1110 cm-1.

Anal. Calcd for CnH240 : C, 78.19; H, 13.13. Found: 
C, 78.28; H, 13.35.

M eth yl 3-U ndecenyl Ether (16).— This ether was prepared as 
described above: bp 124° (35 mm); ir 1110 cm -1; mass 
spectrum ra/e (rel intensity) 184 (M +, 1), 55 (100).

Anal. Calcd for CM biO: C, 78.19; H, 13.13. Found:
C, 78.26; H, 13.36.

2 ,2 -D im eth y l-3 -n o n en o l-l (21).—Wittig reaction between 
n-hexylidenetriphenylphosphorane and 2,2-dimethyl-3-tetrahy- 
dropyranyloxypropanal gave l-tetrahydropyranyloxy-2 ,2-dimeth- 
yl-3-nonene. Acid-catalyzed hydrolysis of this tetrahydro- 
pyranyl ether gave 21: bp 114° (19 mm); ir 3350, 1640 cm -1; 
mass spectrum m/e (rel intensity) 170 (M +, 1), 69 (100).

Anal. Calcd for CnH220 :  C, 77.58; H, 13.02. Found:
C, 77.43; H, 13.03.

G eneral Procedure for H ydroboration-Isom erization. A .— T o
the ice-cooled solution of unsaturated alcohol in diglyme a THF 
solution of diborane (molar ratio alcohol/diborane =  2) was 
added during 5 min under nitrogen. The mixture was stirred at 
room temperature for over 4 hr. THF was distilled off in
vacuo and the mixture was refluxed. A 5-ml portion of the
reaction mixture was periodically taken out and treated with 
excess alkaline hydrogen peroxide. The resulting mixture was 
extracted with ether and dried (Na2S04), and ether and diglyme 
were distilled off. The crude product was converted to the 
trimethylsilyl ether derivative3 and analyzed by glc.

B.— For the purpose of confirming the yield of reaction 
product, heat treatment was continued for 20 hr. After alkaline 
hydrogen peroxide oxidation the reaction mixture was extracted 
with ether and dried (Na2S04), ether and diglyme were distilled 
off, and then distillation gave the product mixture. The product 
mixture was converted to the trimethylsilyl derivatives and 
analyzed by glc.

H ydroboration-Isom erization of 10-U n d ecen ol-l (1 ) . A .—  
Besides the general procedure, 1 (4.25 g, 25 mmol) was hydro- 
borated internally with sodium borohydride (0.71 g, 18.8 mmol) 
and boron trifluoride etherate (3.55 g, 25 mmol) in diglyme (120 
ml). After completion of hydroboration at room temperature 
(overnight), the reaction mixture was refluxed and a 20-ml portion 
of the mixture was taken out after 3, 7, 10, 22, 34, and 48 hr, 
and was treated as described above. The results are shown in 
Table I.

B.— Hydroboration-isomerization of 1 (1.7 g, 10 mmol) in 
diglyme (20 ml) was performed by general procedure B, yield
1.76 g, bp 140-145° (4 mm). Glc analysis of the trimethylsilyl 
ether of the product showed that the product was a mixture of 
4 (23%), 6 (55%), 7 (15%), 8 (2% ), and other diols (5% ).

H ydroboration-isom erization of 6 -U n d ecen ol-l (2 ) . A.-—  
Hydroboration-isomerization and work-up of 2 (500 mg, 2.93
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mmol) in diglyme (25 ml) was performed by general procedure 
A. The results are shown in Table I.

B .— Hydroboration-isomerization of 2 (340 mg, 2 mmol) in 
diglyme (15 ml) was performed by general procedure B, yield 301 
mg, bp 146° (4 mm). Glc analysis of the trimethylsilyl ether of 
the product showed that the product was a mixture of 4 (2% ), 6 
(77% ), 8 (3% ), 7 (17%), and other diols (1% ).

H ydroboration-isom erization of 3 -U n d ecen ol-l (3 ). A .—
3-Undecenol-l (3) was hydroborated and isomerized by general 
procedure A. The results are shown in Table I .

B .— Hydroboration-isomerization of 3 (340 mg, 2 mmol) in 
diglyme (15 ml) was performed by general procedure B, yield 
306 mg, bp 142° (4 mm). Glc analysis of trimethylsilyl ethers 
of the products showed that the products were 6 (42%), 7 (52%), 
and 8 (6% ).

H ydroboration-isom erization of M eth yl 10-Undecenyl Ether
(1 5 )  . A . In Diglyme.— Methyl 10-undecenyl ether (IS )  
(0.43 g, 11.3 mmol) was hydroborated internally with sodium 
borohydride (0.43 g, 11.3 mmol) and boron trifluoride etherate 
(2.17 g, 15 mmol) in diglyme (50 ml) at 0°. After completion 
of the hydroboration at room temperature, a half of the mixture 
was taken out. Usual work-up and distillation gave 0.90 g of a 
mixture, bp 136-143° (8 mm). The residue was refluxed for 20 
hr. Usual work-up and distillation of this isomerization product 
gave 0.89 g of a product mixture, bp 110-134° (10 mm). The 
results are shown in Table II.

B . In D ecalin .— To the solution of 15 (0.81 g, 4.4 mmol) in 
decalin (50 ml), a THF solution of diborane (4.2 mmol in 4.0 ml) 
was added at 0°. The reaction mixture was stirred overnight, 
THF was distilled off, and the mixture was heated at 160° for 
20 hr. General work-up and distillation of this resulting mixture 
gave 0.71 g of product mixture, bp 136-140° (6 mm). The 
results are shown in Table II.

H ydroboration of M eth yl 3-U ndecenyl Ether (16).— To the 
solution of 16 (461 mg, 2.5 mmol) in diglyme (10 ml), a THF 
solution of diborane (0.62 mmol in 0.5 ml) was added at 0°. 
The reaction mixture was stirred at room temperature for 3 hr 
and allowed to stand overnight. After the general work-up, 
the crude product was analyzed. The results are shown in 
Table II.

H ydroboration-isom erization of M eth yl 3-U ndecenyl Ether
(1 6 )  .— To the solution of 16 (461 mg, 2.5 mmol) in diglyme (10 
ml), a THF solution of diborane (1.25 mmol in 1.1 ml) was added 
at 0°. The reaction mixture was stirred for 6 hr at room temper
ature, and the mixture was refluxed for 8 hr. General work-up 
and distillation gave 393 mg of product mixture, bp 110-125° 
(10 mm). The results are shown in Table II.

l-ra-Butoxy-2-oxaborepane (1 2 ), l-n -B u toxy-2 -oxa -6 -m eth yl- 
borinane (1 3 ), and l-ra-Butoxy-2-oxa-S-ethylborolane (14 ). 
A .— To a solution of 11 (2.15 g, 25 mmol) in THF (15 ml), a 
THF solution of diborane (12.5 mmol in 10 ml) was added at 0°. 
The reaction mixture was stirred overnight at room temperature, 
and the solvent and excess of diborane were removed in vacuo. 
To the residue, tributyl borate (3.3 g, 14.3 mmol) was added. 
About 4 g of liquid was distilled out during heating at 210-225° 
for 10 hr. Redistillation gave a mixture of boron compounds: 
yield 3.12 g (73%) from 4-pentenol-l; bp 80-96° (16.5 mm); 
ir 1330 cm-1, absence of -O H  absorption; mass spectrum m/e 
(rel intensity) 170 (M +, 1), 56 (100).

Anal. Calcd for C9H190 2B: C, 63.57; H, 11.26. Found: 
C, 63.68; H, 11.37.

The components of this organoboron mixture were deter
mined by alkaline hydrogen peroxide oxidation of these organo
boron compounds. Glc analysis of the oxidation products, with 
n-octyl alcohol as internal standard, showed that these oxidation 
products were ra-butyl alcohol (51%) and some pentanediols 
(total 49% ). Yield of the oxidation reaction was 89% (by glc), 
and diols were pentane-1,5-diol (75%) and pentane-1,4-diol 
(25%). These results showed that the initial organoboron com
pounds were 12 (75%) and 13 (25%).

B .— To a solution of 11 (2.15 g, 25 mmol) in diglyme (20 ml), 
a THF solution of diborane (12.5 mmol in 10 ml) was added at 
0°, the mixture was stirred at room temperature, and THF was 
removed and then refluxed for 6 hr. Then the solvent was re
moved in vacuo. To the residue, tributyl borate (3.3 g, 14.3 
mmol) was added and the mixture was heated to 220-225° for 
7 hr. The distilled liquid was redistilled, bp 90-96° (15 mm), 
yield 1.5 g (35%) from 11. Product analysis as described above 
showed that the products were 12 (76%), 13 (23%), and 14 (1% ).

H ydroboration-isom erization of 2 ,2 -D im eth y l-3 -n on en ol-l (21). 
A.— Hydroboration-isomerization and work-up was performed 
by general procedure A. The products are (i) before heating, 22 
(44%) and 23 (56% ); and (ii) after heating, 22 (8% ), 23 (90%), 
and 24 (2% ).

B.— Hydroboration-isomerization of 21 (340 mg, 2 mmol) in 
diglyme (15 ml) was performed by general procedure B, yield 
293 mg, bp 122° (3.5 mm). The products were 22, 23 (total 
99% ), and 24 (1% ).

Anal. Calcd for ChH2<0 2: C, 70.16; H, 12.85. Found: C, 
70.02; H, 12.95.

5-E th yl-4 -h ep ten ol-l (4 2 ).— 5-Ethyl-4-heptenal was prepared 
by the reported method17 from 15 g of 3-vinyl-3-pentanol and
19.7 g of ethyl vinyl ether, yield 5.4 g (24%). Lithium alu
minum hydride reduction of this aldehyde gave 42 in quantitative 
yield: bp 106° (21 mm); ir 3370, 2950, 2890, 1660 cm “ 1; 
mass spectrum m/e (rel intensity) 55 (100), 142 (M +, 24).

Anal. Calcd for C9H180 :  C, 75.99; H, 12.76. Found: C, 
75.87; H, 13.00.

H ydroboration-isom erization of 5-E th yl-4 -h ep ten ol-l (4 2 ) .—  
Hydroboration-isomerization of 42 (0.71 g, 5 mmol) in diglyme 
(20 ml) was performed by general procedure A. The products 
were (a) before heating, 43 (99%), 44 (1% ); (b) 20 min, 43  
(85% ), 45 (15%); (c) 60 min, 43 (83%), 45 (17% ); (d) 120 
min, 43 (82%), 45 (18%).

D euterioboration of 5 -E th yl-4 -h ep ten ol-l (42) .—To the
stirred solution of 42 (710 mg, 5 mmol) in diglyme (20 ml), THF 
solution of diborane-d6 (2.5 mmol in 2.7 ml) was added at 0° 
under nitrogen. The mixture was stirred for 3 hr at room 
temperature. Then a quarter portion of this mixture was taken 
out. Usual work-up followed by distillation of this portion gave 
187 mg of a mixture of 43 (99%) and 44 (1% ). The mass 
spectrum of the trimethylsilyl derivative of 43 follows: m/e 
(rel intensity) 305 (M +, 0.01), 304 (0.04), 290 (0.07), 233 (17.8), 
143 (100), 73 (57); relative abundance of M  — 15 fragments,18 19 
289 (15.5), 290 (100), 291 (28.8), 292 (12.0).

D euterioboration-Isom erization of 5 -E thyl-4 -heptenol-l (4 2 ).—  
To the stirred solution of 42 (1.14 g, 8 mmol) in diglyme (23 ml), 
a THF solution of diborane-d6 (4 mmol in 6.4 ml) was added at 0° 
under nitrogen. The mixture was stirred for 4 hr at room tem
perature. Then the mixture was heated and THF was distilled 
off after 30 min refluxing, and the mixture was refluxed for a 
further 1.5 hr. After general work-up, the crude yield was 1.10
g. The products were 43 (64%), 45 (26%), 46 (4% ), and 47
(6% ).

Isolation of 5 -E th ylh ep tan e-l,3 -d iol (4 5 ).— To the crude 
product (1.10 g) obtained above, 0.95 g of n-butaneboronic acid 
and 5 ml of pyridine were added. After standing for 30 min, 
pyridine was distilled off under nitrogen. The residue was 
chromatographed on silica gel by elution with ethyl acetate- 
carbon tetrachloride (1:1). The cyclic boronate 49 was iso
lated. The boronate 49  was oxidized by alkaline hydrogen 
peroxide, extracted with ether, and dried (Na2S04). Distil
lation and preparative glc gave 40 mg of pure 45.

Deuterioboration of Cyclohexene.— To a solution of diborane-de 
in THF, a large excess of cyclohexene was added at 0° under 
nitrogen. The reaction mixture was stirred for 10 hr at room 
temperature, oxidized by alkaline hydrogen peroxide, extracted 
with ether, and dried (Na2SO<); ether and THF were distilled 
off under reduced pressure and the residue was separated by glc. 
The deuterium content of cyclohexanol was determined by mass 
spectrography at 70 eV using molecular ion: mass spectrum
m/e (rel intensity) 57 (100), 83 (55), 101 (M +, 4); relative 
abundance of molecular ions,13 99 (7.0), 100 (58.2), 101 (100), 
102 (8.9).

4-E thyl-2-hexanone (4 8 ).— To the stirred solution of diols 
obtained by deuterioboration and thermal isomerization of 4 2 , 
Jones reagent (8 N) was added dropwise until the reddish-brown 
color remained. The stirring was continued for a further 15 
min, the organic layer was decanted, diluted with ether, and 
washed with water, and the solvents were removed under reduced 
pressure. The remainder was stirred with about 20% aqueous

(1 7 )  R .  M a r b e t  a n d  G . S a u cy , Helv. Chim. Acta, 5 0 , 2 0 9 5  (1 9 6 7 ).
(1 8 )  R e la t iv e  a b u n d a n c e s  o f  M  — 15  fra g m e n ts  o f  t r im e t h y ls i ly l  d e r iv a 

t iv e s  o f  u n d e u te ra te d  43  w ere  as f o l lo w s : m/e (re l in t e n s it y )  289  (1 0 0 ) , 290  
(2 3 .8 ) ,  291  (1 5 .9 ) .  R e la t iv e  a b u n d a n c e s  o f  M  — 3 -p e n t y l  fra g m e n ts  o f  t r i -  
m e t h y ls i la t e d  43  (m/e 2 3 3 -2 3 5 )  w e re  s u p e r im p o s a b le  w ith  t h o s e  o f  u n 
d e u te r a te d  43.

(1 9 )  R e la t iv e  a b u n d a n c e s  o f  m o le c u la r  io n s  o f  u n d e u te ra te d  c y c lo h e x a n o l  
w e re  as f o l lo w s : m/e (re l in t e n s it y )  99  (4 2 .8 ), 100 (1 0 0 ) , 101 (9 .1 ) .
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sodium carbonate solution for 4 hr, extracted with ether, and 
dried (NajSO.), and ether was separated by glc: mass spectrum 
m/e (rel intensity) 43 (85), 85 (100), 110 (25), 129 (M+, 9); 
relative abundance of molecular ions,20 128 (45.5), 129 (100), 
130 (17.1), 131 (3.0).

5-Ethylheptane-l,3-diol (45).— Methyl 5-ethyl-3-oxoheptano- 
ate was synthesized by the method of Weiler21 from methyl 
acetoacetate (3.48 g, 30 mmol) and 3-bromopentane (6.6 g, 33 
mmol), bp 116-118° (18 mm), yield 1.4 g, (40%) from methyl 
acetoacetate. Reduction of this /3-keto ester by the method of 
Cope and W ood22 gave 45 in 83% yield: bp 126-130° (8 mm); 
ir 3320, 2925, 1460, 1380, 1050 cm“ 1; mass spectrum of tri- 
methylsilyl derivative m/e (rel intensity) 304 (M +, 0.07), 289 
(2), 261 (4), 219 (53), 187 (46), 103 (100), 73 (79).

Anal. Calcd for C9H20O2: C, 67.45; H, 12.58. Found: 
C, 67.57; H, 12.66.

(2 0 )  R e la t iv e  a b u n d a n c e s  o f  m o le c u la r  io n s  o f  u n d e u te ra te d  48 w e re  as 
fo l lo w s :  m/e ( r e l in t e n s it y )  128  (1 0 0 ) , 129  (9 .3 ) ,  130  (0 .6 ) .

(2 1 )  L .  W e ile r , J. Amer. Chem. Soc., 9 2 , 6 70 2  (1 9 7 0 ) .
(2 2 )  A .  C . C o p e  a n d  G . W .  W o o d ,  ibid., 79, 3 8 8 5  (1 9 5 7 ) .

5-Ethylheptane-l,4-diol (43).— Hydroboration of 42 at 0°
under nitrogen and usual work-up gave 43 (purity 99% by glc): 
bp 120-125° (6 mm); mass spectrum of trimethylsilyl deriv
ative m/e (rel intensity) 304 (M +, 0.05), 289 (1), 247 (2), 233
(19), 143 (100), 73 (57).

Anal. Calcd for C9H20O2: C, 67.45; H, 12.58. Found: 
C, 67.48; H, 12.84.

Registry No.—1, 112-43-6 ; 2, 32970-48 -2 ; 3,
32970-49-3 ; 12, 32970-50-6 ; 13, 32970 -51 -7 ; 14,
32970-52-8 ; 15, 7289-47-6 ; 16, 32970 -54 -0 ; 21,
32970-55-1 ; 22, 32970-56-2 ; 23, 32970 -57 -3 ; 24,
32970-58-4 ; 42, 998-67-4  ; 43, 32970-60 -8 ; 45, 33021-
0 5 -5 ; 48 ,6 0 2 2 -2 6 -0 .
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A series of substituted 3-cyclohexenols was prepared and subjected to the iodomethylzinc iodide methylenation 
reaction. Competitive kinetics establish that, in contrast to the allylic 2-cyclohexenols, the homoallylic 3-cyclo
hexenols react through the axial hydroxyl conformer. The compounds examined (Zcrei) are 3-cyclohexenol (1.0), 
«'s-6-methyl-3-cyclohexenol (5.2), l-methyl-3-cyclohexenol (4.0), ¿rans-6-methyl-3-eyclohexenol (2.6), trans- 
lAjS^^jS^aiSaifFhexahydronapthol (1.6), and 4-methoxycyclohexene (0.18). All of these olefins exhibited 
stereospecific methylenation reactions.

S ince its in trod u ction  in  1958, the S im m on s-S m ith  
m ethylenation  rea ction 2 has been  w id e ly  used in organ ic 
synthesis. A  particu larly  in teresting aspect is the 
d irective  effect o f  a neigh borin g  h y d rox y l grou p  in  the 
substrate o lefin .3 In  cyclopen ten es and cycloh exen es, 
an a lly lic  or h om oa lly lic  h y d ro x y l group  leads to  stereo
specific cis in trod u ction  o f  th e  m ethylene group. 
H igher cy c lic  olefins can  g ive  trans p ro d u ct  w ith  high 
se lectiv ity  p rov id ed  the h y d ro x y l g rou p -orga n om eta llic  
com p lex  affords m ore  facile  access to  the trans face  o f  
the olefin .3 In  ou r earlier w o rk 4 it w as established  th at 
b o th  a lly lic and h om oa lly lic  h y d rox y l grou ps in  cy c lo 
hexene cause v e ry  large rate enhancem ent. In  fact, 
b o th  types o f  a lcoh ols react im m easurably  faster than  
the paren t u nsubstitu ted  olefin, a lthough  a significant 
fa ctor  also separates the rates o f  1 and 2 . In terestin gly ,

w hen th e  h y d ro x y l group  is rem oved  to  the 7  p osition , 
as in  3, the rate becom es com parab le  to  th a t o f  cy c lo 
hexene itself, and  the reaction  becom es e ffective ly  n on - 
stereoselective .4 B y  determ in ing the relative rates o f

(1 ) A u th o r  t o  w h o m  c o r r e s p o n d e n c e  s h o u ld  b e  a d d re sse d .
(2 ) H . E .  S im m o n s  a n d  R .  D .  S m ith , J. Amer. Chem. Soc., 80, 5323

(1 9 5 8 ).
(3 )  A  r e c e n t  d is cu s s io n  o f  th is  p h e n o m e n o n  a n d  re fe re n ce s  t o  e a r lie r  w o rk  

are  f o u n d  in  t h e  w o r k  o f  C . D .  P o u lte r ,  E .  C . F r ie d r ic h , a n d  S . W in s te in , 
ibid., 91, 6 8 9 2  (1 9 6 9 ) .

(4 ) J. H . C h a n  a n d  B . R ic k b o r n ,  ibid., 90, 6 4 0 6  (1 9 6 8 ).

m ethyl-su bstitu ted  2-cycloh exen ols , it w as established  
th at th e  cis d irective  effect o f  the a lly lic  h y d ro x y l grou p  
is exerted b y  this group in  th e  pseu doequ atoria l co n 
form ation . T h is  result bears on  the qu estion  o f  the 
structure o f  th e  S im m on s-S m ith  reagent in  ether 
so lu tio n ; m odels in d icate  th at a m on om eric iod o m e th y l
zinc species, in  w h ich  th e  m etal is com p lexed  to  the 
pseu doequatoria l h y d rox y l oxygen , ca n n ot a tta in  the 
necessary geom etry  fo r  reaction  w ith  the d ou b le  b on d . 
F or this reason  a d im eric structure fo r  th e  rea ctive  
organ om eta llic  species w as p rop osed .4

T h e  rate  d ifference betw een  1 and 2, as w ell as th e  
lack  o f  any sign ificant in fluence (stereochem ical or  
k in etic) o f  th e  h y d rox y l group in  com p ou n d  3, clearly  
indicates, th at the d irective  e ffect o f  th e  h y d ro x y l grou p  
has v e ry  specific geom etric requirem ents. I t  w as there
fore  o f  in terest to  determ ine w h ich  con form er o f  th e  
h om oa lly lic  cycloh ex en o l causes cis selectiv ity .

G in sig  and  C ross ,6 in  app ly in g  the S im m on s-S m ith  
reaction  to  estr-5 (10 )-en e-3 ,17 -d io l, fou n d  th a t b o th  
the 3 a  and  3/3 a lcoh ols  gave stereospecific m eth y l
en ation  (cis to  the h om oa lly lic  3 -O H  group in  b o th  
cases), b u t th e  3a  isom er w as q u ite  sluggish  in  reaction  
and  required forc in g  con d itions. L ev in e  an d  c o 
w orkers6 h ave presented  con v in cin g  ev iden ce  th a t th e  
preferred half-chair con form a tion  o f  ring  A  in  estr- 
5 (1 0 )-en e  is such  th at th e  3a  h y d ro x y l group  w o u ld  be  
equatorial, and  con verse ly  the 3/3 group  w ou ld  b e  axial. 
T h e  m eth y len ation  results6 th erefore w o u ld  su p p ort th e

(5 ) R .  G in s ig  a n d  A . D .  C ro ss , ibid., 87, 4 6 2 9  (1 9 6 5 ).
(6 )  S . G . L e v in e ,  N . H . E u d y ,  a n d  E .  C .  F a r th in g , Tetrahedron Lett., 1 51 7  

(1 9 6 3 ) ;  S . G . L e v in e . D .  M .  F e ig l , a n d  N . H. E u d y ,  ibid., 4 6 1 5  (1 9 6 7 ) .
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prem ise th at th e  d irective  in fluence o f  th e  h om oa lly lic  
h yd roxy l group  occu rs preferentia lly  via the axial con 
form er, in con trast to  th e  a lly lic  cye loh exen o l4 situation . 
H ow ever, lon g-ran ge steric in teractions in  th e  steroidol 
system s cou ld  con fu se  th is in terpretation ; w e there
fore  decided  to  exam ine som e sim pler h om oa lly lic  
cycloh exen ols.

Results and Discussion

T h e  com p etitive  k in etic  tech n iqu e described  earlier4 
was applied  to  th e  series o f  h om oa lly lic  a lcoh ols  show n  
in T a b le  I. T h e  u nsubstitu ted  3 -cy cloh ex en o l 2 should

T a b l e  I
R e l a t i v e  R a t e s  o f  M e t h y l e n a t i o n  w i t h

IODOM ETHYLZINC IOD IDE
O le fin Arel

2 1.0or
t h ,

(4 ) 5.2 ±  0.4oc (5) 4.0 ±  0.3

c h 3

(6 ) 2.6 ±  0.2

O (7 ) 0.18 ±  0.02

OHcb
H

(8) 1.6 ±  0.2

exist in  tw o  rap id ly  in tercon vertin g  half-chair con - 
form ers. A lth ou gh  th e  con form ation a l preference o f  
the h om oa lly lic  h y d ro x y l group  has n o t been  deter
m ined, th e  experim ental va lues fo r  4 -m eth y l-7 an d  the
4-h a locycloh exen es8 suggest th at th e  h y d ro x y l group  
preference w ill be  sm all. C om p ou n d  2 w as therefore 
ch osen  as the reference m aterial, w ith  th e  expectation  
th at a lk yl-su bstitu ted  analogs w ith  stronger con for
m ation al preferences w ou ld  exh ib it either faster or  
slow er rates o f  reaction  w ith  iod om eth y lz in c  iodide.

C om p ou n d s 4 and  5 b o th  react faster th an  2 (see 
T a b le  I ) ;  th is observation  is com p atib le  w ith  the v iew  
th at the h om oa lly lic  m eth y l grou p  has a con siderab ly  
stronger con form ation a l preference th an  h om oa lly lic  
h yd roxy l, and  th at th e  d irective  e ffect o f  the h y d ro x y l 
group is exerted via its axial con form er. T h is  is illus
trated  b y  the con form a tion a l equ ilibrium  fo r  4  (eq  1).

HOz v ,T Y  m
ch3 o h

4e 4a

O ne w ou ld  expect the equ ilibrium  to  fa v or  4a, and, if  4a 
is the con form er th rou gh  w h ich  m eth y len ation  occurs, 
4 should  react m ore  ra p id ly  th an  2.

C onversely , the sam e reasoning indicates th at co m 
pou n d  6 should  undergo m eth y len ation  at a low er rate

(7 ) B . R ic k b o r n  a n d  S . L w o , J. Org. Chem., 3 0 , 2 2 1 2  (1 9 6 5 ).
(8 ) F .  R .  J e n se n  a n d  C . H .  B u s h w e lle r , J. Amer. Chem. S o c 91, 5 77 4  

(1 9 6 9 ).

than  2. T h is  con d ition  is n o t fu lfilled , even  th ou gh  6 
is less reactive  than  4  or  S. O ne possib le  explanation  
fo r  this apparent an om aly  is th a t the gau che C H 3-O H  
in teraction  in 6e causes 6a to  b e  fa v ored  (relative to  the

axial O H  con form er o f  2 ). A ltern ative ly , it  m a y  be 
th at gem inal or v icin a l su bstitu tion  b y  an a lk y l group 
causes a  d istortion  o f  th e  cycloh exen e r in g ;9 even  a 
sm all change in  geom etry  cou ld  lead  to  th e  rate  d iffer
ences observed  fo r  com p ou n d s 2, 4 , 5 , an d  6. R in g  
d istortion  cou ld  in  fa ct oversh ad ow  an y  con form ation a l 
effects o n  rate and  negate th e  con clu sion  regarding the 
preferred con form a tion  fo r  reaction . T o  circu m ven t 
this d ifficu lty , com p ou n d  8 w as prepared . A s  the 
N ew m an  p ro je ct io n  form ula  8a illustrates, th is m aterial

OH

8a

is con stra in ed  con form a tion a lly  b y  th e  trans-fused  
cycloh exan e ring so th at th e  h y d ro x y l grou p  m ust 
rem ain  axial. T h e  rapid  reaction  o f  8 show s co n 
clu sive ly  th at th e  d irective  in fluence o f  th e  h om oa lly lic  
h y d ro x y l group  is exerted th rou gh  th e  axial con for
m ation . T h e  still faster rates o f  4, 5 , an d  6, even  
th ou gh  the grou nd-state  pop u la tion s  o f  their axial 
h y d ro x y l con form ers can n ot exceed  th a t o f  8, m ay  
th en  b e  ascribed  to  the in h eren tly  low er flex ib ility  o f  
th e  latter com pou n d .

W e  have earlier con clu d ed 4 th a t th e  sim ilarity  in  
rates o f  S im m on s-S m ith  m eth y len ation  o f  2 -cy c lo - 
h exenol and  its m eth y l ether (3 -m eth oxycycloh exen e) 
m itigated  against a m echan ism  in v o lv in g  prior zin c 
salt form ation  w ith  the a lcoh ol. S ince 3 -cycloh exen o l 
is a  fa ctor  o f  ten  less reactive  th an  th e  2 -ol, th e  qu estion  
o f  p rior  salt form ation  in  th e  h om oa lly lic  system  rem ains 
open . U sin g  th e  sam e approach , it  is fou n d  th at
4 -m eth oxycycloh exen e  (7) undergoes m eth y len ation  at 
a five fo ld  slow er rate  than  2. A lth ou g h  th is fa cto r  is 
som ew h at greater th an  th at observed  w ith  th e  a lly lic  
system , it  is still to o  sm all to  su p p ort a n y  p rop osa l o f  
fu n dam en ta lly  d ifferent m echanism s fo r  th e  alcoh ols 
an d  ethers. S im ple com plex  fo rm a tion  b etw een  th e  
o x y g en  a tom  and th e  zin c reagent is su p p orted ; th is 
feature is com m on  to  the reaction s o f  b o th  th e  a lly lic  
an d  h om oa lly lic  system s.

In  con trast to  the situation  w ith  2 -cycloh exen o l, the 
axial O H  reactive con form a tion  o f  th e  h om oa lly lic  
a lcoh o l does n o t preclu de a n y  particu lar state o f  ag
gregation  fo r  th e  S im m on s-S m ith  reagent. A ssum ing 
first-order (in  th e  organ om eta llic) reaction  w ith  b o th  
a lcoh ols, in d irect su pport fo r  a d im eric structure is 
p ro v id e d .4 T h e  reason  fo r  the absence o f  an y  d irective

(9 ) D is t o r t io n  o f  th is  o le fin  b y  a  s in g le  la rg e  g r o u p  (4 -ie r i-b u ty l)  is  w e ll 
d o c u m e n t e d .7’ 10

(1 0 ) D .  J . P a s t o  a n d  F . M .  K le in ,  J. Org. Chem., 3 3 , 1 46 8  (1 9 6 8 ).
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e f f e c t ,  k in e t i c  o r  s t e r e o c h e m ic a l ,  f o r  t h e  7 - h y d r o x y  
g r o u p  o f  3 r e m a in s  u n c le a r .

Experimental Section
Kinetics.— Relative rate constants were determined as de

scribed previously,4 using the following olefin pairs and vpc 
columns as indicated in footnote 11: 2 and 5, column a11 at
130°; 4 and 5, column a at 130°; 2 and 6 , column b at 130°; 
4 and 8, column c at 185°; 2 and 7, column c at 116°. At least 
three runs were made for each olefin pair, and vpc peak areas 
were corrected as described earlier.12

3-Cyclohexenol (2).—Reduction of benzene with lithium and 
ethanol in liquid ammonia13 gave 1,4-cyclohexadiene; treatment 
of 125 g (1.56 mol) of this diene with 1 mol of peracetic acid14 af
forded, after distillation through a short Vigreux column, 100 
g (67%) of l,2-epoxy-4-cyclohexene, bp 62-63° (33 Torr). Re
duction by LiAlHj gave 86 g (85%) of 2, purified by distillation 
through a Teflon annular band column, bp 75.0-75.5° (15 Torr).4

A portion (7.0 g, 0.071 mol) of 2 was treated with sodium hy
dride and methyl iodide to furnish the ether 7, 5.7 g (72%), 
bp 135-136°,15 which was separated from traces of starting ma
terial contaminant by chromatography on alumina.

c?'.s-6-Methyl-3-cyclohexenol (4) and l-Methyl-3-cyclo- 
hexenol (5).— Treatment of 276 g (3.0 mol) of toluene with 6 g- 
atoms of lithium wire and 9 mol of absolute ethanol in 2.5 1. of 
liquid ammonia gave 237 g (84%) of 1-methyl-1,4-cyclohexa- 
diene,16 bp 115-116°.

The diene, 237 g (2.52 mol), was treated with 1 equiv of 
peracetic acid.14 Purification by distillation through a Teflon 
annular band column gave 209 g (75%) of 1-methyl-1,2-epoxy-
4-cyclohexene, bp 153°. Integration of the nmr of this material 
show’ed a ratio of one epoxide proton to two vinyl protons.

The epoxide, 207 g (1.88 mol), was added slowly to an ice- 
cooled, stirred solution of 50 g (1.32 mol) of lithium aluminum 
hydride and 176 g (1.32 mol) of aluminum chloride in 2.1 1. of 
ether.17 After the addition was complete the mixture was 
stirred for a few minutes and then hydrolyzed by sequential 
treatment with 50 ml of water, 50 ml of 15% sodium hydroxide 
solution, and 150 ml of water. The ether was decanted and the 
salt residue was washed several times with fresh solvent. The 
combined ether solutions were dried, evaporated, and distilled, 
bp 58-68° (6 Torr), to give 135 g (64%) of alcohol product. 
Vpc analysis (column a)11 indicated a nearly equimolar mixture 
of the tertiary and secondary alcohol products.

Pure samples were readily obtained by redistillation through 
the Teflon annular band column.

l-Methyl-3-cyclohexenol (5): bp 70-71° (33 Torr); nmr 
(CDCI3) 8 1.24 (s, 3), 1.39-1.82 (m, 2), 1.82-2.38 (m, 4), 2.40 
(s, OH), 5.40-5.90 ppm (m, 2 ); ir (CC14) 3350, 3590 cm“ 1. 
Anal.1* Calcd for C7H12O: C, 74.95; H, 10.78. Found: C, 
74.68; H, 10.74.

as-6-Methyl-3-cyclohexenol (4): bp 89-90° (33 Torr); nmr 
(CCh) 8 1.03 (d, 3, J  = 7 Hz), 1.68-2.90 (m, 5), 3.75 (s, OH),
4.07-4.40 (m, 1), 6.09-6.48 (m, 2); ir 3475 cm -1. Anal. 
Found: C, 74.88; H, 10.51.

(1 1 ) (a ) 6  m  X  3 .2  m m  1 0 %  C a r b o w a x  2 0 M ; (b )  6  m  X  3 .2  m m  1 5 %  
d iis o d e c y lp h t h a la t e ;  ( c )  6 .5  m  X  3 .2  m m  1 8 %  X F -1 1 5 0 ;  (d )  6 .5  m  X  6.4  
m m  1 3 %  C a r b o w a x  4 M ;  (e ) 1 .6  m  X  6 .4  m m  2 0 %  T C E P ;  ( f )  3  m  X  6.4  
m m  1 0 %  C a r b o w a x  2 0 M , w ith  2 %  K 2C O « a d d e d  t o  t h e  s o lid  s u p p o r t ;  (g )  
2 m  X  6 .4  m m  2 0 %  S F -9 6 .

(1 2 )  B . R ic k b o r n  a n d  J . H . C h a n , J. Org. Chem., 3 2 , 3 5 7 6  (1 9 6 7 ).
(1 3 ) A . P .  K r a p c h o  a n d  A . A . B o t h n e r -B y ,  J. Amer. Chem. Soc., 81, 3 65 8

(1 9 5 9 )  .
(1 4 ) M .  K o r a c h ,  D .  R .  N ie ls e n , a n d  W . H . R id e o u t ,  ibid., 82, 4 3 2 8

(1 9 6 0 )  .
(1 5 ) C . J . G o g e k , R .  Y. M o ir ,  a n d  G . B . P u r v e s ,  Can. J. Chem., 29, 946  

(1 9 5 1 ).
(1 6 ) R .  A .  B e n k e se r , M .  L .  B u rr o w s , J . J. H a z d r a , a n d  E .  M .  K a ise r , 

J. Org. Chem., 28 , 1094  (1 9 6 3 ).
(1 7 ) T h e s e  c o n d it io n s  w e re  c h o s e n  t o  m a x im iz e  th e  a m o u n t  o f  te r t ia r y  

c le a v a g e ;  s e e  D .  K .  M u r p h y ,  R .  L . A lu m b a u g h , a n d  B . R ic k b o r n ,  J. Amer. 
Chem. Soc., 91, 2 6 4 9  (1 9 6 9 ).

(1 8 ) A n a ly s is  b y  C . F . G e ig e r , 3 1 2  E . Y a le  S t .,  O n ta r io , C a lif .

iroros-6-Methyl-3-cyclohexenol (6).—Various methods for pre
paring this material by the addition of methylorganometallic 
reagents to l,2-epoxy-4-cyclohexene were explored, and the 
results have been presented earlier.19 The following procedure 
is the method of choice.

A solution of lithium dimethylcuprate20 was prepared by the 
slow addition of 50 ml of 0.84 M  methyllithium in ether to a 
stirred slurry of 2.60 g (0.021 mol) of cuprous thiocyanate in 
ether, maintained at —15°. Slow addition of l,2-epoxy-4- 
cyclohexene, 2.02 g (0.021 mol), in ether was done at the re
duced temperature, after which the mixture was allowed to warm 
to 0° (2.5 hr). The mixture was then hydrolyzed by the addi
tion of 5 ml of 10% sodium hydroxide solution. The combined 
ether phases from extraction were dried, evaporated, and dis
tilled through a short Vigreux column, bp 46-48° (2.5 Torr), to 
give 1.59 g (68% ) of 6 . Vpc analysis of this material indicated 
>98%  purity (column a):11 nmr (CCl,) 8 1.05 (d, 3, J  =  5.5 
Hz), 1.45-2.85 (m, 5), 3.25-3.82 (m, 1), 3.90 (s, OH), 5.75 ppm 
(br s, 2); ir 3330 cm-1. Anal. Found: C, 74.87; H, 11.00.

Further structural evidence was provided by careful Jones oxi
dation of a sample of 4 to give 6-methyl-3-cyclohexenone; this 
in turn was reduced with lithium aluminum hydride to give a 
mixture of 4 (34%) and 6 (64%).

iraras-Bicyclo[4.4.0]dec-3-en-l-ol (8).— Tetralin was reduced 
by lithium and ethanol in liquid ammonia to give bicvclo[4.4.0]- 
deca-l(5),3-diene, bp 65-70° (3.5 Torr).21 The Korach pro
cedure14 using 120 g (0.89 mol) of peracetic acid gave on dis
tillation 125.4 g (94%) of the tetrasubstituted epoxide, 11- 
oxatricyclo[4.4.1.0]undec-3-ene, bp 45-50° (0.10 Torr).22

Reduction of this epoxide, 118.4 g (0.79 mol), with aluminum 
hydride (prepared from lithium aluminum hydride and aluminum 
chloride in a 3:1 molar ratio17) in ether afforded, after distilla
tion through a Vigreux column, 112.7 g (94%) of alcohol prod
uct, bp 36-40° (0.05 Torr). This material was further purified 
by chromatography on alumina: nmr (CC14) 8 0.75-2.10 (m, 14) 
and 5.34-5.64 (m, 2 ); ir (thin film) 3470 cm-1. Anal. Calcd 
forCioHI60 :  C, 78.90; H, 10.59. Found: C, 78.91; H, 10.50.

Cyclopropanes.— The Simmons-Smith procedure was used to 
prepare samples of the cyclopropane derivatives described in 
this work. All methylenation products appeared as single, sym
metrical peaks under a variety of vpc conditions,11 and are 
therefore presumed to be isomerically pure. By analogy to 
the reaction of 3-cyclohexenol itself, these products are believed 
to have the methylene bridge cis to the hydroxyl group.

All products exhibited the high-field multiplets characteristic 
of pem-cyclopropyl protons, and had satisfactory ir and nmr 
spectra.

ira«s-4-Methylbicyclo[4.1.0]heptan-cis-3-ol (from methylena
tion of 6). Anal. Calcd for CgHuO: C, 76.14; H, 11.18. 
Found: C, 75.79; H, 10.93.

ira»s-3-Methylbicyclo[4.1.0]heptan-cfs-3-ol (from 5). Anal. 
Found: C, 76.32; H, 11.32.

cfs-4-Methylbicyclo[4.1.0]heptan-cis-3-ol (from 4). Anal. 
Found: C, 76.31; H, 11.31.

Tricyclo[5.4.0.03’6]undecan-l-ol (from 8). Anal. Calcd for 
CuHisO: C, 79.46; H, 10.91. Found: C, 79.53; H, 11.04.

Registry No.—2, 822 -67 -3 ; 4, 33066-05 -6 ; 5,
33061-16-4 ; 6, 33066-06-7 ; 7, 15766-93-5 ; 8, 33066-
0 7 -8 ; l,2 -ep ox y -4 -cy c loh exen e , 6253-27-6 ; 1 -m eth y l-
l,2 -ep ox y -4 -cy c loh exen e , 31152-30-4 ; fran s-4 -m eth y]- 
b icy c lo  [4.1.0 ]h ep ta n -m -3 -o I, 33066-08-9 ; trans-3- 
m eth y lb icyclo [4 .1 .0 ]h ep ta n -cts -3 -o l, 33066-09-0 ; cis-
4 -m eth y lb icv c lo  [4 .1 .0]heptan-ezs-3-ol, 33066-10 -3 ; tr i- 
cy c lo [5 .4 .0 .0 3'5]u n d eca n -l-o l, 33061-19-7.
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An attempted reduction of o-mtro-AT,A'-dimethylbenzamide (1) to the amine 3 by subjecting it, over a 3-min 
period, to an ice-cooled water-methanol solution of sodium borohydride containing suspended palladium on 
carbon resulted in the production of anthranilic acid (2) in 58% crude yield. The rapid amide cleavage is believed 
to occur in the intermediate o-hydroxylamino-AW-dimethylbenzamide (4) by loss of a proton from the hydroxyl
amino group followed by nucleophilic attack on the carbonyl group to provide 2,1-benzisoxazolone (5), which is 
then reduced to 2. Evidence for each of these steps is presented. The cleavage of the amide group of 4 (which 
can be obtained from some of the reduction reactions) in 0.1 N  aqueous alkali at room temperature is at least
3.7 X 10s times as fast as that of A,A-dimethylbenzamide under the same conditions.

In  recent years, a n um ber o f  instances o f  n eigh 
borin g  group assistance in  th e  cleavage  o f  am ides have 
been  rep orted .2-4 A  fe w  o f  these in v o lv e  ben zam ide 
cleavage w hich  is assisted  b y  an  orth o  substituent. 
O ne o f  the earliest exam ples, rep orted  b y  B ender and 
cow ork ers,5 is th e  p a rtic ip a tion  o f  th e  o -ca rb ox y l group 
in  the h yd rolysis  o f  ph th a lam ic acid . M ora w etz  
and  Shafer6 a ttrib u ted  a rate  enhancem ent in  the h y 
drolysis o f  o -carboxyp h th a lan ilic  acid  to  b ifu n ction a l 
catalysis in vo lv in g  the n eigh borin g  ca rb ox y l groups o f 
b o th  rings. B ru ice  an d  T an n er7 p rov id ed  ev iden ce 
th at the o -h y d rox y  grou ps o f sa licy lam ides in  their 
ion ized  form s enhance th e  rate  o f  a lkaline h yd ro lysis  
b y  exerting a general base  ca ta ly tic  effect. C oh en  and 
L ip o w itz8 sh ow ed  th a t th e  rate  o f  a cid  h yd rolysis  o f 
Ar,A -d icy c lo h e x y lb e n za m id e  w as grea tly  enhanced  b y  
the presence o f an orth o  b en zam ido  grou p , w h ich  
appeared  to  p rov id e  n u cleop h ilic  assistance to  th e  h y 
drolysis. W e  n ow  rep ort an oth er exam ple o f  an ex
trem ely  facile  cleavage  o f  a  fert-benzam ide and  suggest 
a m echanism  w h ich  in vo lves  n u cleoph ilic  assistance b y  
a n eigh borin g  h y d rox y la m in o  grou p .

D u rin g  an  a ttem p ted  red u ction  o f  o-mtro-N,N- 
d im eth ylben zam ide  (1) to  th e  am ine b y  th e  u se9 o f 
pa llad iu m  on  ca rb on  an d  sod iu m  b o roh y d rid e  in  a 
w a ter-m eth a n o l so lu tion  w h ich  w as coo led  in  an  ice  
bath , anthranilic acid  (2, 5 8 %  cru de y ie ld ) w as p ro 
d u ced  a lon g  w ith  th e  exp ected  o-am ino-A r,A -d im e th y l- 
ben zam ide (3, 2 6 %  y ie ld ) (eq  1) a fter  a reaction  tim e o f 
on ly  3 m in. T h e  ratio  o f  2 to  3 p ro d u ce d  va ried  w idely

(1 ) T h is  w o r k  w a s  s u p p o r t e d  b y  G r a n t  G P  2 2 9 5 5  fr o m  th e  N a t io n a l  
S c ie n ce  F o u n d a t io n .

(2 ) R e v ie w s  o f  in t ra m o le c u la r  p a r t ic ip a t io n  in  th e  c le a v a g e  o f  c a r b o x y l ic  
a c id  d e r iv a t iv e s :  M .  L .  B e n d e r , Chem. Rev., 6 0 , 53 (1 9 6 0 ) ;  B . C a p o n , 
Quart. Rev., Chem. Soc., 1 8 , 4 5  (1 9 6 4 ) ;  T .  C . B r u ic e  a n d  S . J . B e n k o v ic ,  
“ B io o r g a n ic  M e c h a n is m s ,”  V o l .  1, W .  A .  B e n ja m in , N e w  Y o r k ,  N . Y . ,  1966, 
C h a p te r  1 ; S. L . J o h n so n , Advan. Phys. Org. Chem., 6 , 2 3 7  (1 9 6 7 ).

(3 )  F o r  a  r e c e n t  r e v ie w  o f  in t ra m o le c u la r  a ss is ta n ce  in  a m id e  c le a v a g e , 
see  B . C . C h a ll is  a n d  J. A .  C h a llis , “ T h e  C h e m is tr y  o f  A m id e s ,”  J . A .  
Z a b ic k y ,  E d .,  In te r s c ie n c e , N e w  Y o r k ,  N . Y . ,  1970 , p p  8 3 3 -8 4 0 .  F o r  o th e r  
e x a m p le s  see  f o o t n o t e  4.

(4 ) H . Z a h n  a n d  L . Z ü rn , Justus Liebigs Ann. Chem., 6 13 , 76  (1 9 5 8 ) ;  
T .  A . D o b s o n , M .  A . D a v is ,  A .  M .  H a r tu n g , a n d  J . M .  M a n s o n , Can. J. 
Chem., 4 6 , 2 8 4 3  (1 9 6 8 ) ;  B .  V ig n e r o n , P . C r o o y ,  F .  K e z d y ,  a n d  A . B r u y la n ts , 
Bull. Soc. Chim. Belg., 6 9 , 6 1 6  (1 9 6 0 ) ;  P . C r o o y  a n d  A . B r u y la n ts ,  ibid., 7 3 , 
44  (1 9 6 4 ) ; J . A .  S h a fe r  a n d  H . M o r a w e t z ,  J. Org. Chem., 2 8 , 1899  (1 9 6 3 ) ;  
A .  S ig n o r  a n d  E . B o r d ig n o n , ibid., 3 0 , 3 4 4 7  (1 9 6 5 ) ;  W .  H . P u te r b a u g h  a n d  
C . R .  H a u se r , ibid., 2 9 , 8 5 3  (1 9 6 4 ) ;  E .  M .  L e v i ,  C .  L . M a o ,  a n d  C . R .  
H a u se r , Can. J. Chem., 4 7 , 3 6 7 1  (1 9 6 9 ) ;  C .  L . M a o ,  I .  T .  B a rn ish , a n d  C . R .  
H a u ser , J. Heterocycl. Chem., 6 , 4 7 5  (1 9 6 9 ) ;  G . I .  G lo v e r ,  R .  B . S m ith , a n d  
H . R a p o p o r t ,  J. Amer. Chem. Soc., 8 7 , 2 0 0 3  (1 9 6 5 ).

(5 ) M .  L . B e n d e r , J. Amer. Chem. Soc., 7 9 , 1 25 8  (1 9 5 7 ) ;  M .  L . B e n d e r , 
Y .  L . C h o w , a n d  F .  C h lo u p e k , ibid., 8 0 ,  5 3 8 0  (1 9 5 8 ).

(6 )  H . M o r a w e t z  a n d  J. S h a fe r , ibid., 8 4 , 3 78 3  (1 9 6 2 ).
(7 )  T .  C . B r u ic e  a n d  D .  W . T a n n e r , J. Org. Chem., 3 0 , 1 66 8  (1 9 6 5 ).
(8 )  T .  C o h e n  a n d  J . L ip o w it z ,  J. Amer. Chem. Soc., 8 6 , 5611  (1 9 6 4 ).
(9 )  T .  N e ilso n , H . C . S . W o o d ,  a n d  A . G . W y lie ,  J. Chem. Soc., 371

(1 9 6 2 ).

depend ing  on  th e  exact experim ental con d ition s. I t  
w as show n  th a t 3 is n o t c lea ved  under th e  reaction  
con d ition s  an d  th a t th e  n itro  com p ou n d  1 is stable  in 
th e  reaction  m ixture used p ro v id e d  th a t th e  sod iu m  
b oroh y d r id e  is n o t present.

I t  is thus lik ely  th a t cleavage  o f  th e  am ide linkage 
is occu rrin g  in a red u ction  in term ediate . A  v e ry  lik ely  
in term ediate  in  th e  red u ction  o f  th e  n itro  com p ou n d  
an d  one w h ich  has the p rop er stru ctu re  fo r  n eigh borin g  
grou p  p artic ip a tion  is o -h y d ro x y la m in o -A jA -d im e th - 
y lben zam id e  (4). T h e  gross features o f  a reasonable 
m echan ism  are show n.

[H]

5

T h e  first step  w ou ld  presu m ab ly  b e  p ro m o te d  b y  th e  
a lk a lin ity  th a t develops in  sod iu m  boroh y d rid e  
solu tions. A n  an a logy  fo r  this step  is th e  find ing  b y  
B am berger and P y m a n 10 th a t m eth y l an d  e th y l o- 
h yd roxy la m in ob en zoa te  (6) are c leaved  in  h igh  y ie ld  
to  2 ,1 -ben zisoxazolone (5) a t ro o m  tem perature  b y  the 
use o f  1 N  sod iu m  h yd rox id e . P a rtic ip a tion  o f  the 
general ty p e  suggested here, a lbe it in  a c id  solu tion , 
has been  cla im ed  for  th e  e lectroch em ica l red u ction  o f
o -n itroben zoic  a cid  an d  th e  correspon d in g  am ide and  
e th y l ester (7 ) in  2 -5  N  su lfuric a cid  a t 6 0 -8 0 ° ; the 
p ro d u ct w as con sidered  to  b e  5, b u t  n o  ev iden ce  for  its 
structure w as presen ted .11 A n oth er  an a logy  is the

(1 0 ) E . B a m b e rg e r  a n d  F .  L . P y m a n , Chem. Ber., 4 2 , 2 2 9 7  (1 9 0 9 ).
(1 1 ) M .  L e  G u y a d e r  a n d  D .  P e lt ie r , C. R. Acad. Sci., 2 5 3 , 2 5 4 4  (1 9 6 1 ) ;  

M .  L e  G u y a d e r ,  A . T a lle c ,  a n d  R . L e g o ff ,  ibid., 2 6 8 , 6 1 7 5  (1 9 6 4 ) ;  A .  T a lle c ,  
ibid., 2 6 3 , 7 2 2  (1 9 6 6 ).
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II 7 (X  =  OH, OEt,
0  or NH2)

5

con version  o f  o -n itrobenzon itrile  (8) to  o -am in obenz- 
am ide (9) b y  red u ction  w ith  R a n e y  n ick e l; ev iden ce 
w as p resen ted  fo r  th e  reaction  schem e show n (eq  2 ) .12

In  th e  present w ork , p relim in ary  su p p ort for  the 
in term ediate  form a tion  o f 2 ,1 -ben zisoxazolon e  (5) 
w as ob ta in ed  b y  iso la tion  o f its A -a c e ty l deriva tive  
fro m  an  acid ified  reaction  m ixture in  w h ich  th e  redu c
t io n  o f  1 h ad  been  perform ed  under con d ition s  sim ilar 
to  th ose  w hich  p rod u ced  anthranilic acid . T h e  a ce ty l 
deriva tive  w as identified  b y  com parison  o f  its in
frared  an d  m ass spectra  w ith  th ose  o f  th e  a ce ty l d e 
r iv a tiv e  o f  an  in d epen den tly  prepared  sam ple o f  5 
(see b e lo w ).

W h en  a different b a tch  o f pa llad iu m  on  ca rb on  
ca ta ly st w as used fo r  th e  red u ction  o f 1, it  w as possi
b le  to  isolate the u nstable  p rop osed  in term ediate, o- 
h ydroxylam in o-W jW -d im eth ylben zam ide  (4) in a crude 
y ie ld  o f  u p  to  5 0 % . T h e  m aterial h ad  sim ilar spectra l 
properties to  those o f  a sa m p le13 prepared  b y  th e  care 
fu l red u ction  o f 1 w ith  zinc an d  a m m on iu m  ch loride ; 
th e  p roced u re  used is a  m od ifica tion  o f  th a t deve lop ed  
b y  B am berger and  P y m a n 10 for  th e  p reparation  o f 
m eth y l and eth y l o -h ydroxy lam in oben zoate .

(1 2 ) H . M u s s o  a n d  H . S ch rö d e r , Chem. Ber., 98, 1562 (1 9 6 5 ).
(1 3 ) S in ce  r e c ry s ta l l iz e d  s a m p le s  o f  th is  m a te r ia l  d e te r io r a te  ra th e r  

r a p id ly ,  t h e  p u r i t y  o f  t h e  sa m p le  o b t a in e d  b y  z in c  r e d u c t io n  h a s  n o t  b e e n  
d e f in ite ly  e s ta b lis h e d . I t  a p p a r e n t ly  c o n t a in s  s o m e  o -a m in o -iV \ iV -d im e th y l- 
b e n z a m id e  (3 ), s in c e  i t s  g lp c  t r a e e  sh o w s  o n ly  o n e  sm a ll p e a k  a t  t h e  sa m e  re
t e n t io n  t im e  a s  th e  a m in e ; e v id e n t ly  t h e  h y d r o x y la m in e  d o e s  n o t  s u r v iv e  
t h e  g a s  c h r o m a t o g r a p h ic  c o n d it io n s .  T h e  m a ss  s p e c tr u m , o b t a in e d  u t i liz in g  
a d ir e c t  p r o b e ,  a ls o  c lo s e ly  r e s e m b le s  t h a t  o f  3 e x c e p t  f o r  th e  p re s e n ce  o f  a  
w e a k  p a re n t  p e a k  a t  m/e 180  a n d  o n e  o f  m o d e r a te  in t e n s it y  a t  m/e 135, 
p o s s ib ly  a  re su lt  o f  th e  c y c l i z a t io n  t o  5  in  th e  m a ss  s p e c t r o m e t e r ;  s in c e  i t  is  
k n o w n  t h a t  lo s s  o f  o x y g e n  is  a  m a jo r  m o d e  o f  f ra g m e n ta t io n  o f  N-a r y l -  
h y d r o x y la m in e s ,  o f te n  p r o d u c in g  t h e  b a se  p e a k  in  th e  m a ss  s p e c t r u m ,14 th is  
s p e c t r u m  is  n o t  su rp r is in g .

F o r t u n a te ly ,  t h e  in fr a r e d  s p e c t r u m  o f  t h e  c r u d e  h y d r o x y la m in e  is  q u ite  
d i f fe r e n t  fr o m  t h a t  o f  t h e  a m in e  (se e  E x p e r im e n ta l  S e c t io n ) .  F o r  e x a m p le , 
t h e  p e a k s  a t  3 4 8 0  a n d  3 3 9 0  c m -1  in  t h e  s p e c tr u m  o f  t h e  a m in e  a re  n o t  p re s e n t  
in  t h a t  o f  t h e  h y d r o x y la m in e ;  in s te a d , th e  la t te r  h a s  a  sh a rp  p e a k  a t  3 5 8 4  
c m -1  a n d  a  b r o a d  o n e  a t  3 3 2 2  c m -1  w h ic h  a re  in d ic a t iv e  o f  th e  h y d r o x y l -  
a m in o  fu n c t io n .  F u rth e r , t h e  a m id e  a b s o r p t io n  o f  t h e  a m in e  o c c u r s  a t  
1609  c m -1  w h ile  t h a t  o f  th e  h y d r o x y la m in e  is  a t  1621  c m -1 .

T h e  m o s t  c o n v in c in g  e v id e n c e  f o r  t h e  s t r u c tu re  o f  th e  h y d r o x y la m in e  is  
t h e  c le a v a g e  t o  th e  b e n z is o x a z o lo n e  (5 ) in  5 1 %  is o la te d  y ie ld  (see  t e x t ) .

(1 4 ) R .  T .  C o u t t s  a n d  G . M u k h e r je e ,  Org. Mass Spectrom., 3, 63 (1 9 7 0 ).

E vid en ce  for  th e  suggested  p a rtic ip a tion  o f th e  h y -  
d roxylam in o fu n ction  in  th e  cleavage  o f  th e  am ide 
grou p  has been  obta in ed  b y  the iso la tion  o f 2 ,1 -b en z
isoxazolon e  (5, 5 1 %  y ie ld ) from  a w eak ly  alkaline 
(0.1 N ) aqueous solu tion  o f 4  w h ich  w as a llow ed  to  re
m ain  at room  tem perature an d  th en  n eu tra lized ; th e  
to ta l reaction  tim e w as less th an  7 m in. T h e  ben zisox 
azolon e w as identified  b y  its m elting  p o in t ,10 its m ass 
spectru m  (a t 15 e V  peaks at m/e 135, paren t an d  base ; 
119, P  — 0 ;  91, P  — C 0 2; and  79 ), in frared  sp ectru m  
(3311, sharp, N - H ;  1773 and  1751 c m -1 , 5 -rin g  car
b o n y l) an d  nm r spectru m  (r  1.17, b ro a d  singlet, on e 
p ro ton , N H ; 2 .0 -2 .9 , m u ltip let, 4 a rom a tic  p ro to n s ), 
and  its con version  to  th e  k n ow n  A -a c e ty l deriva tive .

A n  a ttem p t to  m on itor th e  cleavage reaction  o f  4 
in  deu teriu m  ox ide  b y  in frared  sp e ctro sco p y  fa iled  
becau se o f  th e  h igh  rate  o f  th e  rea ction ; th e  spectra l 
scan, w h ich  w as started  70 sec a fter m ixing (scan  rate  
80 c m -1  per m inute from  1300-1800 c m -1 ) , in d ica ted  
th a t th e  am ide 4  had been  con v erted  to  th e  sod iu m  
sa lt o f  o -h yd roxy la m in ob en zo ic  a cid  (th e  op en  fo rm  o f 
5 exists in  alkaline so lu tion ; see E xperim en ta l S ection ). 
In  con trast, a solu tion  o f th e  am ide in  n eutra l h ea vy  
w ater gave  a spectru m  w h ich  w as clearly  th a t o f  the 
u n cleaved  am ide and  w h ich  d id  n o t  ch an ge du rin g  a 
0 .5 -hr p eriod . I t  is thus apparent th a t  th e  am id e  c lea v 
age is base  ca ta lyzed . T h is  is con sisten t w ith  th e  p ro 
p osed  m echanism , since th e  an ion ic fo rm  o f  th e  h y - 
d roxy lam in o  fu n ction  sh ou ld  b e  fa r m ore  n u cleop h ilic  
th an  th e  u n -ion ized  form .

In  an  a ttem p t to  estim ate th e  en han cem en t o f  th e  
cleavage  rate  p ro v id e d  b y  th e  h yd roxy la m in o  fu n ction , 
A jlV -d im eth y lb cn za m id e  w as su b jected  to  th e  reac
tion  con d ition s  used to  prepare th e  ben zisoxazolon e
(5) from  4. A fte r  18 days in 0.1 N  aqu eous base  a t 
ro o m  tem perature, 5 6 %  o f th e  am ide cou ld  b e  recovered  
u nchanged . T h u s, the h a lf-life  o f  th e  h yd ro lysis  is 
greater th an  18 days. S ince th e  h a lf-life  o f  th e  assisted 
h yd rolysis  is less th an  7 m in, 3 .7  X  103 is a  m in im u m  
fa cto r  fo r  th e  enhancem ent. In  v iew  o f the fa cts  th at 
th e  7 -m in  figure m ay  be  to o  large b y  a fa c to r  o f  2 or  3 
an d  th a t in th e  absence o f  n ucleoph ilic  p a rtic ip a tion  
an  e lectron -d on atin g  orth o  su bstitu ent w ou ld  b e  ex
p ected  to  decrease the rate  o f  a lkaline h yd ro lysis  b y  
decreasing the e lectroph ilic ity  o f  th e  ca rb o n y l g ro u p 18 
and  p ro b a b ly  b y  steric h indrance, th e  actu a l ra te  en 
h an cem en t m a y  b e  several tim es this factor.

F in a lly , it  w as dem on strated  th at 2 ,1 -ben zisoxazo
lon e  (5) cou ld  be  redu ced  to  anthranilic acid  (2, 7 6 %  
y ie ld ) under the reaction  conditions.

E xperim en ta l S ection

Infrared spectra were determined with a Beckman IR -8 or 
IR-12 spectrophotometer; sodium chloride cell windows were 
used throughout except for work in aqueous solution, where cal
cium fluoride windows were employed. Nmr spectra were 
determined with a Varian A-60 spectrometer; chemical shifts 
are expressed in r values relative to internal tetramethylsilane. 
Mass spectra were obtained with an LKB-9000 combined gas 
chromatograph-mass spectrometer at 70 eV, unless otherwise 
stated; the m/e values of major peaks are reported, followed in 
parentheses by intensity values as percentages of the base peak. 
Melting points were taken on a Thomas-Kofler micro hot stage 
and are corrected. Two different lots of Matheson Coleman and 
Bell 10% Pd/C  were used. Micro silicic acid columns were pre
pared with Mallincrodt TLC-7GF silicic acid.

(1 5 ) K .  T .  K o s h y ,  J. Pharm. Sci., 5 8 , 5 6 0  (1 9 6 9 ).
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Catalytic Reduction of o-Nitro-A/A'-dimethylbenzamide in the 
Presence of Sodium Borohydride. A. Isolation of Anthranilic 
Acid.—A solution of 0.97 g (5.0 mmol) of o-nitro-AAA-dimethyl- 
benzamide16 in 22 ml of water and 3 ml of methanol was rapidly 
added to a slurry of 0.05 g of 10% Pd/C  in an ice-cooled solution 
of 0.7 g (18 mmol) of sodium borohydride in 15 ml of water. 
The mixture was stirred for 3 min and the catalyst was removed 
by filtration. The basic solution was made slightly acidic with 
18% hydrochloric acid, extracted with ether, made basic with 
sodium carbonate, and reextracted with chloroform. The two 
extracts were separately dried (M gS04) and the solvents were 
removed by evaporation to produce 0.40 g (58%) of crude an
thranilic acid (2) and 0.21 g (26%) of crude o-amino-iV,N -di- 
methylbenzamide (3) from the ether and chloroform extracts, 
respectively. The infrared spectrum of the anthranilic acid 
strongly resembles that reported.17 The crude o-ammo-N,N- 
dimethylbenzamide was identified by comparison of its infrared 
spectrum with that of an authentic sample:16 ir (CHC13) 3480 
(m), 3390 (m), 3010 (s), 2940 (m), 1609 (vs), 1587 (vs), 1480 
(s), 1390 (s), 1300 (m), 1255 (m), 1201 (m), 1151 (m), 1075 (s), 
and 1058 cm-1 (sh). Its mass spectrum is very similar to that of 4 
and is presented below under the description of the latter.

Another reaction was performed as above, except at one-half 
the scale. The mixture was stirred this time for 15 min and the 
catalyst was then removed by filtration. The basic solution was 
extracted with chloroform (five 5-ml portions), neutralized 
with 18% hydrochloric acid, reextracted, acidified, and finally 
extracted a third time. The acid extract was dried (M gS04) 
and concentrated to leave 67 mg of residue, which was partially 
purified by passage through a micro silicic acid column (CHC13), 
and was then sublimed at 100° (0.5 Torr) in a micro sublimator. 
There was significant decomposition of the residue during sub
limation, but the sublimed anthranilic acid consisted of 20.3 mg 
(5.7% yield) of white crystals, mp 147.0-147.5° (lit.18 mp 144.9- 
145.4°; lit.19 mp 144-145°), whose infrared spectrum matched 
that reported.17

When the aminoamide 3 was subjected to the reaction condi
tions except that ice cooling was not employed, over 90% of it was 
recovered. The starting nitro compound was recovered un
changed under these couditions when the sodium borohydride 
was not present and cooling was not employed.

In another run, using the same quantities of reactants but in a 
solution of 30 ml of water, 5 ml of methanol, and one drop of 1 N 
sodium hydroxide, less catalyst (0.02 g), and a longer reaction 
time (1 hr), the yield of crude anthranilic acid was 42% and that 
of crude aminoamide was 60%. In a third run, in which the 
solution of nitro compound was added slowly, a 5.7% yield of 
pure anthranilic acid could be obtained; in this run there was a 
large basic fraction, the infrared spectrum of which indicated 
that it was largely a mixture of 2,1-benzisoxazolone and o-hy- 
droxylamino-A%V-dimethylbenzamide. The detection of the 
former by acetylation of the basic fraction of a similar run is 
described below.

B. Isolation of N -Acetyl-2,1-benzisoxazolone.— A solution of 
1.00 g (5.15 mmol) of the nitroamide in 22 ml of water and 3 ml 
of methanol was added at a rate of 5 drops/sec to a slurry of 
0.04 g of 10% P d/C  in an ice-cooled solution of sodium borohy
dride (1.0 g, 27 mmol) in 15 ml of water. After the addition, 
the solution was stirred for 5 min, the catalyst was removed by 
filtration, and the basic filtrate was acidified with 18% hydro
chloric acid and extracted with methylene chloride. Acetic 
anhydride (1.00 g, 9.8 mmol) was added to the aqueous solution 
followed by enough sodium acetate to neutralize the solution. 
The mixture was stirred at room temperature for 1 hr and the 
white precipitate was removed by filtration and dried in a vacuum 
desiccator. This material (100 mg, 12%  yield) gave a single 
peak when chromatographed from 140° at a rate of 8°/m in on a
10-ft column of 3%  OV-17 on Gas-Chrom Q. Its infrared and 
mass spectra matched those of an authentic sample of iV-acetyl-
2,1-benzisoxazolone.

C. Isolation of o-Hydroxylamino-.V,A'-dimethylbenzamide
(4).— The procedure in B was used except that a different batch 
of Pd/C  was employed. After removal of the catalyst, the basic 
yellow solution was extracted with methylene chloride (five

(1 6 ) T .  C o h e n , R .  M .  M o r a n , a n d  G . S o w in s k i, J. Org. Chem., 26, 1
(1 9 6 1 ).

(1 7 ) S a d tle r  S ta n d a r d  S p e c tr a , N o . 2 7 0 3 , S a d tle r  R e s e a rc h  L a b o r a to r ie s , 
I n c .,  P h ila d e lp h ia , P a .

(1 8 ) J . M .  S u g ih a ra  a n d  S . R .  N e w m a n , J. Org. Chem., 2 1 , 1445  (1 9 5 6 ).
(1 9 ) A . F .  I s b e ll  a n d  H . R .  H e n z e , J. Amer. Chem. Soc., 6 6 , 2 0 9 6  (1 9 4 4 ).

5-ml portions) and the extract was dried (M gS04) and concen
trated to yield 372 mg (crude yield 40% ) of light yellow oil, the 
ir spectrum of which matched that of a sample of 4 prepared by 
reduction of the nitro compound with zinc and ammonium chlo
ride. Addition of hexane to a chloroform solution of the oil 
resulted in the precipitation of 218 mg (23%) of white solid 
which discolored in air. It also had the correct ir spectrum. 
Another similar run yielded 50% of 4 as a crude, light yellow 
solid.

o-Hydroxylamino-A',jV-dimethylbenzamide (4).— Zinc dust 
(795 mg, 12.1 mmol) was added in small portions over a 5-min 
period to a vigorously stirred mixture of 6 ml of water and 4 ml 
of ether containing 388 mg (2.00 mmol) of o-nitro-A7,A7-dimethyl- 
benzamide and 300 mg (5.60 mmol) of ammonium chloride. 
The temperature was maintained below 23° by intermittent 
cooling. The mixture was stirred for an additional 10 min and 
the zinc oxide and unreacted zinc were removed by filtration. 
The residue was washed with ether, the water and ether layers 
were separated, and the aqueous layer was extracted with ether. 
The combined ether extract was dried (MgS04) and evaporated 
to yield 218 mg (crude yield 60% ) of yellowish-white solid, the 
spectroscopic properties of which indicate that it is predominantly 
o-hydroxylaminoAV,Af-dimethylbenzamide. Upon glpc, the ma
terial exhibited one small peak at the same retention time as the 
amine; apparently the hydroxylamine is itself not capable of 
being chromatographed but is contaminated with some of the 
corresponding amine. The mass spectrum at 15 eV is given in 
the discussion. That at 70 eV (direct probe) is very similar to 
that of o-amino-AAALdimethylbenzamide (3) and the two are 
now compared; the first number in parenthesis is the per cent 
of the base peak in the spectrum of 4 and the second is the cor
responding figure for the spectrum of pure amine (3); m/e 181 
(0.2, 0), 180 (1.3, 0), 164 (36, 36), 163 (7, 12), 137 (2.3, 0), 
136 (2, 0.07), 135 (21, 0.4), 121 (8 , 12), 120 (100, 100), 119 
(12, 12), 92 (46, 51), 91 (9, 5) 65 (32, 33), 64 (12, 5), 52 (12, 3), 
51 (5, 1), 50 (5, 1), 46 (5, 1), 44 (21, 23), 41 (5, 2), 39 (13, 7). 
The following ir spectrum (chloroform solution) of 4 is similar 
to but distinctly different from that of 3: 3584 (w, sharp),
3322 (broad), 3003 (s), 2933 (m), 1621 (s), 1504 (m), 1481 (m), 
1453 (m, sharp), 1397 (s, sharp), 1350 (w), 1190 (w), 1119 (w), 
1071 (m), 1042 cm-1 (sh). Nmr: r 2.6-3.8 (m, 6 H, aromatic 
and NHOH) and 7.0 (three sharp peaks, separated by about 1 Hz, 
6 H, methyls). There is no discernible absorption at about r 
5.75 where the corresponding amine exhibits a peak for amine 
protons.

Conversion of o-Hydroxylamino-A'-A'-dimethylbenzamide (4) 
to 2,1-Benzisoxazolone (5).— A sample of 4 (148.7 mg, 0.825 
mmol) was added in one portion to 8.3 ml (0.83 mmol) of ca. 
0.1 JV sodium hydroxide solution which was maintained at 23° 
in a water bath; it dissolved within 1.3 min to give a golden 
yellow solution. The solution was stirred for an additional 3.2 
min, cooled to 10° during 2 min, and made slightly acidic with 
18% hydrochloric acid. The white precipitate was immediately 
removed by filtration and placed under vacuum in a desiccator 
(dry weight 48.1 mg, mp 104-109° dec) and the filtrate was 
rapidly extracted with ether (two 5-ml portions). Evaporation 
of the dried (MgS04) ether extract yielded 21.7 mg of tan crystals, 
re crystallization of which from ethanol-water (with noticeable 
handling losses) gave 8.6 mg of white crystals, mp 106-111° 
dec (lit.10 mp for 2,1-benzisoxazolone 112° dec). The combined 
yield of this fairly pure material is thus 51%: ir (CHC13) 3311 
(w), 3040 (w), 1773 (s), 1751 (s), 1610 (w), 1513 (w), 1473 (w), 
1330 (w), 1297 (w), 1149 (w), 1111 (w), 1040 cm“ 1 (m); nmr 
(CDC13) t 2.0-2.9 (m, 4 H, aromatic) and 1.17 (s, broad, 1H, 
NH); mass spectrum, direct probe, 137 (3.8), 136 (8), 135 (100), 
119 (5), 104 (5), 91 (23), 79 (15), 77 (9), 76 (14), 65 (8), 64 (25), 
63 (16), 62 (6), 61 (38), 52 (13), 51 (10), 50 (13), 39 (7), 38 (10), 
37 (6).

A rapidly prepared solution of the hydroxylamine 4 in D 20  
was scanned from 1800 to 1300 cm-1 six times over a period of 30 
min; the spectra were the same and quite consistent with un
cleaved amide: 1616 (vs, sharp), 1540-1440 (broad envelope 
containing several peaks), 1412 cm-1 (w). An entirely different 
ir spectrum was exhibited by the same material dissolved in 0.1 
N NaOD in D 20  and it did not change with time; the strongest 
peaks are considerably broader and less well defined than those 
in the nonbasic case and they are found at 1625, 1612, 1597, and 
1581 cm-1; in addition there is a broad envelope from 1600 to 
1350 cm-1 which contains peaks at 1570-1550, 1484, 1460, 1412, 
and 1381 cm-1. The spectrum of 2,1-benzisoxazolone in the
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same solution is very similar, but cleaner (of course, the ab
sorptions for dimethylamine would be absent from the latter 
solution): 1631, 1598, 1551, 1486, 1455, 1380, and 1339 cm -1. 
It seems clear that the latter two solutions contain sodium o- 
hy droxylaminoben zo ate.

Alkaline Hydrolysis of A?, A' -D im e thy lb enz a m id e .— A solution 
of 152.5 mg (1.022 mmol) of 7V,./V-dimethylbenzamide dissolved 
in 1 equiv of the same solution of NaOH used for the cleavage of 
4 was left at room temperature (ca. 23°) for 432 hr and then ex
tracted with CH2CI2 (eight 5-ml portions). The dried extract 
yielded 85.5 mg (56%) of residue, the infrared spectrum of which 
was identical with that of the starting amide.

iV-Acetyl-2,l-benzisoxazolone.— Acetyl chloride (5 drops) was 
added to a solution of 18 mg (0.13 mmol) of 2,1-benzisoxazolone 
in 10 drops of dioxane. The solution was gently warmed over a 
flame and then cooled. Water was added (crystals formed) and 
the mixture was extracted with ether. The residue from evap
oration of the ether was precipitated from an alcoholic solution 
with water to give 9.4 mg (44%) of white crystals: mp 116-118° 
(lit.10 mp 117.5-118.5°); ir (CHC1,) 3040 (w), 1786 (s), 1704 
(s), 1613 (w), 1477 (m), 1464 (s), 1379 (s),1350 (m), 1332 (s), 
1299 (w), 1153 (w), 1112 (w), 1074 (w), 1042 (w), 980 cm“ 1 
^m, broad); mass spectrum, direct probe (since the peak at m/e 
43, the acetyl cation, was extremely intense and off-scale, the 
values in parentheses are percentages of the 135 peak) 178 (6.3), 
177 (53.1), 136 (21), 135 (100), 104 (28), 91 (32), 79 (95), 77

(14), 76 (65), 75 (16), 74 (17), 64 (49), 63 (37), 62 (16), 52 (52), 
51 (24), 50 (73), 44 (97), 43 (off scale).

Reduction of 2,l-B 3nzisoxazolone.— 2,1-Benzisoxazolone (65.8 
mg, 0.488 mmol) was added in small portions to a slurry of 4.1 
mg of 10% P d/C  in a solution of 97 mg (2.6 mmol) of sodium 
borohydride in 3.2 m_ of water and 0.28 ml of methanol in an ice 
bath. After the solution had been stirred for 15 min, the catalyst 
was removed by filtration, the basic solution was extracted with 
chloroform (five 1-ml portions), acidified to ca. pH 3 with 18% 
hydrochloric acid, and then extracted again. Evaporation of 
the solvent from the combined, dried (MgSOi) extract left 50.0 mg 
(76%) of off-white crystals, mp 143-147°, the infrared spectrum of 
which matched that reported17 for anthranilic acid. Sublimation 
at 100° (0.5 Torr) yielded material of mp 146.5-147.0 (lit.18 mp
144.9-145.4°; lit.19 mp 144-145°).

R eg istry  N o .— 1, 2018-71-5 ; 2 , 118-92-3 ; 3 , 6526-
66 -5 ; 4 , 33047-10-8 ; 5 , 31499-90 -8 ; 5 N -a c e ty l
derivative , 33047-12-0.

A ck n o w le d g m e n ts .— W e  w ish  to  th an k  th e  N a tion a l 
In stitu tes o f  H ea lth  for  p rov id in g  th e  L K B  9000 co m 
b in ed  gas ch rom atograp h -m ass  spectrom eter (G ra n t 
R R  00273), and  M r. John  N aw ora l fo r  record in g  the 
m ass spectra.
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Methyl and ethyl 3,5-dihydroxybenzoates, in molten potassium-sodium thiocyanate eutectic, react by a 
pseudo-first-order Bai2 displacement on the alkyl group to form alkyl thiocyanates and isothiocyanates. The 
methyl ester, which reacts 49 times as fast as the ethyl at 150°, shows an activation energy of 26 kcal/mol. The 
product compositions are 96% MeSCN, 4%  MeNCS and 54% EtSCN, 46% EtNCS. Methyl 2,4-dihydroxy- 
benzoate reacts similarly except that the 2,4-dihydroxybenzoate ion immediately decarboxylates, evolving 0.5 
mol of carbon dioxide per mole of ester and following the rate equation In 0 /(0  — 2x) = 2kt. Neither the 0- 
hydroxyl group nor the decarboxylation accelerates the displacement, as this ester reacts slightly more slowly 
than the 3,5-dihydroxy compound. The isotope effect is small (koa/koD =  0.97).

N o t in g  the h igh n u cleop h ilic ity  and low  m elting  
p o in t o f  potassium  th iocyan ate , w e in itia ted  a s tu d y  
o f  n u cleoph ilic  d isp lacem en t reactions in  th is m olten  
salt, an ion ic, ap rotic  m edium  w h ich  represents the 
u pper con cen tra tion  lim it o f  a solu tion . Su itable sub
strates, undergoing  sim ple d isp lacem ent reactions w ith  
m oderate  rates at e levated  tem peratures and con 
ta in ing h y d rox y l grou ps to  con fer so lu b ility  b y  h y 
drogen  bon d in g  w ith  the so lv e n t2 are d ifficu lt to  de
vise. B en zo ic  esters w ith  tw o  ph enolic  h y d rox y l groups, 
h ow ever, have these properties. F o r  exam ple, m eth y l
3 ,5 -d ih yd roxyb en zoa te  reacts w ith  th iocya n a te  ion  
w ith  a lk y l-o x y g e n  cleavage, o f  the ty p e 3 B A12 (eq  1). 

HO

OOCH 3 +  SON“  — -  

HO

COO- +  CH3SCN +  CH3NCS (1)

(1 )  P r e l im in a r y  c o m m u n ic a t io n :  E .  M .  W a d s w o r th  a n d  T .  I .  C r o w e ll ,  
Tetrahedron Lett., 1 08 5  (1 9 7 0 ) .  R e s e a rc h  s u p p o r t e d  b y  t h e  U . S . A r m y  
R e s e a rc h  O ff ic e  (D u r h a m ) .

(2 )  T .  I .  C r o w e ll  a n d  P . H il le ry ,  J. Org. Chem., 3 0 , 1339  (1 9 6 5 ).
(3 )  C . K .  I n g o ld ,  “ S tr u c tu r e  a n d  M e c h a n is m  in  O rg a n ic  C h e m is t r y ,”

2 n d  e d , C o r n e l l  U n iv e r s it y  P ress , I t h a c a ,  N . Y . ,  196 9 , p  1142 .

N u cleoph ilic  d isp lacem ents at the saturated  carbon  
a tom  in ester h ydrolysis  or  a lcoh olysis  can  be  ob served  
on ly  under the fo llow in g  con d ition s : (1 ) special stru c
tural features fa v o r  a lk y l-o x y g e n  cleavage as in the 
reaction  o f  /3-lactones w ith  w a ter4 or  m eth a n o l;6 (2) 
the com p etin g  a ttack  at the carbon y l grou p  (B Ac2) 
is h indered  as in  m eth y l 2 ,4 ,6 -tri-terf-bu ty l b en zoa te6 
or  is designed to  be a sym m etrica l tran sesterifica tion ;7
(3) the n ucleophile  is u nreactive tow ard  ca rb on y l 
groups. T h e  v e ry  few  exam ples o f  th is last case in 
clude the cleavage o f  sim ple m eth y l esters b y  tr im eth y l- 
am ine8 and  b y  lith ium  halides in  p y rid in e93, or  2 ,4 ,5 - 
co llid in e .9b T h iocy a n a te  ion  also be lon gs to  th is sm all 
grou p  o f  n ucleophiles preferen tia lly  a ttack in g  th e  car
b o n  a tom  o f  the a lk y l group  in  esters, e ffe ctin g  a slow  
d isp lacem en t o f  the carboxy la te  ion . P a ck h a m  an d

(4 )  W .  A . C o w d r e y ,  E .  D .  H u g h e s , C . K .  I n g o ld ,  S . M a s te r m a n , a n d  A . D - 
S c o t t ,  J. Chem. Soc., 1 26 4  (1 9 3 7 ) ;  A .  R .  O lse n  a n d  R .  J . M ille r , J. Amer. 
Chem. Soc., 60 , 2 6 8 7  (1 9 3 8 ).

(5 )  T .  L . G re s h a m , et ah, ibid., 7 0 , 1 00 4  (1 9 4 8 ) ;  P . D . B a r t le t t  a n d  P .  N . 
R y la n d e r ,  ibid., 7 3 , 4 2 7 3  (1 9 5 1 ).

(6 )  L . R .  C . B a r c la y ,  N . D . H a ll, a n d  G . A . C o o k e ,  Can. J. Chem., 4 0 , 
1981 (1 9 6 2 ).

(7 )  J . F .  B u n n e t t ,  M .  M .  R o b is o n ,  a n d  F . C . P e n n in g to n , J. Amer. Chem. 
Soc., 7 2 , 2 3 7 8  (1 9 5 0 ) ;  R .  A . S n e e n  a n d  A . R .  R o s e n b e r g ,  J. Org. Chem., 2 6 , 
2 0 9 9  (1 9 6 1 ).

(8 )  R .  W ills t a t te r  a n d  W . K a h n , Ber., 3 5 , 2 7 5 7  (1 9 0 2 ) ;  L . P .  H a m m e t t  
a n d  H . L .  P flu g e r , J. Amer. Chem. Soc., 55 , 4 0 7 9  (1 9 3 3 ).

(9 )  (a ) E . T a s c h n e r  a n d  B . L ib e re k , Rocz. Chem., 3 0 , 3 2 3  (1 9 5 6 ) ;  ( b )  F .  
E ls in g e r , J . S ch re ib e r , a n d  A . E s c h e n m o s e r , Helv. Chim. Acta, 4 3 , 113  
(1 9 6 0 ).



R a ck le y 10 obta in ed  m eth y l iso th iocya n a te  in  2 5 %  y ie ld  
from  the h eterogen eous system , m eth y l a ce ta te -fu sed  
N a S C N -K S C N  a t 300°. T h is  paper describes h om o
geneous k in etic studies o f  eq  1 and related  reactions in 
fused  K S C N -N a S C N  eu tectic  at 1 4 0 -1 6 0 °.

E xperim en ta l S ection

A Colura Ultra-Thermostat circulating bath, filled with D ow - 
Coming 210 silicone oil, maintained temperature ± 0 .2 ° .

Solvent.—The sodium thiocyanate-potassium thiocyanate 
(25-75 mol % ) binary eutectic11 melting at 133° was prepared 
from the reagent grade salts (minimum assay 99.3 and 99.7%) 
which were dried at 110° for 15 hr, then combined, melted in a 
beaker, and mixed. The melt was poured into an open dish, 
allowed to cool in a desiccator, pulverized in a drybox, and dried 
under vacuum at room temperature. For each kinetic run, 10 g 
of the molten salt was dried at 10-3 Torr at the temperature of 
the run for at least 24 hr. Karl Fisher titration showed the 
water content of the eutectic to be 0 .2%  after this treatment. 
When deuterated esters were to be used as substrates, the eutectic 
was wet with D 20  before the drying procedure.

Methyl 2,4-Dihydroxybenzoate.— To 35 g (0.23 mol) of 2,4- 
dihydroxybenzoic acid was added 40 g (1.25 mol) of methanol 
and 4 g of concentrated sulfuric acid. After 30 hr at reflux, 
excess methanol and water were distilled off and the residual 
liquid (about 25 ml) was neutralized to pH 7 with sodium 
carbonate solution. The precipitated ester was extracted with 
ether. The tan solid obtained on evaporation of the extracts 
was recrystallized from benzene as white crystals (21.4 g, 56%): 
mp 116-117° (lit.12 117-118°); homogeneous by tic; ir (KBr) 
3360 (OH stretch), 1640 (carbonyl), 1275 (C -0  stretch), 1625 
(aromatic ring stretch), 1370 cm -1 (methyl C -H  bend); nmr 
(acetone-ch) methyl singlet 3.46 ppm from TMS.

The other alkyl dihydroxybenzoates, prepared by similar 
procedures but with 3-5-hr reflux periods, were ethyl 2,4-di- 
hydroxybenzoate, 41% yield, mp 69-70.5° (lit.13 69-70°); 
methyl 3,5-dihydroxybenzoate, 70%, mp 167-168° (lit.14 15 163- 
165°); and ethyl 3,5-dihydroxybenzoate, 32%, mp 127-128° (lit.16 
128.5). Isopropyl 3,5-dihydroxybenzoate was vacuum dis
tilled. A fraction obtained at 185-190° (0.3 Torr), which con
tained both starting acid and product (tic), was dissolved in 
benzene-acetone (95:5% ), chromatographed on a silica gel 
(0.2-0.5 mm, 20 g) column, and eluted with benzene-acetone 
(95:5 then 90:10% ). The ester containing fractions were com
bined and evaporated under reduced pressure to a viscous oil 
which could not be solidified: yield 0.77 g (6% ); ir (DMSO-de) 
3450-3550 (OH stretch), 1720 (C = 0 ) ,  1610 (aromatic ring), 
1245 cm-1 (CO); nmr (DMSO-d6) methyl doublet 5 1.30, 
me thine multiplet & 5.13.

Anal. Calcd for CioH i20 4: C, 61.22; H, 6.17. Found: C, 
61.16; H, 6.28.

Sodium 2,4-dihydroxybenzoate was prepared by neutralizing 
the acid with 0.2 M  sodium hydroxide and evaporating to dry
ness under vacuum. The monosodium salt of methyl 2,4-di
hydroxybenzoate (presumably sodium 3-hydroxy-4-carbome- 
thoxyphenoxide) was obtained similarly from a methanol solution 
of the ester after adding 1 equiv of sodium methoxide. Methyl
2,4-dideuteroxybenzoate was prepared by heating 0.7 g of 
methyl 2,4-dihydroxybenzoate in 12.5 ml of D 20  (99.8%) until 
it dissolved. The solution was cooled and filtered and the pro
cess was repeated. The ir spectrum of the vacuum-dried solid 
showed equally strong OD (KBr, 2440 cm-1; reported16 for 
phenol in D 20 , 2432 cm-1) and OH (3370 cm-1) peaks. Taking 
into account the lower absorption intensity of OD, about 75% 
exchange was indicated. This product was again heated with 
D 20 . After the solvent was evaporated under vacuum, the ir 
spectrum of the ester showed about 87% exchange in the hy
droxyl groups. This was confirmed by the nmr spectrum; the

Alkyl Dihydroxybenzoates in Fused Thiocyanates

(1 0 ) D . L . P a ck h a m  a n d  F . A . R a c k le y ,  Chem. Ind. {London), 8 9 9  (1 9 6 6 ).
(11 ) J . B .  W r z e n e w s k y , Z. Anorg. Chem., 7 4 , 99  (1 9 1 2 ).
(1 2 ) A . B a e y e r , Justus Liebigs Ann. Chem., 3 7 2 , 8 5  (1 9 1 0 ).
(13 ) R .  J. K a u fm a n n  a n d  R .  A d a m s , J .  Amer. Chem. Soc., 4 5 , 1751 

(1 9 2 3 ).
(1 4 ) J . H e rz ig  a n d  S . E p s te in ,  Monatsh. Chem., 2 9 , 668  (1 9 0 8 ).
(1 5 ) C . M .  S u te r  a n d  A . W . W e s t o n , J. Amer. Chem. Soc., 6 1 , 531  (1 9 3 9 ).
(1 6 ) C . H a a s  a n d  D . F . H o rn ig ,  J. Chem. Phys., 3 2 , 1 7 6 7  (1 9 6 0 ).

aromatic A2B pattern moreover was similar to that of the 
undeuterated ester.

Methyl and ethyl thiocyanate17 and iso thiocyanate18 were pre
pared by standard methods.

Procedure.— The Pyrex reaction vessel, 22 X 150 mm, con
taining about 10 g of the thiocyanate eutectic, was immersed in 
the oil bath and evacuated for the final stage of the drying pro
cedure. It was then opened and 1.5-2.5 mmol of ester was in
troduced through a funnel and stirred with a heated rod until 
dissolved (5-15 min).

The reactions of the 3,5-dihydroxybenzoate esters were fol
lowed by weighing the mixture of alkyl thiocyanate and iso
thiocyanate produced. After introduction of the ester, the 
system was closed and evacuated to a pressure of 20 Torr. The 
vapor of the products passed through glass tubing (maintained at 
about 100° by a heating coil to prevent condensation) into a Dry 
Ice trap. After the desired time interval, a stopcock next to the 
trap was closed to isolate it temporarily from the reaction and 
a clean trap was substituted for the first one. The collected 
product (about 100 mg) was redistilled on the vacuum line, the 
vapors passing through calcium chloride to remove traces of 
water, and finally weighed. This procedure, tested on samples 
of fnethyl thiocyanate mixed with much more water (50%) than 
was produced in the kinetic runs, gave results only 2%  high.

Methyl 2,4-dihydroxybenzoate, on the other hand, undergoes 
decarboxylation as displacement by thiocyanate takes place, and 
is conveniently followed by measuring the volume of carbon 
dioxide evolved. A cold finger, containing circulated refrig
erant at —10°, was located in the reaction vessel to minimize the 
partial pressure of methyl thiocyanate before it was completely 
removed by a Dry Ice trap between the reaction vessel and the 
rest of the vacuum system. After the ester was dissolved in the 
molten salt, the system was closed and partially evacuated. 
(Complete evacuation caused bumping and undue sublimation 
of the ester.) From the volume of the whole system and the 
pressure measured on a mercury manometer, the quantity of 
carbon dioxide formed in the reaction could be calculated at any 
time.

Product Analysis.— Alkyl thiocyanates and isothiocyanates 
were identified by their ir spectra (KBr) and by gas chroma
tography. A column of 20% Carbowax 600 on Anakrom ABS 
50/60 support (0.25 X 120 in.) was used. The flame ioniza
tion detector response was found to be identical for methyl 
thiocyanate and methyl isothiocyanate, using 1,2-dimethoxy- 
ethane as reference compound in the Micro-Tek gas chromato
graph. The relative amounts of isomers produced could therefore 
be calculated from peak areas without further correction. The 
volatile products from ethyl 3,5-dihydroxybenzoate gave two 
peaks showing similar retention times to the methyl products 
and were assumed without calibration to correspond to ethyl 
thio- and isothiocyanate. The higher proportion of ethyl iso
thiocyanate (50% as compared to 5%  for the methyl esters) was 
confirmed by the ir spectrum of the mixture.

Methyl 2,4-dihydroxybenzoate was stable for 3 days at 150°. 
Dissolved in the thiocyanate melt at 150°, this ester slowly 
evolved carbon dioxide (identified by mass spectrum), methyl 
thio- and isothiocyanate (identified as above) and, as a sublimate 
just above the bath oil level, resorcinol (ir in KBr). Sodium
2,4-dihydroxybenzoate was decarboxylated very rapidly in the 
melt. Methyl and ethyl 3,5-dihydroxybenzoates, however, 
showed no evolution of noncondensable ( — 78°) gas, the pressure 
remaining constant within 7 mm (methyl) and 1 mm (ethyl) as 
alkyl thiocyanates formed and passed into the Dry Ice trap. 
This important observation demonstrated the absence of carbon 
dioxide, methane, ethane, and ethylene and illustrated the 
convenience of a vacuum system for handling nonvolatile fused 
salts.

R esu lts

In  the reaction  o f  m eth y l 3 ,5 -d ih yd roxyb en zoa te , 
9 0 %  o f  the th eoretica l w eigh t o f  p ro d u ct  w as obta in ed  
com p osed  o f  9 6 %  m eth y l th iocy a n a te  and 4 %  m eth y l 
isoth iocyan ate . T h e  p ro d u ct from  the eth y l ester 
was 5 4 %  eth y l th iocya n a te  and 4 6 %  isoth iocyan ate .

(1 7 )  R .  L . S h r in e r , “ O rg a n ic  S y n th e se s ,”  C o l le c t .  V o l .  I I ,  W ile y ,  N e w  
Y o r k ,  N . Y . ,  1943 , p  36 6 .

(1 8 )  E .  C . H o rn in g , “ O rg a n ic  S y n th e se s ,”  C o l le c t .  V o l .  I l l ,  W i le y ,  N e w  
Y o r k ,  N . Y . ,  1 9 5 5 , p  59 9 .
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Figure 1.—Kinetic plot for solvolysis of methyl 2,4-dihydroxy- 
benzoate in molten K +, N a+/SCN~ at 140.5°.

T h e  rate  constants, sh ow n  in T a b le  I, w ere obta in ed  
from  p lo ts  o f  In a/(a  — x) (linear to  7 5 %  reaction )

E s t e r T e m p ,  ° C

Table I
N o .  o f  

ru n s 1 0 4fc,a s e c -1
M e a n  %  

d e v n

Me 3,5 140.5 2 1.53 0.5
150.4 3 3.20 4 .7
160.2 2 6.32 1.3

Et 3,5 150.5 3 0.065 11.7
M e 2,4 140.5 3 0.232 1.3

150.5 2 0.4676 1.3
160.6 2 0.794 1.1

M e 2,4C 150.7 2 0.485 1.0
° Mean value of k for given number of runs. 6 This rate con

stant for thiocyanate displacement is one-half the value given 
in ref 1 for total ester consumption. c Methyl 2,4-dideuterioxy- 
benzoate.

w here a is the am ou n t o f  ester, in m illim oles, d issolved  
in  10 g o f  m elt, and x the m illim oles o f  p ro d u ct  at tim e 
t. T h e  th ree-poin t A rrhenius p lo t  for  the m eth y l ester 
is linear, the ca lcu lated  a ctiv a tion  en ergy  E& be in g  26 
k c a l/m o l and the e n trop y  o f  a ctiv a tion  — 16 ca l/d e g . 
Iso p ro p y l 3 ,5 -d ih yd roxyb en zoa te  is insoluble in the 
m elt.

M e th y l 2 ,4 -d ih yd roxyb en zoa te  y ie ld ed  m eth y l th io - 
and iso th iocya n a te  in  the sam e ratio  (9 5 .3 :4 .7 ) as the
3,5 ester. C a rb on  d iox ide  w as e v o lv e d  as the reaction  
proceed ed , apparen tly  approach in g  0.5 m ol per m ole 
o f  reactan t. T h e  actu al y ie ld  w as 0 .46  m o l; vo la tiliza 
tion  o f  ester from  the h o t so lu tion  p ro b a b ly  a ccou n ts 
fo r  the difference. I f  the reaction  proceeds as sh ow n  in 
e q  2 and all the p rod u cts  on  the righ t side ex cep t th e  
an ion  1 are rem ov ed  b y  vo la tiliza tion , in clud ing  re
sorcin o l, the fa ilure o f  h a lf o f  the substrate  to  react 
is expla ined  if  1 is assum ed unreactive. T h e  sod ium  
salt o f  m eth y l 2 ,4 -d ih y d roxy b en zoa te  in fa ct  neither 
d isso lved  n or rea cted  in  th e  m elt unless it  w as heated  
to  198°. (S od iu m  2 ,4 -d ih yd roxyb en zoa te , how ever, 
d isso lved  and  d eca rb ox y la ted  rap id ly  at 1 5 0 °.) I t  is, 
th erefore , p rop er to  p lo t  (V s) In a/(a  — 2x) vs. tim e,

HO
é

,OH

+  CO, +  CH,SCN +  CH3NCS +  “ O
é

.OH

COOCH,

(2 )

since 2x is the num ber o f  m oles o f  reactan t rem ov ed  
w hen  x m ol undergo the d isp lacem en t reaction . A  
ty p ica l p lo t  for  reaction  o f  the ester a t 140°, fo llo w e d  
b y  carbon  d iox ide  evolu tion , is sh ow n  in  F igu re 1. 
T h e  slope, k, is 2 .36 X  10~5 s e c -1  u p  to  2 5 %  reaction . 
N o te  th at the in itial slope o f  a p lo t  o f  In a /  (a — x) vs. 
t w ou ld  have th is sam e value, w h ich  s im p ly  m easures 
the rate o f  ca rb on  d iox ide  ev o lu tion  from  the ester at 
its in itial con cen tration . E q u a tion  2 is suggested  as 
the reason  fo r  d ev ia tion  from  first-order k in etics  as the 
reaction  proceeds, b u t the eva lu ation  o f  k sh ou ld  n o t 
m ark ed ly  depen d  on  w hether or  n o t the in terp retation  
is correct.

A ll the resu lts are sum m arized in T a b le  I , in clud ing  
du plica te  runs on  ester deu terated  in the h y d rox y l 
groups. O ne run at 150 .5°, fo llow ed  grav im etrica lly , 
as described  for  the 3,5 esters, gave  a rate con stan t o f
4.2 X  1 0 sec -1 b e fore  tapering  off as it ap p roached  
5 0 %  reaction .

T h e  A rrhenius p lo t for  m eth y l 2 ,4 -d ih yd roxyb en zoa te  
is n o t  q u ite  linear: the a ctiva tion  en ergy  is 25 (1 4 0 - 
1 5 0 °), 19 (1 5 0 -1 6 0 °) , or  22 k c a l/m o l overall. T h e  
correspon d in g  en trop y  o f a ctiva tion  is — 29 c a l/d e g  m ol.

E th y l 2 ,4 -d ih yd roxyb en zoa te  is insouble  in  th e  th io 
cya n a te  m elt.

D iscu ssion

T h e  reaction  o f  'h e  a lkyl d ih yd roxyb en zoa tes  appears 
to  b e  a d irect d isp lacem ent on  the a lk yl group . T h e  
ratio kue/k^t is 49 fo r  the 3,5 esters at 1 5 0 -1 5 5 °, w h ich  
is in the n orm al range for  Sn 2 rea ction s .19 T h e  ab 
sence o f  eth y len e  in th e  p rod u cts  from  e th y l 3 ,5 -d i
h yd roxyb en zoa te  show s th at ester pyro lysis  is n o t 
occu rrin g  in th is m ed ium  (the esters a lone are stab le  
at the tem peratures used) and, togeth er w ith  the ab 
sence o f  m ethane from  the m eth y l esters, is ev id en ce  
against the presence o f  free radicals.

T h e  2 ,4 -d ih y d roxy  esters m ight be  ex p ected  to  re
a ct m ore rap id ly  than  those w ith  b o th  the h y d ro x y l 
groups in m eta  positions. I f  d ecarboxy la tion  to o k  
p lace sim ultaneously  w ith  d isp lacem ent, a d riv in g  
force  ch aracteristic  o f  m an y fragm en tation  reaction s20 
w ou ld  increase the d isp lacem ent rate. F urtherm ore, 
the orth o  h y d rox y l group  cou ld , b y  h y d rog en  b on d in g  
o r  p ro to n  transfer, increase the p ositive  charge on  th e  
carbon y l carbon  a tom  and con sequ en tly  the a ffin ity  
o f  the a d ja cen t m eth y l group  for  the n u cleoph ilic  an ion . 
C ata lysis o f  ester h ydrolysis  b y  n eigh borin g  h y d ro x y l 
grou ps (the H e n b e st-K u p ch a n  e ffe ct21) is w e ll k n ow n ,

(1 9 )  A . S tre itw ie se r , J r  , “ S o lv o ly t ic  D is p la c e m e n t  R e a c t i o n s , "  M c G r a w -  
H ill ,  N e w  Y o r k ,  N . Y . ,  p  7 3 .

(2 0 )  E . M .  K o s o w e r ,  “ A n  I n t r o d u c t io n  t o  P h y s ic a l  O rg a n ic  C h e m is t r y ,”  
W ile y ,  N e w  Y o r k ,  N . Y . ,  p p  9 4 -9 8 .

(2 1 )  S . M .  K u p c h a n  a n d  W .  S . J o h n so n , J. Amer. Chem.. Soc., 7 8 , 3 8 6 4  
(1 9 5 6 ) ,  a n d  s u b s e q u e n t  p a p e rs ; H . B . H e n b e s t  a n d  B .  J . L o v e l l ,  J. Chem. 
Soc., 1 96 5  (1 9 5 7 ).
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as is catalysis b y  the orth o  h y d rox y l group  in  the h y 
drolysis o f  sa licy la te  esters. B en der has, h ow ever, pre
sented con v in cin g  ev iden ce  th at the la tter ty p e  o f 
catalysis is n o t general fo r  a dd ition  o f  all nucleophiles 
to  the carbon y l group , on ly  the w ater m olecu le .22

T h e  fa ct th a t m eth y l 3 ,5 -d ih yd roxyb en zoa te  under
goes th iocyan ate  d isp lacem en t seven  tim es as fast as 
m eth y l 2 ,4 -d ih yd roxyben zoate  show s th at the factors 
d iscussed a b ove  are in fa ct  n o t  the m ost im portan t ones 
a ffecting the rate at 140 -160° and suggests th at the 
d isp lacem en t is u n cata lyzed  and  occu rs prior  to , n o t 
sim ultaneously  w ith , decarboxy la tion . T h e  difference 
in  the a d m itted ly  uncerta in  a ctiv a tion  energies o f  these 
tw o com pou n ds is n o t large en ough  to  change the rate 
ratio drastica lly  at o th er  a tta in able  tem peratures, 
the isok inetic tem perature fa lling near ro o m  tem pera
ture. T h e  iso top e  e ffect (¿ o h A on  =  0.97 at 150 .7°) 
is also n early  negligible.

T h e fraction  o f  iso th iocya n a te  form ed  b y  the re
action  o f  the a m biden t nucleoph ile  w ith  the m ethy l 
esters, 4 -5 % , is com p arab le  w ith  sim ilar d isp lacem en ts.23

(2 2 ) M .  L . B e n d e r , F .  J . K 4 z d y , a n d  B . Z e rn e r , J. Amer. Chem. Soc., 85 , 
301.7 (1 9 6 3 ).

(2 3 ) A . F a v a , A . l l i c e t o ,  a n d  S . B r e s a d o la , ibid., 8 7 , 4 79 1  (1 9 6 5 ).

T h e  higher p rop ortion  (4 6 % ) from  the eth y l ester is 
n o t due to  therm al isom erization  o f  eth y l th iocya n a te ; 
w e fou n d  the rate  con stan t fo r  form ation  o f  E tN C S  
from  E tS C N  in  co n ta ct w ith  m olten  eu tectic  to  be  on ly  
3 X  10-6 s e c -1  at 150° (half-life  3 days) and  6 X  10~6 
at 170°. T h e  pu blish ed  va lu e24 fo r  m eth y l th iocyan ate  
is 8.5 X  10~7 s e c -1  at 136°. T h e  eth y l th iocyan ate , 
w h ich  is co lle cted  in the co ld  trap  w ith in  a few  m inutes 
o f  its form ation , can n ot isom erize ap preciab ly  in this 
tim e. T h e  large a m ou n t o f  iso p ro d u ct  m ust then  be 
form ed  d irectly . T h e  ev iden ce  does n o t  enable us to  
determ ine w h eth er the cause is increased  Sn I or  “ p u ll-  
pu sh ”  character o f  the d isp lacem en t26 or a structural 
e ffect on  so lva tion  in  the n eigh borh ood  o f  the reaction  
center.

R egistry  N o .— S odiu m  th iocyan ate , 540-72-7 ; p o 
tassium  th iocyan ate , 333-20-0 ; m eth y l 2 ,4 -d ih y d roxy 
ben zoate, 2150-47-2 ; m eth y l 3 ,5 -d ih yd roxyben zoate , 
2150-44 -9 ; e th y l 3 ,5 -d ih yd roxyben zoate , 4142-98-7 ; 
isop rop y l 3 ,5 -d ih yd roxyben zoate , 33046-40-1.

(2 4 ) C . N . R .  R a o  a n d  S . N . B a la s u b r a h m a n y a m , Chem. Ind. (London), 
625  (1 9 6 0 ).

(2 5 ) N . K o rn b lu m , et al., J. Amer. Chem. Soc., 7 7 , 6 26 9  (1 9 5 5 ).
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The reaction of 2,2,2-fluorodinitroethylamine with acid chlorides was used to prepare a variety of fluorodinitro- 
ethyl-substituted amides, urethanes, and ureas. Urethanes were also prepared by the addition of alcohols to
2,2,2-fluorodinitroethyl isocyanate. The use of the ieri-butyl group as a protecting group in the synthesis of 
7V-(2,2,2-fluorodinitroethyl)amides is described.

lV -(2 ,2 ,2 -T rin itroeth y l)am ides, urethanes, and  ureas, 
som e o f  w h ich  are o f  in terest as exp losive  ingredients, 
are generally  prepared  b y  a m idoa lk y la tion  o f  trin itro - 
m ethane (eq  5, R  =  N 0 2) .  T h e  reaction  has been  
carried  ou t b y  reactin g  either trin itrom ethan e w ith  a 
h y d rox ym eth y l am ide, or  2 ,2 ,2 -trin itroeth an ol w ith  an 
am ide via generation  o f  the m eth y lo l am ide an d  trin itro 
m ethane in  situ.2-3-4

T here  are ap p aren tly  n o  reports  in  the literature re
garding the analogous am id oa lk y la tion  o f 1 ,1 -d in itro- 
alkanes (R  =  a lk y l). W h en  w e attem p ted  to  em p loy  
th is reaction  to  prepare Ar-(2 ,2 ,2 -flu orod in itroe th y l)- 
am ides (R  =  F ) it fa iled  com p lete ly . 2 ,2 ,2 -F lu oro - 
d in itroeth anol w as u n reactive  tow a rd  a v a r ie ty  o f  
am ides as w ell as urethane and  urea, and  flu orod in itro - 
m ethane acted  as a  dem eth y lo la tin g  agent u p on  h y 
d rox y m eth y l am ides, urethane, and  urea. T h is  b e -

R C (N 02)2CH20H  R C (N 02)2~ +  CH20  +  H+ (1)

R C (N 02)2H R C (N 02)2-  +  H + (2)

R 'CO N H 2 +  CH20  ^=5: R'CONHCHiOH (3)

R'CONHCH2OH +  H+ R'CONH CH 2+ +  H20  (4)

(1 ) P a r t  V :  H . G. Adolph, J. Org. Chem., 35, 3 1 8 8  (1 9 7 0 ).
(2 ) H . F e u e r  a n d  U . E . L y n c h -H a r t ,  ibid., 26, 3 9 1 , 5 8 7  (1 9 6 1 ).
(3 ) P . N o b le ,  J r ., F .  G . B o r g a rd t ,  a n d  W .  L . R e e d , Chem. Rev., 61, 19 

(1 9 6 4 ).
(4 ) A . W e t t e r h o lm , Sv. Kem. Tidskr., 76, 6 2 8  (1 9 6 4 ).

h a v ior can  be  rationalized  b y  exam ining  the equ ilibria  
in v o lv e d  in  the desired reaction  (eq  5).

R'CONHCH2+ +  R — C (N 02)2-  — >
R 'C 0N H C H 2C (N 02)2R (5)

I t  fo llow s from  th e  an om alou sly  low  a cid ity  o f 
fluorod in itrom ethan e6’6 th at w hen  R  =  F , in  com plete  
con trast to  the case w here R  =  N 0 2, equ ilibria  1 and 
2 are sh ifted  com p lete ly  to  the le ft under p H  con d itions 
w here equ ilibriu m  4 can  p rov id e  a su p p ly  o f  carbon iu m  
ions sufficient fo r  the reaction  to  p roceed  at an ob serv 
able rate.

W e  recen tly  rep orted  the synthesis o f  2 ,2 ,2 -flu oro
d in itroeth ylam ine, on ly  th e  secon d  prim ary  2 ,2- 
d in itroeth y lam ine to  be  described  in  the literature, 
and  fou n d  it  to  be  an isolable  an d  reason ab ly  stable 
species .6 In  v ie w  o f  the a b ove  d ifficulties w e exam 
in ed  its u tility  fo r  th e  preparation  o f  lV -(2 ,2 ,2 -flu oro- 
d in itroeth y l)am ides, urethanes, and  ureas b y  reaction  
w ith  a v a rie ty  o f  acid  ch lorides.

T h e  reaction  in  m ethylene ch loride  solu tion  o f 
a ce ty l ch loride  w ith  a 1 :1  m ixture o f  2 ,2 ,2 -flu orodin i
troeth y lam in e (1) and  p yrid in e  w as stra ightforw ard  and 
gave  W -(2 ,2 ,2 -flu orod in itroeth y l)a cetam ide  in > 9 5 %  
y ie ld . In  th e  reaction  o f  1 w ith  this and other acid

(5 ) H . G . A d o lp h  a n d  M .  J . K a m le t ,  J. Amer. Chem. Soc., 88 , 4761  
(1 9 6 6 ).

(6 ) H . G . A d o lp h  a n d  M .  J . K a m le t , J. Org. Chem., 3 4 , 47  (1 9 6 9 ).
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ch lorides the order o f  a dd ition  o f  the reactants is o f  
som e im portan ce  ; because o f  the sen sitiv ity  o f  1 to  acids 
in  the presence o f  w ater6 it  is desirable to  keep the re
action  m edium  basic until all 1 has reacted , i.e., to  add  
the acid  ch loride slow ly  to  the m ixture o f  1 and base. 
T h e  reaction  o f 1 w ith  4 ,4 -d in itroh eptan ed ioy l ch loride 
w as carried  ou t in  a sim ilar m anner. T h e  prod u ct, 
A ,A r'-b is (2 ,2 ,2 -flu o ro d in itro e th y l) -4 ,4 -d in itro h e p ta n e - 
d io ic  am ide, w as ob ta in ed  in  5 7 %  y ie ld . 1 and  oxa ly l 
ch loride in a ratio o f  2 :1  in  the presence o f  2 eq u iv  o f  
p yrid in e  gave A ,A '-b is (2 ,2 ,2 -flu o ro d in itro e th y l)o x a m - 
ide (10) in  excellent y ie ld . Iso la tion  o f  the in ter
m ediate oxam ic acid  ch loride was n ot a ttem pted .

D ep en d in g  on  the ratio  o f  reactan ts and  th e  nature 
o f  the base em p loyed  as h yd rogen  ch loride  scavenger, 
th e  m ain  prod u cts  o f  the reaction  o f  1 w ith  phosgene 
w ere A % V '-bis(2,2,2-fliK >rodin itroethyl)urea (2),N-(2,2,~
2 -flu orod in itroeth y l)ca rb a m yl ch loride (3 ), and  2 ,2 ,2- 
flu orod in itroeth y l isocyan ate.

In  a ratio  o f  2 :1 :2  in  benzene or m ethylene ch loride 
solu tion , 1, ph osgene, and pyrid in e  reacted  read ily  to  
g ive  the urea 2, w h ich  had  been  prepared  prev iou sly  b y

O
pyridine

C F (N 02)2CH2NH2 +  C1C0CH2C F (N 02)2 ------- >- 4

N-(2,2 ,2 -F lu orod in itroeth y l)ca rb a m yl ch loride (3) d id  
n ot read ily  lose h yd rogen  ch loride  on  further trea tm en t 
w ith  pyrid in e , b u t w as con v erted  to  2 ,2 ,2 -flu orod in i- 
troe th y l isocyan ate  (6) on  reaction  w ith  trieth y lam in e. 
A ltern a tive ly , 1, phosgene, and trieth y lam ine in  a 
ratio o f  1 :1 :2  in  benzene so lu tion  reacted  at ro o m  tem 
perature to  g iv e  6 in  ca. 2 0 %  y ield .

CF(N 02)2CH2NH2 +  COCl2 +  2N(C2H5)3 — >
C F (N 02)2CH2N = C = 0

6

A  d istillab le, colorless liqu id , 6 w as storab le  at ro o m  
tem perature fo r  several days. O n  p ro lon ged  co n ta ct  
w ith  trieth ylam ine in  benzene, it  fo rm ed  a  cy c lic  
trim er, m p ca. 150° dec. I t  u nderw en t a d d ition  reac
tions w hen  treated  w ith  a  v a r ie ty  o f  n itrosu bstitu ted  
alcoh ols in m ethylene ch loride solu tion  in  the presence 
o f  ca ta ly tic  am ounts o f  pyrid ine.

6 + CF(N02)2CH20H — ►  4

2CF(NO,)2CH2NH2
1

0
II

+ C1CC1 pyridine

CF(N02)2CH2— NH

C= 0

CF(N02)2CH2— NH/

0

K+~C(N02)2CH2NHCNHCH2C(N02)2“K+

2

the aqueous fluorination  o f  d ipotassium  N,N '-b is- 
(2 ,2 -d in itroeth y l)u rea .7

W ith  a 1: p h osg en e : pyrid in e  ratio  o f  1 :1 :1 ,  N - 
(2 2 ,2 -flu orod in itroeth y l)carbam yl ch loride (3 ), was 
p rod u ced . T h is  m aterial was n ot ob ta in ed  pure bu t 
w as ch aracterized  b y  con version  to  the correspon d in g  
urethanes on  reaction  w ith  2 ,2 ,2 -flu orodin itroethan ol 
and 2 ,2 -d in itrop rop a n e -l,3 -d io l in  the presence o f  
pyrid in e .

pyridine
CF(N02)2CH2NH2 + C0C12 ------->

0
II

CF(N02)2CH2NHCC1
3

0

3

CF(N02)CH20H, pyridine

(Q2N>2C(CH,0H)2. pyridine

CF(N0,)2CH2NHC0CH2CF(N02)2

4

0
II

CF(N02)2CH2NHC0CH2

\ ( N 0 2)2

CF(N02)2CH2NHC0CH2

0
5

4 was also prepared  b y  th e  alternate pa th w ay  o f  re
acting  1 w ith  2 ,2 ,2 -flu orod in itroeth y l ch loroform ate .

(7) M. J. Kamlet and H. G. Adolph, J . O rg. C h em ., 33, 3073 (1968).

6 + H0CH2CF(N02)CH20H — ►

0
II

CF(N02)2CH2NHC0CH2 ^F 

CF(N02)2CH2NHC0Ch/  \ io2

o
7

6 + [H0CH2C(N02)2CH20]2CH2 —

0

CF(N02)2CH2NHC0CH2C(N02)2CH20 V
V 2

CF(N02)2CH2NHC0CH2C(N02)2CH2Cr

0
8

I t  has been  p o in ted  ou t6 th at n eat 2 ,2 ,2 -flu oro- 
d in itroeth ylam ine is unstable under am bien t con d i
tion s ; even  in  re la tive ly  d ilute m eth y len e  ch lorid e  solu 
tion  (< 2 5 % )  appreciab le  d ecom p osition  takes p lace  on  
exten ded  storage at am bient tem peratures. A n o th e r  
p rob lem  in  trea tin g  1 w ith  acid  ch lorides on  a larger 
scale is presented  b y  its sen sitiv ity  tow a rd  acids, p a rtic 
u larly  in  the presence o f  w ater, w h ich  cou ld  lea d  to  
v igorou s d ecom p osition  tak in g  p lace  during th e  reac
tion .

In  attem pts to  c ircu m ven t these hazards in v o lv e d  
in the d irect synthesis o f  2 ,2 ,2 -(f lu o ro d in itro e th y l)- 
am ides, an  a lternative  rou te  fo r  th eir p rep a ra tion  w as 
exam ined  con sistin g  in  th e  a cy la tion  o f  ter£-butyl- 
(2 ,2 ,2 -flu orod in itroeth yl)am in e (9 ) w ith  a cid  ch lorides

C:CH 3)3 C(CH3)3
/  RCOCI /

C F (N 02)2CH2N -------- =► C F (N 02)2CH2N
\

H CO— R
9

c f (N 02)2c h 2:!]
C F (N 02)2CH2NHCR

o

A
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or anhydrides fo llow ed  b y  de-ferf-bu ty la tion  o f  the re
sulting am ide b y  stron g  acid.

T h e starting m aterial, 9 , w as prepared  read ily  and in 
alm ost qu an tita tive  y ie ld  b y  a dd ition  o f  ierf-bu ty l- 
am ine to  an aqueous solu tion  o f  2 ,2 ,2 -flu orodin itro - 
e th an ol; the oil th at separated  was essentially  pure 9. 
I t  is stable to  exten d ed  storage at ro o m  tem perature 
and  its salts w ith  stron g  acids are stable  in  aqueous 
solution .

9 was fou n d  to  be less reactive  tow a rd  acy la tin g  
agents than  1, as m igh t be  exp ected  because o f  steric 
h indrance b y  th e  ¿erf-butyl substituent. I t  w as also 
fou n d  th at in  the reaction  w ith  a n um ber o f  acid  
ch lorides, e.g., a ce ty l ch loride  an d  ox a ly l ch loride, p y 
ridine and  tria lkylam in es w ere n ot sa tis fa ctory  as h y 
drogen  ch loride scaven gers; these bases reacted  w ith  
the acid  ch loride w ith ou t p artic ip a tion  o f  9. T h e  de
sired am ide in  the reaction  w ith  o x a ly l ch loride was 
obta ined , h ow ever, b y  u sing  an excess (w hich  was 
read ily  recovered ) o f  9 to  neutralize the h ydrogen  
ch loride.

0 0  C (C H 3)3

4 9  +  C1CCC1----- >  IC F iN C W îC H îN C +î + 2  4 HCl

1
coned 

^ H2SO4
o

[C F (N 0 2)2C H 2N H ¿ ] 2
10

OH-

2 9

R e m o v a l o f  th e  ferf-butyl groups in  the oxam ide  was 
effected  b y  the m eth od  o f  L a ce y ,8 * 749 stirring a suspension  
o f the m aterial in  con cen tra ted  su lfuric acid , tr iflu oro - 
acetic  acid , or  a m ixture o f  con cen tra ted  su lfuric 
and acetic acids fo r  several hours at ro o m  tem perature.

iV -(2 ,2 ,2 -F lu orod in itroeth y l)form am id e  (12) was also 
prepared  via 9 in  the m anner ou tlin ed  a b ove . T rea tin g  
9 w ith  a ce t ic -fo rm ic  an h ydride  gave ¿erf-buty l-(2 ,2 ,2 - 
flu orod in itroeth y l)form a m id e  (11) in  7 1 %  y ie ld . T h e  
¿erf-butyl grou p  in  th is com p ou n d  was less readily  
rem oved  than  in  o th er carboxam ides. T rea tm en t w ith  
triflu oroacetic acid  at am bien t or  reflux tem peratures, 
fo r  exam ple, w as in effective . H ow ever, p ro lon ged  
action  o f  con cen tra ted  su lfuric acid  con v erted  11 to  12 
in  m oderate y ie ld .

O C (C H 3)3

9 +  C H 3CO C H O  — s- C F (N 0 2)2C H 2N
\

11 CH O

C F (N 0 2)2C H 2N H C H 0
12

Experimental Section
Caution. Many compounds described herein are explosive in 

nature and appropriate care should be taken in their handling. 
Precautions recommended in working with fluorodinitromethyl 
compounds, especially 2 ,2,2-fluorodinitroethanol, have been 
described elsewhere.7 Neat 2,2,2-fluorodinitroethylamine (1) 
must be handled with extreme care.6

Melting and boiling points are uncorrected; elemental analyses 
were by Galbraith Laboratories, Inc., Knoxville, Tenn. Nmr

(8) R. N. Lacey, J .  C h em . S o c ., 1633 (1960).

spectra were obtained on a Varian HA-100 spectrometer; chem
ical shifts are relative to TMS as internal standard.

Preparation of A m ides from  2,2,2-Fluorodinitroethylam ine (1) 
and Acid Chlorides. G eneral Procedure.— 1 was prepared as 
described in ref 6 . For the initial preparation of an unknown 
amide distilled 1 (caution, see above) was used; for subsequent 
preparations the methylene chloride solution of crude 1 as ob
tained from the reaction of 2,2,2-fluorodinitroethanol with 
ammonia was found satisfactory; a 70% yield of 1 from 2,2,2- 
fluorodinitroethanol was assumed in the latter preparations.

The methylene chloride solution of 1 (15-20 g/100 ml) was 
cooled in an ice bath and pyridine, the calculated amount plus 
10% excess, was added with stirring. With continued cooling, a 
solution of the acid chloride in methylene chloride was added 
and the mixture was stirred, initially in an ice bath, later at room 
temperature, for 2 to 15 hr depending on the reactivity of the 
acid chloride. The methylene chloride solution was then washed 
with small amounts of dilute sulfuric acid and water, dried, and 
freed from solvent, and the crude amide was recrystallized from 
the appropriate solvent.

A7- ( 2 ,2,2-Fluorodinitroethyl (acetam ide.— The crude amide was 
difficult to crystallize without seed crystals. These were ob
tained by depositing a small quantity of crude amide on a short 
column of silica (G. F. Smith, Columbus, Ohio), washing with 
methylene chloride, eluting with 1:1 methylene chloride-ether, 
and freeing the main product containing fraction from solvent. 
The remaining oil crystallized on standing.

Using seed crystals, the crude amide was recrystallized from 
chloroform-hexane (2:1), mp 57-58°, yield (based on 2,2,2- 
fluorodinitroethanol) 71%.

Anal. Caled for C4H6FN30 5: N, 21.53; F, 9.74; mol wt, 
195.1. Found: N, 21.2, 21.4; F, 10.0, 10.1; mol wt (in 
CH3CN), 190.

A',Ar'-B is(2,2,2-fluorodinitroethyl)-4,4-dinitroheptanedioic  
A m id e.— 4,4-Dinitroheptanedioyl chloride was prepared by the 
procedure of Herzog, e t alA The reaction mixture was refluxed 
for 3 hr and poured into dilute sulfuric acid, the solvent was 
allowed to evaporate, and the solid product was recrystallized 
from ethylene dichloride-dimethoxyethane. From 4.85 g of 
acid chloride there was obtained 6.5 g of crude amide. After 
repeated fractional crystallization the product melted at 170.5- 
171.5°, nmr (CD3CN) S 2.63 (sym m), 4.65 (pair of d, J h f  = 
16, J n h - h  = 6.5 cps).

Anal. Caled for C „H ,4F2NsO „: C, 25.39; H, 2.71; F, 
7.30. Found: C, 25.3; 25.3; H, 2.6, 2.7; F, 7.6, 7.7.

A' ,A "-B is(2 ,2 ,2-fluorodinitroethyl(urea (2 ) .—The reaction 
mixture obtained by the slow addition of a solution of phosgene 
in methylene chloride to the 1 +  pyridine solution was stirred at 
room temperature overnight and then poured into dilute sulfuric 
acid. The solid remaining after evaporation of the methylene 
chloride was filtered and recrystallized from carbon tetrachloride- 
acetonitrile, mp 218-219°. The yield, based on 2,2,2-fluorodi
nitroethanol, was 66% . A lower melting polymorph of this 
material had previously been obtained by aqueous fluorination of 
dipotassium bis(2,2-dinitroethyl)urea.7 The two polymorphs 
showed slight differences in their ir spectra (in KBr), but had 
identical nmr spectra, nmr (D M S O -d 6) S 4.60 (pair of d, J h f  
= 16 , / n h - h  = 6.5 cps), 7.14 (t).

A’ - ( 2 ,2 ,2-Fluorodinitroethyl(carbam yl Chloride (3 ) .—To a 
solution of 11.5 g of phosgene in 50 ml of benzene was added 
dropwise at 5-10° a solution of 17.7 g of 1 and 9.5 g of pyridine in 
30 ml of benzene. After complete addition the mixture was 
heated to 50° for 1 hr and the solvents were removed in vacuo. 
The residual oil was diluted to 100 ml with methylene chloride 
and reacted further as described below.

A', 0 -B is ( 2 ,2 ,2-fluorodinitroethyl (carbam ate (4 ) .— To 40 ml 
of the above solution of crude fluorodinitroethylcarbamyl chloride 
was added 5.6 g of 2 ,2,2-fluorodinitroethanol6'7 and, dropwise 
and with cooling in an ice bath, 3.1 g of pyridine. The mixture 
was stirred at room temperature for 2 hr, diluted with 100 ml of 
methylene chloride, washed with dilute sulfuric acid, dried, and 
concentrated. Repeated chilling, filtration, and concentration 
of the mother liquor gave several fractions of 4 containing di
minishing amounts of 2 as impurity. The crude yield totaled 3 g. 
The product was purified by recrystallization from methylene 
chloride-hexane: mp 63-64°; nmr (CD3CN) 5 4.54 (pair of d,

(9) L. Herzog, M. H. Gold, and R. D. Geckler, J . A m e r . C h em . S o c ., 73,
749 (1951).
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J u t  — 16, J nh- h =  6.5 cps), 5.28 (d, J u t  =  16 cps), 6.74 (broad 
t).

Anal. Calod for C6H5F2N5Oi0: C, 18.04; H, 1.51; F, 11.40. 
Found: C, 17.8; H, 1.5; F, 11.3.

1,13-Difluoro-l, 1,7,7,13,13-hexanitro-3,1 l-diaza-5,9-dioxatri- 
decane-4,10-dione (S).— The above solution of crude fluorodi- 
nitroethylcarbamyl chloride (60 ml) was treated with 4.6 g of 2,2- 
dinitropropane-l,3-diol and 4.6 g of pyridine in the manner de
scribed for 4. The methylene chloride solution of the crude prod
uct was concentrated until crystallization started. A second 
crop was obtained by addition of hexane to the mother liquor of 
the first crop; total yield 4.5 g. The product was contaminated 
with 2, which is less soluble than 5 and could be removed by frac
tional crystallization from methylene chloride-hexane. A purer 
sample of 5 was obtained by addition of 2,2-dinitropropane-l,3- 
diol to fluorodinitroethyl isocyanate .(see below), mp 128.5- 
130.5°, nmr (acetone-d6) S 4.53 (pair of d, J u t  — 16, J nh- h =
6.5 cps), 5.02 (s), NH not reported.

Anal. Calcd for C9H10F2NsO16: C, 20.62; H, 1.92; F, 
7.25; N, 21.37; mol wt, 524.23. Found: C, 20.8; H, 2.0; 
F, 7.1; N ,21.4; mol wt (acetone), 528.

4 by Reaction of 2,2,2-Fluorodinitroethylamine with 2,2,2- 
Fluorodinitroethyl Chloroformate.— 2,2,2-Fluorodinitroethyl 
chloroformate was prepared in situ as follows. To an ice-cooled 
solution of 15.4 g of 2,2,2-fluorodinitroethanol6'7 and ca. 12 g of 
phosgene in 100 ml of methylene chloride was added dropwise 9 
g of pyridine. The mixture was stirred at ambient temperature 
for 3-4 hr, then washed rapidly with ice-cold dilute sulfuric acid, 
and dried, and the solvent and excess phosgene were removed 
in vacuo. The remaining oil was taken up in 25 ml of methylene 
chloride and added dropwise and with stirring and cooling to an 
ice-cold solution of 11 g of 1 and 6.3 g of pyridine in 100 ml of 
methylene chloride. The mixture was stirred overnight at room 
temperature and freed from solvent, and the residue was digested 
with dilute sulfuric acid. The crude product was recrvstallized 
from methylene chloride-hexane to give 21 g (88.6%  based on 1) 
of 4.

2,2,2-Fluorodinitroethyl Isocyanate (6).— To a solution of 6 g 
of phosgene in 50 ml of methylene chloride was added dropwise 
at 0-5° and with stirring a solution of 9.2 g of 1 and 6.2 g of 
triethylamine in 25 ml of methylene chloride. After the exo
thermic reaction had subsided, another 6.2 g of triethylamine was 
added dropwise, and the mixture was stirred at room temperature 
for 1 hr, filtered rapidly, and freed from solvent in vacuo. The 
liquid portion of the remaining semisolid material was dissolved in 
methylene chloride-hexane (1: 1), and the solution was filtered 
and concentrated. Vacuum distillation of the remaining oil gave 
2 g of 6 as a pale yellow liquid, bp ca. 45° (0.1 mm), exhibiting a 
single peak in the glpc chromatogram and a strong band in the ir 
at 2250 cm-1. The compound was characterized further by the 
following reactions with nitro alcohols.

Addition to 6 of 2,2,2-Fluorodinitroethanol, 2,2-Dinitropropane-
1,3-diol, 2,2,8,8-Tetranitro-4,6-dioxa-l,9-nonanediol, and 2- 
Fluoro-2-nitropropane-l,3-diol.—The alcohol was added at room 
temperature to a methylene chloride solution of 6 . When neces
sary, ether was added until the mixture was homogeneous. A 
few drops of pyridine were added and the mixture was stirred 
at room temperature overnight. The product was isolated by 
filtration or removal of the solvents. 4 and 5 prepared in this 
manner were identical with samples obtained from the reaction of 
fluorodinitroethyl carbamyl chloride (3) with the corresponding 
alcohol and pyridine. The two additional carbamates prepared 
from 6 are described below.

l,19-Difiuoro-l,l,7,7,13,13,19,19-octanitro-3,17-diaza-5,9,ll,-
15-tetraoxa-4,16-nonadecanedione (8).—The crude product from
1.8 g of 6 and 1.7 g of 2,2,8,8-tetranitro-4,6-dioxa-l,9-nonane- 
diol10 weighed 3.4 g. It was taken up in methylene chloride, 
filtered through a short column of silica (G. F. Smith, Columbus, 
Ohio) to remove colored material, and recrystallized from methy
lene chloride: mp 94-96°; nmr (CD3CN) S 4.55 (pair of d, J hf 
= 16, J nh- h =  6.5 cps), 4.46, 4.79, 5.04 (three s), 6.63 (broad 
peak, NH).

Anal. Calcd for Ci3Hi6F2Nio0 22: C, 22.23; H, 2.30; F, 
5.41. Found: C, 22.5; 22.4; H, 2.2, 2.1; F, 5.2, 5.3.

1,7,13-Trifluoro-l, 1,7,13,13-pentanitro-3,l l-diaza-5,9-dioxa-
4,10-tridecanedione (7).— From 1.8 g of 6 and 0.7 g of 2-fluoro-2-

(10) T. N. Hall and K. G. Shipp, U. S. Patent 3,288,863 (Nov 29, 1966).

nitro-l,3-propanediolu there was obtained 2.3 g of crude product. 
After recrystallization from ethylene dichloride-acetonitrile 
and drying at 80° (0.1 mm) for 2 days the material melted at 
135-137°, resolidified when kept at this temperature, and melted 
again at 156-157°: nmr (CD3CN) S 4.53 (pair of d, J Hf =  16, 
J nh- h = 6.5 cps), 4.61, 4.66, 4.81 (three s),12 NH not reported.

Anal. Calcd for C9H,oF3N,0 ,4: C, 21.75; H, 2.03; F, 
11.46; N, 19.71. Found: C, 21.8, 21.7; H, 2.0, 2.1; F, 
11.8, 11.7; N, 19.6, 19.6.

Ar,,V'-Bis(2,2,2-fiuorodinitroethyl)oxamide (10).— A mixture 
of 100 g of 2 ,2 ,2-fluorodinitroethanol,6’7 100 ml of water, 
and 100 ml of methylene chloride was cooled in an ice 
bath, 70 g of 28% aqueous ammonia was added gradually, 
and the mixture was stirred for 0.5 hr at ice bath temperature 
and 6 hr at 25-30°. The phases were separated, the aqueous 
phase was extracted with 200 ml of methylene chloride, and the 
combined methylene chloride solutions were washed with 100 ml 
of 0.1 N NaOH and dried (MgSCh). This solution of crude 1 
was filtered and cooled in an ice bath; 36.3 g of pyridine was 
added, then slowly a solution of 29 g of oxalyl chloride in 200 ml of 
methylene chloride. Toward the end of the acid chloride addi
tion the mixture was allowed to warm to ca. 40°. Methylene 
chloride (100 ml) was added and stirring was continued for 
another 7 hr. The precipitate was filtered off, washed with 
methylene chloride, and digested with dilute sulfuric acid to 
remove ammonium salts. The crude product weighed 68.5 g 
(58.6%). After two recrystallizations from acetic acid it melted 
at 224-225°: nmr (moist DMSO-d6) & 4.73 (pair of d, J hf =  16, 
J nh- h =  6.5 cps), 9.75 (t).

Anal. Calcd for C6H6F2N 6Oio: F, 10.55; N, 23.34; mol 
wt, 360.16. Found: F, 10.8, 10.5; N, 22.5, 22.8; mol wt, 
379, 346.

V-feri-Butyl-V-(2,2,2-fluorodinitroethyl)amine (9).— terl-Bu- 
tylamine (8.5 g) was added with stirring and cooling to a 
solution of 15 g of 2,2,2-fluorodinitroethanol in 60 ml of water 
and the mixture was stirred at room temperature for 2 hr. The 
oil was separated and dried with a small amount of magnesium 
sulfate. It was shown by nmr to be pure 9 and was used for 
further reactions without purification. The yield was essentially 
quantitative: bp 54-55° (0.5 mm); nmr (CDC13) 5 1.05 (s), 
1.23 (broad peak, NH), 3,81 (d, J hf =  16 cps).

Preparation of 10 via 9.— A solution of 16.8 g of 9 in 50 ml of 
methylene chloride was cooled to 5-10° and 2.6 g of oxalyl chlo
ride in 10 ml of methylene chloride was added. The mixture 
was stirred for 1 hr at room temperature, heated to reflux for 6 
hr, and poured into dilute sulfuric acid, and the organic solvent 
was allowed to evaporate. Filtration gave 8.7 g of crude N ,N '- 
(ieri-butyl)-JV,lV'-bis(2,2,2-fluorodinitroethyl)oxamide, mp 159- 
160°. The filtrate was made alkaline and extracted with 
methylene chloride. Upon removal of the solvent from the 
extract 8.3 g of 9 was recovered.

A mixture of 10 g of the crude oxamide, 18 ml of acetic acid, 
and 12 ml of concentrated sulfuric acid was stirred for 2 hr at 
ambient temperature, ice and water was added, and the solid was 
filtered off to give 7.5 g of crude 10. After recrystallization from 
acetic acid the material was identical with a sample prepared from 
1 as described above.

iV-(2,2,2-Fluorodinitroethyl)formamide (12) via 9.— A mixture 
of 10.5 g of 9 and 30 ml of formic acid was cooled, 30 ml of acetic 
anhydride was added, and the mixture was stirred overnight. 
On drowning the reaction mixture in water and filtering off the 
precipitate there was obtained 8.5 g (71.4%) of N - (ieri-buty 1 )-N- 
(2,2 ,2-fluorodinitroethyl )formamide (11).

Nine grams of 11 was added to 15 ml of concentrated sulfuric 
acid, and the mixture was stirred for 6 hr at 25-30°, drowned on 
crushed ice, and the solution diluted to 125 ml with water. Char
coal was added to remove a brown, oily material and the solu
tion was filtered, saturated with sodium sulfate, and extracted 
with five 50-ml portions of ether. Drying (M gS04) and remov
ing the solvent gave 5 g of crude 12. The product was degassed 
and distilled in a molecular still at 80-90° (0.1 mm). Nmr and 
glpc analysis indicated the distillate to be about 95% pure, nmr 
(CD3CN) 5 4.64 (pair of d, J hf =  16, J nh- h = 6.5 cps), 7.22 
(broad peak, NH), 8.16 (s). 11 12

(11) L. T. Eremenko and G. V. Oreshko, I z v . A k a d . N a u k . S S S R , S er . 
K h im ., 380 (1965).

(12) See K. Baum, J . O rg. C h em ., 35, 846 (1970), for a discussion of 
anomalies in the nmr spectra of 2-fluoro-2-nitroalkanols.
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Anal. Caled for C3H4FN3O5: C, 19.91; H, 2.23; F, 10.49; 
N, 23.21. Found: C, 20.6, 20.5; H, 2.7, 2.6; F, 9.8, 10.1; 
N, 23.0, 23.0.

Registry No.—1, 18139-02-1 ; 2, 17003-80-4 ; 4, 
33046-31-0 ; 5, 33191-89-8 ; 6, 33046-32-1 ; 7, 33147-
03 -4 ; 8, 33046-33-2 ; 9, 33046-34-3 ; 10, 33191-90-1 ; 
12, 33046-35-4 ; N - (2 ,2 ,2 -flu orod in itroeth y l) acetam ide,

22691-71-0 ; Ar,N ,-b is (2 ,2 ,2 -flu orod in itroeth y l)-4 ,4 -d im - 
troh eptan ed io ic am ide, 33046-37-6 ; Af, A '- d i  (ferf-bu ty l)-  
A ,A '-b is (2 ,2 ,2 -flu o ro d in itro e th y l)o x a m id e , 33046-38-7.
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Nitromethane reacts with hexafluorobenzene at 550° to give products that differ greatly in nature from those 
with benzene under the same conditions. Pentafluorotoluene and pentafluorophenol are the major products, 
together with varying amounts of pentafluoroanisole, pentafluorobenzaldehyde, and decafluorobiphenyl. With 
p-difluorobenzene, nitromethane gives p-fluorophenol as the only major product. The driving force in reactions 
of nitromethane with fluorinated aromatics may be the formation of nitrosyl and nitryl fluorides.

N itrom ethan e reacts  w ith  benzene at 50 0 -5 5 0 ° to  
g ive aniline, A -m eth y la n ilin e , and b ip h en y l as m ajor 
p rod u cts, togeth er w ith  m inor am ou n ts o f  to luene, ani- 
sole, phenol, and IV -benzylideneaniline .1 T h e  deu
terium  con ten t o f  p rod u cts  from  labeled  reagents indi
ca ted  th at A -m eth y la n ilin e  form ed  b y  in sertion  in 
benzene o f  m ethyln itren e  from  n itrom eth ane, and  ani
line b y  su bsequ ent loss o f  C H 2 from  A -m e th y la n ilin e .2 
A pa rt from  b iph en yl, a p ro d u ct d erived  en tire ly  from  
benzene, n itrogen  com p ou n d s com prised  a b ou t 7 9 %  o f 
the to ta l p rod u cts . I t  w as o f  in terest to  find if n itro 
m ethane w ou ld  g ive  analogous p rod u cts  w ith  substi
tu ted  benzenes. W e  th erefore  a llow ed  n itrom eth ane to 
react w ith  hexaflu oroben zene at 550° and determ in ed  
the p rod u cts  b y  m ass spectrom etry , gas ch rom a tog 
raph y, and d irectly  cou p led  gas ch rom a tog ra p h y -m a ss  
spectrom etry .

Experimental Section
Hexafluorobenzene was from Aldrich Chemical Company. 

It analyzed 98% hexafluorobenzene and 1% each of penta- and 
tetrafluorobenzenes. The pentafluoro derivatives of toluene, 
anisole, aniline, benzaldehyde, and decafluorobiphenyl were from 
Pierce Chemical Company. Nitromethane was Eastman Re
agent Grade, distilled prior to use. The apparatus, procedure, 
and analytical methods are fully described in previous publica
tions.3 *

In a typical experiment a mixture of 10.72 ml (0.2 mol) of 
nitromethane and 118 ml (1.0 mol) of hexafluorobenzene was 
pumped into a Vycor tube filled with Vycor chips at 550° in a 
stream of argon flowing at 20 ml/min. Liquid products were 
condensed in a bulb at 0°; gases were collected in gas bulbs for 
mass spectral analysis. Distillation of the liquid products re
covered 171 g, almost all hexafluorobenzene, at 78-80°, and left
12.6 g of a higher boiling residue whose composition is shown in 
Table II, along with the composition of gases generated in the 
reaction.

(1) E. K. Fields and S. Meyerson, C h em . C o m m u n ., 494 (1967).
(2) E. K. Fields and S. Meyerson, A m e r . C h em . S oc . D iv . P e tr o l. C h em . 

P r e p r . , 16, No. 1, B96 (1971).
(3) E. K. Fields and S. Meyerson, A c c o u n ts  C h em . R es ., 2, 273 (1969), and

references cited therein.

Results and Discussion

P rod u cts  from  the reaction  o f  n itrom eth ane w ith  
hexafluorobenzene determ in ed  b y  gas ch rom atograph y  
are listed  in T a b le  I. T h ese  in cluded  variou s am ou n ts

T a b l e  I
P r o d u c t s  f r o m  N it r o m e t h a n e  a n d  H e x a f l u o r o b e n z e n e “

Nitromethane, mol 1
--------Prod

0.5
acts®---------

0.2 0.1
Weight of products boiling 

over 100°, g 26 27 12.6 7.0
Pentafluorotoluene 37.5 53.0 56.0 60.0
Pentafluorophenol 33.0 23.0 20.7 3.0
Pentafluoroanisole 5.9 9 .8 9.9 12.7
Pentafluorobenzaldehyde 6.6 3.2 3.0 4 .6
Decafluorobiphenyl 6.8 4.7 3.6 2.9
Unknowns 10.2 6.3 6.8 16.8

“ Conditions: 1 mol hexafluorobenzene; 550°; contact time, 
20 sec; argon, 20 ml/min. b Weight percent by gas chromatog
raphy.

o f  unknow ns, w hose m olecu lar w eights w ere deter
m ined  b y  m ass sp ectrom etry ; these are listed  in T a b le  
I I , a lon g  w ith  the com p osition  o f  gaseous p rod u cts .

T h e  tw o  m a jor p rod u cts  w ere pen ta fluorotolu ene 
and  pen tafluoroph en ol, w ith  pen ta fluoroan isole  prom i
n en t am on g the less abu n dan t ones. In  add ition , 
m ass sp ectrom etry  sh ow ed  a com p ou n d  o f  m olecu lar 
w eigh t 180, correspon d in g  to  tetra flu oroan isole , tetra - 
flu orob en zy l a lcoh ol, or  tetra flu orocresol. I ts  spec
tru m  is com p atib le  w ith  the stru ctu re  C H 3C 6F 4O H . 
A  pair o f  peaks o f  a b ou t equal in tensities a t masses 
179 and  180 resem bles correspon d in g  pairs in  the spectra  
o f  C 6F 5C H 3«  and C 6F 4H C H 3,8 and  thus suggests a 
m eth y l grou p  on  a fluorin ated  benzene ring. M asses 
o f  o th er  fragm ents (p robab le  derivation s) fo llo w ; 161 
(M +  -  F ), 151 (M +  -  C H O ), 150 ( [ M +  -  H ] -

(4) J. R. Majer, A d v a n . F lu o r in e  C h em ., 2, 55 (1961).
(5) L. D. Smithson, A. K. Bhattacharya, and C. Tamborski, O rg. M a s s  

S p ectro m ., 4, 1 (1970).
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T able  II
Products from N itrom ethane  and  H exaflu or o benzene“

Liquida Rel c o n c a b

Compound of molecular weight 180 33
Pentafluoro toluene 100
Pentafluorophenol 55
Pentafluoroanisole 24
Pentafluorobenzaldehyde 3
Tetrafluoroxylene 10
Hexafluoro toluene 5
Methyl octafluorobiphenyl 4
N onafluorobiphenyl' 3
Methyl nonafluorobiphenyl 4
Decafluorobiphenyl 6
Decafluoromethylbiphenyl 4

Gases Mol %d
Nitric oxide 37.1
Carbon monoxide 30.6
Carbon dioxide 13.3
Silicon tetrafluoride 11.2
Nitrogen 3.5
Methane 2.6
Hydrogen cyanide 1.0
Ethylene 0 .7

° Conditions: mole ratio, nitromethane to hexafluorobenzene, 
1 :5 ; 550°; contact time, 20 sec; argon, 20 ml/min. 6 Relative 
intensities in the low-voltage mass spectrum normalized to penta- 
fluorotoluene =  100; identities confirmed by directly coupled 
gas chromatography-mass spectrometry. e This might arise, at 
least partly, from the pentafluorobenzene impurity in the hexa
fluorobenzene. d Determined by mass spectrometry.

C H O ), 136 (M +  -  C 2F H ), 132 ( [M +  -  C H O ] -  F  
or  M +  -  C H O F ).

T h e  iden tities o f  th e  tw o  m o st abu ndan t p rodu cts, 
C 6F 5C H 3 and C 6F 5O H , in  con ju n ction  w ith  a  little  
tetra flu oroph enol, furnish  add ition a l su pp ortin g  ev i
den ce fo r  ascribing the te tra flu orocresol stru ctu re to  the 
p ro d u ct  o f  m olecu lar w eigh t 180.

A  strik in g  con trast in  th e  reactions o f  n itrom eth ane 
w ith  benzene and hexafluorobenzene is dem on strated  
in T a b le  I I I .  A niline and  b ip h en y l con stitu ted  8 2 %  
b y  w eigh t o f  the liqu id  p rod u cts  in  th e  n itrom eth a n e - 
ben zene rea ction ; n o  pentafluoroan iline, and  on ly  
3 .6 %  o f  deca flu orob ip h en yl form ed  in  th e  n itrom eth - 
an e-h exa flu oroben zen e reaction . N on e  o f  the liqu id  
p rod u cts  from  hexafluorobenzene con ta in ed  n itrogen . 
T o lu en e  and ph enol con stitu ted  on ly  0.5 and 1 .6 %  b y  
w eigh t, respective ly , o f  the p rod u cts  from  benzene, 
w hereas the correspon d in g  fluorin ated  to luen e and 
p h en ol a m ou n ted  to  56 and  2 0 .7 % , respective ly , from  
hexafluorobenzene. A m o n g  the gases, m ethane con 
stitu ted  1 4 .2 %  from  the ben zene reaction , on ly  2 .6 %  
from  the h exafluorobenzene reaction .

T h e  sh arp ly  d ifferent p ro d u ct d istribu tion s can  be 
rationalized  in term s o f  the greater su scep tib ility  o f  
CeF6 than  o f  C 6H 6 to  n u cleoph ilic  a tta ck ,6 even  
th ou gh  the reactive  in term ediates in  the gas phase are 
dou btless free radicals rather than  ions. T h e  e lectron - 
d on atin g  character o f  a  m eth y l substituent, w h ich  
m igh t b e  translated  in to  n u cleop h ilic ity  o f  the m eth y l 
radical, w ou ld  fa v o r  a tta ck  on  C 6F 6 ov e r  th at on  C 6H 6. 
A  m easure o f  the ex ten t o f  such  preference is im plied  
in  the d ifference b etw een  the resu ltant b on d -d issocia 

(6) J. A. Young, J . C h em . E d u c ., 47, 733 (1970); W. A. Sheppard and
C. M. Sharts, "Organic Fluorine Chemistry," W. A. Beniamin, New York,
N. Y., 1969, Chapter 8.

T able  III
C omparison of P roducts from N itrom ethane  
w it h  B enzene  and  w ith  H e xa flu o r o b e n ze n e0

.------------ CeXe, X -----------
H F

Liquids /-------- Weight %b-
c 6x 6c h 3 0 .5 56
c 6x 6n h 2 12.3
CeXsOH 1.6 20.7
C6X 3OCH3 2.6 9 ,9
c 6x 5c h o Trace 3 .0
CcX 6NHCH3 5.5
CeXsCeXs 69.7 3 .6
CsXsCeX-NH. 2 .3
c 6x 5c h = n c 6x 5 1.6
Unidentified 3.9 6 .8
Total weight of liquid products,

g 5 .2 12.6

Gases ,------------Mol % » -
Nitric oxide 42.1 37.1
Carbon monoxide 24.3 30.6
Carbon dioxide 2 .5 13.3
Silicon tetrafluoride 11.2
Nitrogen 12.9 3 .5
Methane 14.2 2 .6
Hydrogen cyanide 0.4 1.0
Ethylene 1.8 0 .7
Hydrogen 1 .8

Conditions: 0.2 mol of nitromethane, 1.0 mol C«X6; contact
time, 20 sec; argon, 20 ml/min. 6 Determined by gas chromatog
raphy. e Determined by mass spectrometry.

tion  energies, D (C 6F 5- C H 3) — D (C 6H 5- C H 3), w h ich  
has b een  estim ated  a t a b ou t 25 k c a l /m o l.4 T h e  h igh  
y ie ld  o f  pen tafluoroph en ol, w ith  n o  ev iden ce  fo r  in ter
m ed iate  C 6F 5N 02 form ation , cou ld  b e  a ccou n ted  fo r  b y  
N 0 2 atta ck  via an oxy g en  a tom  to  fo rm  C 6F 5O N O  as an  
in term ediate , paralleling the fo rm a tion  o f  CH3ONO in 
the p h oto ly s is  o f  CH3NO2 b y  recom b in a tion  o f  C H a- 
an d  N 02 th rou gh  an ox y g en  atom .7 T h e  can on ica l 
stru ctu re i w ou ld  appear to  b e  a  b e tter  n u cleoph ile  th an

• 0:N ::0: :0:N ::0 :
i ii

ii. S u p p ort for  th is v ie w  can  b e  draw n  from  th e  con sis
ten tly  low er ion ization  p oten tia ls  o f  a lk yl n itrites  th a n  
o f  th e  isom eric n itroalkanes.8

N itrom eth an e at h igh tem perature, a lone or  in  th e  
presence o f  benzene, decom poses to  m eth y l rad ica l and  
N 0 2; th e  m eth y l rad ica l abstracts h y d ro g e n  from  
n itrom ethane and goes to  m ethan e.2

CH3N 0 2— >- CH3- +  NOs 
CHa- +  CH3NO2 — >- CH4 +  -CH 2N 0 2

T h e  m a jor overa ll reaction  w ith  hexa flu oroben zene is

C6P6 +  CH3N 0 2 — >- C6F5CH3 +  N 0 2F

A pp a ren tly  m eth y l rad ica l is cap tu red  so  ra p id ly  b y  
hexafluorobenzene th a t it  can n ot abstract h y d rog en

(7) G. C. Pimentel and G. Rollef3on, “Formation and Trapping of Free 
Radicals,” Academic Press, New York, N. Y., 1960, Chapter 4; R. E. Reb- 
bert and N. Slagg, B u ll . S o c . C h im . B e lg ., 71, 709 (1962); B. H. J. Bielski 
and R. B. Timmons, J . P h y s .  C h em ., 78, 347 (1964).

(8) The differences for the methyl, ethyl, n-propyl, and isopropyl com
pounds all fall in the range of 0.4 to 0.6 eV. For the ionization-potential 
data, see R. W. Kiser, “Introduction to Mass Spectrometry and Its Appli
cations,” Prentice-Hall, Englewood Cliffs, N. J., 1965, Appendix IV; M. J. 
S. Dewar, M. Shanshal, and S. D. Worley, J .  A m e r .  C h em . S o c . t 91, 3590 
(1969).
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from  n itrom ethane to  g ive  m ethane, as it does in  the 
presence o f  benzene. Further, pentafluorotoluene is 
n ot a ttacked  so read ily  b y  radica ls as is to luene, at 
least in the presence o f  excess hexafluorobenzene.

T h e  role o f  N 0 2 is also q u ite  d ifferen t in  th e  tw o  re
actions. I t  abstracts a h yd rogen  from  ben zene to  g ive 
ph enyl radical, w h ich  form s b ip h en y l b y  ary la tin g  ben 
zene or b y  d im erizing.

N02 + C6H6 — - HN02 +  C6H5-

CeH6- +  C6H5C6H5
2 C6H5' ' ”

N 0 2 does n o t read ily  abstract a fluorine a tom  from  
hexafluorobenzene, fo r  th ere w as little  d eca fluorob i- 
phenyl. R a th er  it appears to  take a fluorine a tom  
from  th e  in term ediate  cycloh exa d ien y l free radica l 
form ed  b y  a dd ition  o f  m eth y l rad ica l to  hexafluoro
benzene.

CHv

F

M e th o x y l radical, a  possib le  con tr ib u tin g  precursor 
o f  pen ta fluoroph en ol, m a y  arise from  a prior n it r o -  
n itrite rearrangem ent

CH3N 02 — >  CH3ONO — >  CH30- +  NO

or  d issocia tion  and  recom bin ation , as in th e  k n ow n  
p h otoch em ica l sequence7

CH3N 02 — >- CH3- +  N 02 — >• CHjONO — >- CH30- +  NO 

fo llow ed  b y

NO
CH30 - +  C6Fs — s- CH3OC6Fs +  NOF

Such  a  n itro -n itr ite  rearrangem ent w as stron g ly  ev i
dent in  the therm al d ecom p osition  o f n itrobenzene, 
b u t to o k  p lace to  a m u ch  lesser exten t in  th erm al d e
com p osition  o f  n itrom eth ane and  in  its reaction  w ith  
benzene. P en ta flu oroph en ol m ay  form  from  pen ta - 
fluoroan isole b y  loss o f  either C H 2 or C H 3 •.

C6F5OCH3 ---------- C6F5OH

CeFü»

In  reactions o f  anisole w ith  n itrobenzene at 600°, as 
w ell as in th e  d ecom p osition  o f anisole a lone at th a t 
tem perature, som e o f th e  p rod u cts  are m ost read ily  
explained on  th e  basis o f  carbene form a tion  an d  in 
sertion .9

A rom a tic  n itro  com p ou n d s g iv ç  phenols u p on  de
com p osition  at e levated  tem peratu res.3 H ow ever, th e  
path  to  pen ta flu orop h en ol th rou gh  form a tion  o f pen ta - 
fluoron itrobenzene or perhaps pen ta fluoroph en yl n itrite

(9) E. K. Fields and S. Meyerson, unpublished results.

d irectly , n ot in vo lv in g  prior  d issocia tion  o f n itro 
m ethane,
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c 6f 5n o2

c 6f 6 +  ch3n o2 — <^ +  ch3f

c6f5o n o

—NO iHl
C6F5N02 — » C6F6ONO — -  C6F50- kA . c 6F5OH

appears to  be  exclu ded  b y  th e  absence o f  m eth y l fluo
ride from  th e  produ cts. A n  a lternative m echan ism  for 
pen tafluoroph en ol is a d d ition  o f  N 0 2 th rou gh  the o x y 
gen  a tom  to  hexafluorobenzene, fo llow ed  b y  loss o f  N O F .

F
F f ' ^ F

F

+  NCV

F ONO

+ NOF

P en ta flu oroph en oxy  rad ica l th en  abstracts a h ydrogen  
from  n itrom eth ane to  g ive pen tafluoroph en ol.

M o s t  o f  th e  gaseous p rod u cts  m a y  b e  accou n ted  for  
b y  these reactions.

NOjF +  CH3N 02 — >- HF +  CH2(N 02)2 

4HF +  Si02 — >- SiF4 +  2H20  

CH2(N 02)2 — >- CO +  H20  +  2NO 
CH2(N0 2)2 — >  c o 2 +  H20  +  y*N, +  NO

N itry l fluoride is a  g o o d  n itratin g  a g e n t;10 d in itro - 
m ethane d ecom poses read ily  a t tem peratures around 
1 0 0 ° ,11 th ou gh  the p rod u cts  h ave n o t  b een  described . 
T h e  form ation  o f  less n itrogen  th an  dem an ded  b y  the 
equ ation s a b ov e  indicates th at o th er  paths to  C 0 2 m ay 
e x is t .12

S om e H F  and su bsequ ently  S iF 4, as w ell as pen ta - 
fluoroben za ldeh yde, m ay  also arise b y  the fo llow in g  
process.

C6F6 +  CH3N 0 2 — >  C6F5CH2N 0 2 +  HF 

C6F5CH2N 0 2 — >  CeFsCHO +  HNO

A lth ou gh  C 6F 6 is th erm ally  stable , b e in g  recovered  u n 
ch anged  a fter 30 sec at 7 0 0 ° ,13 w e  fou n d  th at it  reacted  
read ily  at e levated  tem peratures w ith  organ ic com 
pou n d s con ta in ing  h y d rog en  atom s, even  arom atic 
h yd rogen , such as in  ch lorob en zen e .9

700°
C6F6 +  CsHsCl-------->- C6F6C6H4C1 +  HF

20 sec

O ther p rod u cts  arose so le ly  fro m  ch loroben zen e : b i
phenyl, ch loro - and  d ich lorob ip h en y l, an d  ch loron aph - 
thalene, the la tter  presu m ably  d erived  from  b e n zy n e .14 
T h e  driv in g  force  in  these reaction s o f  h exa flu oroben 
zene apparen tly  com es from  th e  fo rm a tion  o f H F .

(10) S. J. Kuhn and G. A. Olah, J .  A m e r . C h em . S o c ., 83, 4564 (1961).
(11) P. Duden, B er ., 26, 3004 (1893).
(12) A referee has pointed out that both NO2F and NOF attack glass 

readily to form SiF<. In addition, NOF forms a white solid with glass, 
which may explain the formation of less nitrogen than demanded by the 
equations.

(13) E. K. Fields and S. Meyerson, J . O rg. C h em ., 32, 3114 (1967).
(14) E. K. Fields and S. Meyerson, J . A m e r . C h em . S o c ., 88, 3388 (1966).
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H exaflu oro  toluene listed  in  T a b le  I I  cou ld  fo rm  b y  
carben e insertion , or  b y  exchange o f  fluorine and  h y d ro 
gen  atom s in  the in term ediate  cycloh exad ien y l free 
radica l, paralleling th at in  th e  reaction  o f  ph enyl radica l 
d erived  from  n itrobenzene w ith  h exa flu oroben zen e.13

C6H5N02 — *■ C6H5- +  N02

f c h 2— CH:i—
f K ^ f  f K jJ f

F F

D eca flu orom eth y lb ip h en y l m ay  fo rm  in  a sim ilar 
fashion.

P en ta flu oroto lu en e has b een  m ade from  h exaflu oro
ben zene w ith  m eth y llith iu m  in 1 6 %  y ie ld .16 P en ta - 
flu oroph en ol has been  prepared  in 2 0 %  yie ld , a long w ith  
d ih yd roxytetra flu oroben zen es, b y  the reaction  o f  hexa
fluoroben zen e w ith  aqueous potassiu m  h yd rox id e  at 
175° u n der pressure.16 P en ta flu oroph en ol has also 
b een  m ade b y  the reaction  o f  pen ta fluoroph en yllith iu m  
w ith  trim eth y l b ora te  and  ox id a tion  o f  th e  d im eth yl 
pen ta flu oroph en yl b ora te  w ith  h y d rog en  peroxide. 
T h e  overa ll y ie ld  w as 3 9 % .17

O ur reaction  o f n itrom eth ane w ith  h exafluorobenzene 
p rov id es  a usefu l preparative  m eth od  fo r  p en ta flu oro
to luen e and pen ta flu oroph en ol. B y  v a ry in g  the m ole  
ra tio  o f  the tw o  reactan ts from  0 .1 :1  u p  to  1 :1 , the 
reaction  can  g ive  pen ta fluoroto lu ene w ith  litt le  pen ta 
flu oroph en ol, or  a b ou t equal am ou n ts o f  the tw o  p rod 
u cts , in a  on e -step  reaction .

(15) B ritish  P aten t 887,691, to  N ationa l P olychem ica ls, In c . (Jan 24, 
1962); M . W . B u xton  and J. C . T a tlow  to  Im perial Sm elting C orp ., British 
P aten t 977,961, (D e c  16, 1964).

(16) W . J. Pum m er and L . A . W all, J. Res. Nat. Bur. Stand.. A68, (3 ), 
277 (1964).

(17) G . M . B rooke, B . S. Furn iso, W . K . R . M usgrave, and M . A . Zuasem , 
Tetrahedron Lett., 2991 (1965).

A s show n in  T a b le  I I I ,  the nature o f  the p rod u cts  and 
relative am ounts o f  analogous p rod u cts  in th e  reaction s 
o f  n itrom eth ane w ith  benzene and hexafluorobenzene 
d iffered  sharply. W e  th erefore  exam ined  the reaction  
o f n itrom eth ane w ith  a com p ou n d  con ta in in g  b o th  
h ydrogen  and fluorine atom s, p -d iflu oroben zene. T h e  
p rod u cts  o f  th e  reaction  are listed  in T a b le  IV .

T a b l e  I V
P r o d u c t s  p r o m  N i t r o m e t h a n e  a n d  p - D i f l u o r o b e n z e n e “

P rodu ct Rel concn6

Fluorotoluene 2
Fluorophenol 100
jV-Methylfluoroaniline 1
Fluoroanisole 8
Difluoro toluene 3
Difluorophenol 3
A-Methyldifluoroaniline 4
Difluorobiphenyl 3
Trifluorobiphenyl 15
Tetrafluorobiphenyl 13

“ Conditions: 1 mol of p-difluorobenzene, 0.2 mol of nitro
methane; 550°; contact time, 20 sec; N2, 20 ml/min. Total 
weight of products boiling above 95°, 17.7 g. 6 Relative intensi
ties in the low-voltage (7.5 V nominal) mass spectrum, normalized 
to fluorophenol =  100.

T h e  m a jor  p ro d u ct b y  far is flu orop h en o l; th e  ratio  
o f  its  con cen tra tion  to  th at o f  fluoroan isole , 1 2 :1 , sug
gests th at th e  fluoroanisole arose from  m eth y la tion  o f 
flu oroph en ol, rather than  flu oroph en ol from  fluoroan i
sole b y  loss o f  C H 2. L itt le  fluorotolu en e or  d ifluoro- 
to luen e form ed, in con trast to  the reaction  o f  n itro 
m ethane and  hexafluorobenzene in iden tica l m ole 
ratios, w h ich  gave 2.8 tim es as m uch  pen ta flu oroto lu en e 
as pen tafluoroph en ol.

D isp la cem en t o f  a fluorine a tom  w as preferred  over  
th at o f  a h yd rogen  a tom  b y  a ratio o f  3 3 :1 , even  th ou gh  
p -d iflu oroben zene has tw ice  as m an y h y d rog en  as 
fluorine a tom s. T h e  driv ing  force  m ay  be  form a tion  o f 
N O F  rather than  N O H  in the overa ll reaction

CbH,F2 +  CH3N 0 2 — >  C6H4FOH +  NOF +  CH2

T h e  b eh a v ior  o f  n itrom eth ane at 550° seem s to  be 
stron g ly  in fluenced b y  the nature o f  added  reagents. 
W e  are p resen tly  exam ining its reactions at d ifferent 
con cen tra tion s w ith  a v a rie ty  o f  benzene derivatives, 
as w ell as w ith  pyrid ine and th iophene.

R egistry N o .— N itrom ethan e, 75 -52 -5 ; h exa flu oro
benzene, 392-56-3 ; benzene, 71 -43 -2 ; p -d iflu oro - 
benzene, 540-36-3.

A ckn ow ledgm en t.— T h e  au th ors are h a p p y  to  a c 
k n ow ledge theassistance o f  D r. D . K . A lb e r to f  A m erican  
O il w ith  gas ch rom atograph ic analyses.
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2,4,6-Trimethylheptane (TM H), a model compound for polypropylene, was autoxidized at 100 and 120°; the 
kinetic behavior of the reaction was studied, and the major products of the reaction were identified. The syn
thesis of alcohols, formed as oxidation products (after reduction of the primary product hydroperoxides), is also 
described. Intramolecular propagation seems to be the dominant reaction pathway in TM H  oxidation. The 
yield of the major product, 2,4,6-trimethyl-2,4,6-heptanetriyl trihydroperoxide, was never greater than ~ 8 0 %  
and decreased markedly with increased conversion. At the higher conversions, fragmentation of the hydrocarbon 
skeleton evidently occurred to give lower molecular weight products which were not identified in the gas chro
matographic analysis. Thus, oxygen balances became progressively poorer at higher conversions.

O ne approach  to  the s tu d y  o f  p o lym er reactions is 
the stu dy  o f m od el com p ou n d  reactions. T h e  low - 
m olecu lar-w eigh t p rod u cts  from  the m odel com p ou n d  
reactions can  be isola ted  and identified  in a stra ight
forw ard  m anner, w hereas iden tifica tion  o f  p rod u cts  
from  p o lym er reactions m u st be d on e m ain ly  b y  spec
troscop y .

In  polyp rop y len e , the alternate p lacem ent o f  m eth y l 
groups along the p o ly m er chain  seem s to  im part special 
su sceptib ility  to  au tox idation . T h is  p lacem ent then  
give a sequence o f  tertia ry  h ydrogen s dow n  the p o ly m er 
chain ad jacen t to  the m eth y len e  grou p  in each repeating  
unit. A  m odel com p ou n d  w h ich  du plicates this h y d ro 
gen sequence in a lim ited  w a y  is 2 ,4 ,6 -trim eth ylh eptan e 
(T M H ). T h e  ox id a tion  o f  T M H  has been  re p o rte d ,1 
b u t the p rod u cts  w ere n o t  identified . A  m ore recen t 
article2 m en tion ed  ox id a tion  o f  2 ,4 ,6 -trim eth yln on an e 
b u t gave n o  details.

T h e  m ost re levan t w ork s on  au tox idation  o f  alkanes 
con ta in ing  a lternating tertia ry  h yd rogen s are b y  R u s t3 
and, m ore recen tly , M ill4 and  M o n to rs i w h o sh ow ed  
th a t the principal p ro d u ct  o f  2 ,4 -d im ethy lpen tan e 
au tox idation  is the d ih yd rop erox id e  1. T h e  ratio o f

\
h 2o  h 2o h 2o  h

1 2

m on oh yd roperox id e  2 to  the d ih ydroperox ide  1 was 
1 :7 , and the com b in ed  y ields o f  1 and  2 a ccou n ted  for  
m ore than  9 0 %  o f  the con su m ed  oxygen . A n  in ter
m ediate step , w h ich  is apparently  unique to  the alter
nating tertia ry  cen ter alkanes, in vo lves  in tram olecu lar 
transfer o f  a h yd rogen  a tom  to  an a lkyl p eroxy  rad ica l.4

O-O-H OOH

T h e  o b je c t iv e  o f  th is research  w as to  determ ine the 
generality  o f  in tram olecu larly  p rop a ga ted  ox id a tion  
in h yd rocarbon s b y  m easuring the y ie lds o f  m on o-, d i-, 
and tr ih ydroperox ides form ed  in  the au tox id ation  o f 
T M H . Sufficient k n ow ledge  a b ou t the in tram olec

(1) A. C. Buchachenko, K. Y. Kaganskaya, and M. B. Nieman, K in e t .  
R a ta l., 2, 38, 149 (1961).

(2) J. C. W. Chien, J . P h y s .  C h em ., 71, 2247 (1967).
(3) F. Rust, J .  A m er . C h em . S o c ., 79, 4000 (1957).
(4) T. Mill and G. Montorsi, Abstracts, 161st National Meeting of the 

American Chemical Society, March 28, 1971, Petr. No. 8.

u larly  p ropagated  ox id a tion  m ay suggest w h eth er it  is 
an im p ortan t p rop agation  step  in the au tox id ation  o f 
p o lyp rop y len e , w here the a lternatin g  sequence o f  ter
tia ry  centers is p ractica lly  infinite.

Results and Discussion

Kinetics of TMH Autoxidation.—T h is  ox id a tion  is 
apparen tly  too  com p lex  to  describe w ith  a reason ably  
con cise  list o f  equations. T a b le  I  lists th e  pertinent 
d a ta  ob ta in ed , and S chem e I  lists th e  p rop osed  im 
p orta n t transform ations.

Scheme I

3
(TMH)

Or

0 2H 0 2H 0 2-
10

o 2h  o 2h  o2h

12

I t  w as assum ed th at a steady-sta te  con cen tra tion  of 
th e  variou s p erox y  radicals (4, 5, 7, 8, and 10) atta ck  
th e  substrate T M H  at th e  tertia ry  h ydrogen s to  form  
alkyl radicals w h ich , after b e in g  scaven ged  b y  oxygen , 
are con verted  to  the p erox y  radicals 4 and 5. F rom  
th is po in t, a series o f  com p etition s  occu r  betw een  intra
m olecu lar h yd rogen  abstraction  (rearrangem ent) (kT) 
or  in term olecu lar reaction  (kit i  =  1, 2, 3, 4) w ith  m ore 
T M H . T h e  final h ydroperox id e  p rod u cts  are the 
species 6, 9, 11, 12 w hich, after triphen ylph osph in e 
treatm ent, g ive  th e  m on oh yd ric  alcohols, diols, and 
trio l b y  g lpc analysis.
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T able  I
R ates and Products of T rimethylheptane Oxidation at 100°

.---------- Yield of products, mmol'1
Oxidn rate O2 con .----- 0,H Yisld------. Mono-

TMH, Soin vol, [TMH], [ierl-BuîO,], X 106,b sumed, Time, O2 con- hydric
Diols7Expt no. mmol ml® M M M  min"1 mmol min mmol8 sumed, % alcoholse Triol Other»

34* 124.1 26.3 4.72 0.0085' 44 1.94 1703 1.41 73
141 104.8 22.9 4.58 0.0066 62 4.22 1370 2 .46 58 0.054 0.048 0.25 0 .343 '

62 100.6 21 .9 4.58 0.0091 66 0.97 510 0.79 81 0.023 0.022 0.137 0.11
138 109.1 23.7 4.58 0.0102 72 1.01 505 0.77 77 0.01 0.019 0.07(5 0.07*
105 108.5 23.7 4.58 0.0280 96 1.37 465 0 .96 70 0.019 0.026 0.158 0.11
111 106.3 23.3 4.58 0.0607 142 1.28 365 0 .94 73 0.018 0.024 0.15 0 .13
1471 110.7 24.8 4.46 0.0000 193 1.48 150 1.02 69
59' 98 .7 22.1 4.46 0.0142 650 1.23 70 0.91 74 0.024 0.029 0.18 0 .18

144' 138.1 39 .5 3 .50“ 0.0119 209 1.72 220 1.14 66
101' 96 .0 41 .0 2 .30 “ 0.0108 94 1.49 382 0 .76 52 0.022 0.075 0.145 0 .19
108' 117.8 80.3 1.46“ 0.0109 72 2.18 465 0.98 45 0.01 0 .011 0.11 0.11
130» 108.1 23.9 4.57 0.0324 55 1.30 715 0.84» 65 0.11 0.11 0.17 1 .8 3 ;"

0 .13"
133" 88.7 20.8 4 .26 0.0404 96 1.40 651 1.09 78 0.02 0.025 0.14 Q . 2 & ?

0.06“
° At reaction temperature. b Initial rate, mol l ._1 min-1. c Iodometric titration.5 d By glpe after triphenylphosphine reduction. 

8 2,4,6-Trimethyl-2- and -4-heptanols. f 2,4,6-Trimethyl-2,4- and, if any, -2,6-heptanediols. " Summation of five to ten unidentified 
peaks, mol wt of 170 assumed. h 80°. * l,l'-Azodicyclohexanecarbonitrile (ADC). ’ 0.44 mequiv of acid present (from NaOH titra
tion). k 0.012 mequiv of acid present. ' 120°. "  Benzene solutions. " Tetralin hydroperoxide concentration =  1.675 mol =  0.07 
M. 0 Net hydroperoxide formed (total titre = 167 mmol). p Tetralone and tetralol found following triphenylphosphine reduction. 
4 Cumene concentration =  9.36 mmol =  0.45 M. r Cumyl alcohol.

Figure 1.— Oxidation rate dependence on initiation rate.

I t  w as o f interest to  see w h eth er th e  ox id a tion  rate 
dependen ce con form ed  to  sim ple rate  laws, app licable  
to  m an y oxidations, w here k in etic chain  lengths are 
long, o f  the form

Ro = — dOi/df =  ( f i i A J ’MpIRH] (1)

w here Ra =  rate o f  ox idation , R-, =  rate  o f  in itiation , 
kp =  rate con stan t fo r  propagation , kt — rate con stan t 
fo r  term ination , and [R H ] =  con cen tra tion  o f  sub
strate.6 K in etic  chain  lengths fo r  the T M H  ox ida 
tions o f  T a b le  I  are estim ated to  range from  100 to  10. 
T h e  T M H  ox id ation  system  is t o o  com p lex  to  m ake an 
exact steady-state  analysis tractab le , b u t a  sim ple law 
such  as eq  1 m ight be  approxim ated . F or  instance, 
M ill and M o n to rs i4 m ade an analysis o f  th e  d im eth yl- 
pen tan e system  and, w ith  certa in  sim plify in g  assum p
tions, obta in ed  an expression  fo r  th e  ox id a tion  rate.

Ro =  +  2J +

Ri
2a [ * r + v . ]  (2)

B o th  kp and kp' are p ropagation  rate  con stan ts for  
the tw o  prin cipa l p e ro x y  radicals present and  a is the

(5) R . D. Mairand A. J. Graupner, A n a l. Cham ., 36, 194 (1964).
(6) L. Bateman, Q uart. R ev ., C h em . S o c ., 8, 147 (1954).

fraction  o f term in ation  from  th e  reaction  o f tw o  p e ro x y  
radicals. O n  the assum ption  th at th e  first term  o f  eq  
2 dom inates and  th at 2 y> kp [R H ]/ft r, e q  2 reduces 
to  eq  3, w h ich  is th e  sam e as eq  1 excep t fo r  th e  fa cto r  
o f  2 (w hen  a  =  1).

R0 =  2(fli/2akt) lAA:p[RH] (3)

F or T M H  the ox id a tion  rate  (R0) dependence on  th e  
in itia tion  rate (R{) w as determ ined  b y  the usual lo g - lo g  
p lo t o f  R0 against in itia tor con cen tra tion  w h ich  is p ro 
portion a l to  R,. T h e  results are sh ow n  in  F igu re 1. 
T h ere  is som e scatter in  th e  data  b u t no p o in t lies m ore 
than  8 -1 0 %  from  th e  line w h ich  w as draw n. T h e  
slope o f  the line is 0.38, s ign ificantly  low er th an  th e  
0 .50  expected . T h e  ou tcom e  is som ew hat surprising, 
since m ost ox ida tion s show  in itiator dependen ce orders 
from  0 .5 to  1.0.

O rders in in itia tion  rate o f  */« ca n  be  p red icted  from  
certain  m odels o f  ox ida tion  m echanism s, w h ich  in v o lv e  
a dom inatin g  am ou n t o f  n onterm inating p erox y  rad ica l 
in teraction  (a «  1) and su bsequ ent cleavage  o f  th e  
a lk oxy  radicals form ed.

2R 02- — >  2RO- +  0 2 
RO- — >- R '- +  R "  =  O

A lth ou gh  the T M H  ox id ation  to  h yd roperox id es  is 
far from  qu antita tive, an exp lan ation  fo r  th e  o d d  in iti
a tor dependen ce lies in  th e  ex istence o f  a  secon d  sou rce 
o f  in itiation .

T h e  tem perature  dependence o f  th e  reaction  w as 
estim ated  from  experim ents 34, 138, and 59 b y  co r 
recting  th e  in itia l rates to  u n it h y d roca rb on  con cen tra 
tion  and u n it in itia tion  rate and assum ing eq  1 to  b e  
va lid . R a tes  o f  in itiation  w ere ca lcu lated  fro m  e q  4.

Ri =  2fc,i [ieri-Bui02] (4)

T h e  values o f  kd used w ere extrapolation s o f  p rev iou s ly  
pu blish ed  d ata .7’8 T h e  results are sum m arized  in

(7) D. E. Van Sickle, F. R. Mayo, and R. M. Arluck, J .  A m e r .  C h em . 
S o c ., 87, 4832 (1965).

(8) L. Batt and S. W. Benson, J .  C h em . P h y s . , 30, 895 (1962).
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Figure 2.— 'Temperature dependence of TM H  oxidation.

T a b le  I I ,  and th e  R0/R ,1/2 [T M H ] va lu es w ere sub
je cted  to  th e  usual A rrhenius p lo t  (F igure 2 ). T h ere

T a b le  II

T emperature  D ependence  of T M H  O xid atio n  R ate

Ro X Ri X
Äo/Ri1/ 2 Äo/Äi0'38Expt Temp, 106, IO6, [TMH],

no. °C Afmin“1 a M min-16 M [TMH] [TMH]

34 80 44 5.01 4.72 4.1 9.53
138 100 72 0.76 4.58 18.2 33.1
59 120 650 13.3 4.46 40.0 100.5

“ From Table I. 6 Calculated from eq 7 (100 and 120°) or 
ki =  2ek'i [ADC] (80°); kd for teri-Bu20 2 =  3.66 X 10~5 min-1 
(100°)8 and 4.67 X 10~‘  min- 1 (120°);8 k',i for ADC =  4.97 X 
10“ 4 min- 1 (80°).7

is som e scatter, b u t th e  v isu a lly  determ in ed  “ best line”  
has a slope w h ich  correspon ds to  an a ctiv a tion  energy 
o f 16.5 k ca l/m o l, w h ich  appears to  b e  to o  large. C or
rection  o f th e  rates to  a  0 .38  p ow er dep en d en cy  in R{ 
rem oves m ost o f  th e  scatter (a ctu a lly  cu rvatu re), bu t 
the line retains th e  sam e slope. F or the close ly  related
2 ,4 -d im ethylpen tan e, a va lu e  fo r  E v — 1/ iE t o f  10.7 
k c a l/m o l w as re p o rte d ;3 and  fo r  th e  sim plest system , 
isobutane, th e  rep orted  va lu e  w as 12 k c a l /m o l.9 F or 
m ost system s, th e  va lu e  o f E p a lon e is n ot h igher than  
10 k c a l /m o l.10 M easu rem en t o f  th e  absolu te  va lu e  o f 
th e  p rop agation  rate  con stan t fo r  T M H  at different 
tem peratures in d ica ted  a E p o f  on ly  9.1 k c a l /m o l .1 
I t  appears th a t there w as a  secon d  sou rce o f  in itiation , 
either a d irect th erm al in itia tion  or  v e ry  early  h y d ro 
p erox ide  decom p osition , w h ich  w as n o t a ccou n ted  for  
in  estim ating com p osite  rate con stan ts in  T a b le  I I .

E xperim en t 147 w ith  n eat T M H  and n o  in itia tor 
at 120° in d ica ted  th a t therm al in itia tion  began  im m edi
ately  and th at th e  in itia tion  rate rap id ly  accelerated  
w ith  th e  con su m ption  o f oxygen , presu m ably  as a result 
o f  h yd roperox id e  decom p osition . T h erefore , it seem s 
prob a b le  th at th e  earliest m easurable rates o f  th e  ex
perim ents w ith  d i-teri-bu ty l perox ide  present w ere 
enhanced  b y  either therm al in itia tion  or  autocata lysis.

T h e  e ffect o f  ben zene d ilu tion  o f T M H  ox id a tion  m ix
tures w as tw o fo ld . F irst, th e  apparent in itial ox id a 
tion  rate  decreased  ra p id ly  w hen  a sm all am ou n t o f  
benzene w as a d d ed ; th en  it apparen tly  becam e p ro 
portion a l to  th e  T M H  con cen tration . A  p lo t  o f  R0 
vs. T M H  con cen tra tion  is sh ow n  in F igu re 3. T h e  
second  e ffect o f  ben zene d ilu tion  o f T M H  ox id ation  
m ixtures w as on  autocata lysis. In  experim ent 59,

(9) D. I.. Allara, T. Mill, D. G. Hendry, and F. R. Mayo, A d v a n . C h em . 
S er., 76, 40 (1968).

(10) D. G. Hendry, J . A m e r . C h em . S o c ., 89, 5433 (1967).

Figure 3.— Hydrocarbon concentration dependence of TM H 
oxidation.

w ith  pure T M H , th e  ox id a tion  rate  accelerated  w ith  
con version  and th e  final rate  w as 5 0 %  h igher th an  the 
in itial rate. In  experim ent 144, w here th e  T M H  con 
cen tration  w as redu ced  b y  on ly  2 1 % , n o  autocata lysis 
w as observed  and th e  final rate  equ a led  th e  in itia l rate. 
T h e  in h ib ition  o f au tocata lysis  b y  ben zene dilution  
w as n oted ,7 b u t n ot expla ined . S im ple preservation  
o f th e  h ydroperox id e  is n o t th e  answer, since h yd roper
ox ide  y ields p rogressively  decreased  w ith  increased 
ben zene d ilu tion  o f th e  T M H . T h e  redu ced  h y d ro 
peroxide y ie ld  m ay  result p a rtly  from  low  k in etic chain  
lengths at the highest ben zene d ilutions.

Products of TMH Oxidation.— I t  w as in itia lly  h oped  
th at the ox id a tion  o f T M H  w ou ld  be  su fficiently  sim ilar 
to  th a t o f  2 ,4 -d im eth y lpen tan e  so th at an extension  o f 
M il l4 and  M o n to rs i’ s k in etic  analysis cou ld  b e  used in 
th is stu dy . T h e  d ifficulties en coun tered  in  th e  p rod u ct 
analysis seem  to  o b v ia te  this p ossib ility . F irst, at no 
tim e during the ox id a tion  w as the h yd roperox id e  yield  
(relative to  oxy g en  absorbed ) greater th an  ~ 8 0 % .  
H y d rop erox id e  y ields o f  2 ,4 -d im eth y lpen tan e ox id a 
tions w ere greater than  9 0 %  and w ere re la tive ly  in
sensitive to  con version  (the h yd roperox id e  y ields w ere 
n early  9 0 %  at 1 0 -1 5 %  co n v e rs io n ).3 T M H , in  co n 
trast, gave  the highest h yd roperox id e  y ie ld  at less than  
1 %  con version  and  th e  y ie ld  d rop p ed  sh arp ly  to  5 8 %  
at 4 %  con version . T h e  y ie ld  o f  ca rb ox y lic  acid  rose 
as p er cen t con version  rose, w h ich  m a y  h ave  b een  the 
result o f  attack  on  th e  h y d roperox id e  or  accelerated  
therm al decom position .

A n oth er surprising fa cto r  w as th e  large p repon der
ance o f  th e  trih yd rop erox id e  w ith  o n ly  sm all am ounts 
o f  m on o - and  d ih yd rop erox id e  present at an y  tim e. 
T h e  re la tive  am ounts o f  m on o-, d i-, and trih yd rop er
ox id e  w ere n ot a ppreciab ly  ch anged  b y  ben zene dilu
tion , excep t th at m ore unidentified  side p rod u cts  w ere 
form ed, perhaps at th e  expense o f  th e  tr ih ydroperox ide .

T h e  m ost d iscon certin g  part o f  the p ro d u ct analysis 
w as th e  am ou n t o f  a lcoh ols  fou n d  com p ared  to  the 
am ount o f  h y d rop erox id e  titra ted . T hu s, fo r  experi
m ent 62, th e  th eoretica l am ou n t o f  h y d rop erox id e  as
socia ted  w ith  th e  a lcoh ols  fou n d  w as 3 (0 .14 ) +  2 (0 .02 ) 
+  1(0 .02) =  0.48 m m ol, b u t th e  actual am ou n t titra ted  
w as 0.79 m m ol. F or experim en t 59, th e  va lu es w ere 
0.62 m m ol (theoretica l) vs. 0.91 m m ol (a ctu a l). B e 
fore  th e  g lp c responses w ere calibrated , it appeared 
th at a lcoh ol y ields satisfactorily  m atched  th e  h y d ro 
perox id e  titre, b u t repeated  g lp c experim ents w ith  
w eighed  alcoh ols and internal standard  (d im eth y l suc
cinate) show ed th at th e  a lcoh ol shortages w ere real.
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T h e  triphen ylph osph in e red u ction  procedu re  was 
ch anged  in  experim ent 138 to  in clude 1.5 hr o f reaction  
on  a steam  b a th  prior to  the distillation  to  con cen trate  
the p rod u cts . T h is  p rocedu re  apparently  further re
d u ced  th e  y ie ld  o f  tr io l relative to  titra ted  h yd roper
ox ide. A t  this po in t, one can on ly  specu late th at either 
th e  triphen ylph osph in e redu ction  w as inefficient, w ith  
som e h yd roperox id e  bein g  con v erted  to  p rod u cts  other 
th an  th e  exp ected  alcohols, or the unidentified  produ cts 
o f  th e  g lp c trace  correspon ded  to  h ydroperox id ie  p rod 
u cts  w ith  m ore than  on e h ydroperox id e  group  per 
m ole  o f  th e  unidentified  m aterials.

T h e  qu an tity  listed  in th e  “ o th er”  co lu m n  o f  T a b le  
I  is an estim ation  o f th e  m aterial correspon d in g  to  the 
area o f approx im ately  12 peaks in  th e  ch rom atograph  
trace. F or neat T M H , on ly  one o f these unidentified  
peaks h ad  substantial area (less area th an  th at o f  the 
d io l). E lu tion  tim e o f this peak  w as betw een  those 
o f  th e  d io l and  triol, and its area seem ed to  increase as 
p ro d u ct solutions w ere allow ed to  stand at room  tem 
perature. W h a tev er  th e  p rod u cts  o f  the T M H  h y d ro 
perox ide  decom p osition  w ere, som e apparently  w ere 
low  m olecu lar w eigh t and  w ere obscu red  b y  th e  large 
peak  o f  u nreacted  T M H  in  th e  g lpc analysis.

T h e  last tw o  experim ents (130 and 133) o f  T a b le  I 
w ere a ttem pts to  change th e  p ro d u ct ratios b y  adding 
an agent m ore  a ctive  in  transfer th an  the T M H  sub
strate. T etra lin  h y d roperox id e  (0 .07 M ), w h ich  is a 
v e ry  efficient transfer agent fo r  p erox y  rad ica ls ,11 did  
n o t p reven t th e  trih yd rop erox id e  from  b ecom in g  the 
m a jor p rod u ct o f  the ox idation , a lthough  th e  relative 
y ields o f  m on o- and d ih ydroperox ides w ere increased. 
C um ene h ad  scarce ly  any effect on  the p rod u ct ratios, 
a lthou gh  th e  am ou n t o f  cu m yl a lcoh ol d etected  in
d icated  substantial p artic ipa tion  o f  cum ene in  th e  ox ida 
tion . T h e  experim ent w ith  tetra lin  h ydroperox id e  
resu lted  in a g ood  balan ce o f  th e  net h y d roperox id e  
form ed  and th e  y ields o f  T M H  alcohols, b u t the experi
m ent w ith  cum ene again  resu lted  in  an a lcoh ol shortage 
[0.75 m m ol o f  O H  (theoretica l) rs. 1.09 m m ol o f  0 2H  
(actua l) ].

F rom  S chem e I  and th e  d a ta  o f T a b le  I  q u a lita tive  
conclusions can  b e  m ade regarding th e  re la tive  values 
o f  som e o f the rate  constants in v o lv ed . In  S chem e I, 
th e  rate constants kx and fcn  in clude in clude th e  sum  
o f  the steady-state  con cen tration s o f  all th e  p erox y  
radicals o f the system . S ince the in ten tion  is to  form  
ratios o f  rates o f  form a tion  o f produ cts , th is steady- 
state  sum  need  n o t b e  exp lic itly  determ ined. A lso, 
it w as assum ed th at th e  a lk yl radicals form ed  w ere 
q u ick ly  scaven ged  b y  oxygen  and d id  n ot enter in to  
p rop agation  reactions. T h en  the steady  state equa
tions fo r  the p erox y  radica l in term ediates are as fo llow s.

—  = fi[TMH] -  ^[4] [TMH] -  fcr[4] = 0 (5)

^  = fcn [TMH] -  fe[5][TMH] -  2fcr[5] = 0 (6)

^  = *.[8] +  kr[4] -  (fe[TMH| +  fc, +  fce)[7] =  0 (7) 

^  = fce[7] +  2fcr[5] -  (i,[TMH] +  fce)[8] = 0 (8)

d[] ^  = fcr[7] -  fc4[TMH] [10] = 0 (9)

(11) K. U. Ingold, A c c o u n ts  C h em . R es ., 2, 1 (1969).

T hese  five independent equations and five  unkn ow ns 
can  b e  so lved  d irectly , b u t th e  algebraic expressions 
b ecom e  com plica ted . H ow ever, substantial sim plifica
tion  results from  the use o f  the p rod u ct analyses w h ich  
in d ica ted  fc4 »  fc, [T M H ] ( i =  1, 2, 3, 4 ) ;  th a t is, 
in tram olecu lar p ropagation  is fa vored  over  in term olec- 
u lar transfer. T h e  steady  state  con cen tra tion s are

[4] [TMH]
fcr (10)

[5] Am [TMH] 
2 fcr ( 11)

r„  fcr [4] +  fce[8] (fcn +  fc|)[TMH]
HI -  I i. -  l

[8] =

fcr —t- fce fcr

2fct[5] +  fce[7] fcii[TMH] . (fcn +  fci)[TMH]

[10] = fcr [7]

+

(fcn + fci)
fcr

fc4[TMH] fc4

T h e  rates o f  d iol and trio l form ation  are

(13)

(14)

^  = f e [™ HK171 +  ¡81)

= fc4[TMH] [10]

(15)

(16)

so th at th e  ratio  o f  their rates o f  form a tion  is

d (ll)  = fc,([7] +  [8]) 
d (12) fc4[10]

= fca[TMH] r 2(fci +  fcn) fcn-!
(fci +  fcn)L fcr fce J

I f  it is assum ed th at kx =  27ctr and  th at ke »  lcr (n ot 
an unreasonable assum ption  b ased  on  rates rep orted  
fo r  analogous interm olecu lar processes12), th en  e q  17 
b ecom es

d (ll)  _  2fc,[TMH]
d(12) fcr ( 8)

T h u s, from  the data  o f experim ent 62, a ty p ica l va lu e  
fo r  the ratio o f  in term olecu lar to  in tram olecu lar p ro p 
agation  w ou ld  b e

h
fcr

[d(l 1 )/d(12)] [0.02/0.14]
2[TMH] '  (2)(4.6) 0.015 M -1 (19)

F o r  2 ,4 -d im ethylpen tan e, w here on ly  on e com p etition  
exists betw een  interm olecu lar (fcp) and  in tram olecu lar 
(fcr) propagation , a v a lu é  o f fcp/ /c r =  0.013 w as rep orted ; 
th is is in  u n expected ly  g o o d  agreem ent w ith  the T M H  
results. T h e  sm all d ifference o f  th e  va lues is in  the 
righ t d irection  b u t o f  insufficient m agn itude to  clearly  
in d ica te  th at th e  d ih yd roperox ide  o f  T M H  m aintains 
h igh  stab ility  relative to  th e  trih yd rop erox id e . T h e  
d a ta  o f T a b le  I  and th e  rep orted  results fo r  2 ,4 - 
d im eth ylpen tan e4 in d icate  little  or n o  tem perature 
depen d en ce  for  the k-JkT ratios.

C on clu sion s

L ik e  2 ,4 -d im ethylpen tan e, T M H  preferen tia lly  ox i
dizes b y  an in tram olecu lar p rop a ga tion  reaction . 
T h e  in tram olecu lar p ropagation  is, in  fa ct, m u ch  faster 
than  th e  in term olecu lar transfer reaction , and  v e r y  
reactive  transfer agents are requ ired  to  in tercep t th e  
in tram olecu lar reaction . (T h e  in tram olecu lar p ro p -

(12) J. A. Howard, W. J. Schwalm, and K. U. Ingold, A d v a n . C h em . S er ., 
75, 6 (1967).
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agation  reaction  appears to  be  general for  1 ,3 ,5-m ethyl 
substitu ted  alkanes.) T hese  results m ay  be  relevant 
to  the p o ly p rop y len e  stabilization  prob lem , w here it 
is necessary to  interrupt the in tram olecu larly  p rop 
agated  ox ida tion  o f  a 1 ,3 ,5 . . .su bstitu ted  po lym er 
chain  w ith  an inh ib itor. In  th e  v iscou s  p o ly m er sys
tem , collisions betw een  in h ib itor and p o ly m er are 
greatly  restricted , and  it is surprising th at low  levels 
o f in h ib itor are effective.

A s the n um ber o f in tram olecu larly  situated  h yd ro - 
peroxy  grou ps in th e  p ro d u ct increase, sign ificant d if
ferences in  the ox id a tion  system  occu r. N eat iso
bu tan e9 and 2 ,4 -d im eth y lpen tan e4 ox id ize  w ith  little  
or no autocatalysis, and h y d roperox id e  y ields are reg
ularly greater than  9 0 %  o f consum ed oxygen . N eat 
T M H  oxid izes w ith  substantial au tocata lysis (at 120°) 
w h ich  is easily in h ib ited  w ith  a sm all qu an tity  o f  ben 
zene, and  h yd roperox id e  y ields are approx im ately  7 0 % . 
M od era te ly  con cen tra ted  ben zene solutions o f  p o ly 
prop y len e  (up to  3 .98 M  in  m on om er units) oxidize 
w ith  som e au toca ta lysis ,13 and the h yd roperox id e  yield  
at 1 %  con version  is ~ 4 0 % .  A pp aren tly  the p ro 
pen sity  o f  th e  h yd roperox ides to  d ecom pose  is related 
to  the num ber o f h y d roperox id e  groups at ad jacen t 
positions and increases sign ificantly  as the num ber o f 
groups in th e  cluster increases.

E xperim en ta l S ection

Materials.— 2,4,6-Trimethylheptane (99% pure) was purchased 
from Chemical Samples Co., Columbus, Ohio. It was passed 
over neutral alumina just prior to use. Eastman reagent 
grade cumene was carefully fractionated [bp 153° (733.4 mm)] 
to remove an impurity detected by glpc. Tetralin hydro
peroxide was synthesized and purified by a reported procedure.14 15 
l,l'-Azodicyclohexanecarbonitrile obtained from Chemical Pro
curement Laboratories was recrystallized from acetone-meth
anol. Di-i erf-butyl peroxide (¿erf-Bu20 2) (99% pure) was 
purchased from Wallace and Tiernan, Inc., Lucidol Div. 
“ Chromatoquality”  benzene was purchased from Matheson 
Coleman and Bell. Eastman reagent grade triphenylphosphine 
was sublimed before use. 2,4,6-Trimethyl-l,6-heptadien-4-ol 
was purchased from Chemical Samples Co.

Of the five monohydric alcohols, diols, and triols expected as 
oxidation products (following reduction16 of the corresponding 
hydroperoxides with triphenylphosphine), only the two mono
hydric alcohols have been described previously. All five alcohols 
were synthesized for use as glpc standards.

2.4.6- Trimethyl-4-heptanol.— 2,4,6-Trimethvl-1,6-heptadien-
4-ol (10 g) was hydrogenated at room temperature in .50 ml 
of ethanol with 1 g of 5%  Pd on charcoal catalyst until no 
more hydrogen was adsorbed. Filtration and distillation of 
the ethanol solvent left an oil (2,4,6-trimethylheptanol) which 
distilled at 84° (23 mm) [lit.16 bp 86-87° (26 mm)]. The nmr 
spectrum of the product confirmed the proposed structure.

2.4.6- Trimethyl-2-heptanol.— 4,6-Dimethyl-2-heptanone [bp 
107-108° (101 mm)] was isolated in 97% purity (as measured by 
glpc) from technical diisobutyl ketone by careful fractionation. 
The structure of the distillate was confirmed by nmr. The di- 
methylheptanone (20 g, 0.152 mol) was treated with excess 
methylmagnesium bromide in diethyl ether. Removal of the 
ether from the dried product solution left an oil which distilled 
at 60° (3 mm) [lit.17 bp 80° (25 m m )]; yield was 18 g (75%). An 
nmr spectrum confirmed the structure.

(13) D. E. Van Sickle, paper presented at the 162nd National Meeting of 
the American Chemical Society, Washington, D. C., Sept 12-17, 1971.

(14) A. Robertson and W. A. Waters, J . C h em . S oc ., 1578 (1948).
(15) D. B. Denney, W. F. Goodyear, and B. Goldstein, J . A m er . C h em . 

S oc., 82, 1393 (1960).
(16) A. D. Petrov, V. 1. Sushchinskii, and L. D. Konoval-chikov, Z h . 

O bshch. K h im ., 26, 1566 (1955); C h em . A b str ., 63, 4474g  (1956).
(17) E. A. Braude and J. A. Coles. J . C h em . S o c ., 1524 (1952).

2.4.6- Trimethyl-2,4-heptanediol.— This material was syn
thesized from ethyl 3,5-dimethyl-3-hydroxyhexanoate, which 
was prepared by a Reformatsky reaction according to the pro
cedure of Surzur.18 Methyl isopropyl ketone, ethyl bromo- 
acetate, and zinc were treated as described by the procedure18 to 
give the hydroxy ester in 52% yield [lit.18 bp 101° (76 mm)]. 
The hydroxy ester (20 g, 0.106 mol) was treated with excess 
methylmagnesium bromide in ether by stirring at reflux over
night. The usual work-up procedure with dilute sulfuric acid 
afforded an ether solution of product which, after drying and 
distillation, yielded 8 g (43%) of diol: bp 118-123° (0.5 mm); 
ir max 3350, 2900-3000, 1470, 1415, 1380, 1185, 1042, 870, 
and 759 cm-1; nmr (CDC13) 6 0.9 (d, 6, terminal methyl protons),
1.1-1.5 (m, 11), 1.65 (d, 2, center methylene protons), 4.35 
(d, 2 , hydroxy protons), and one proton (isopropyl) not resolved.

2,4,6-Trimethyl-2,6-heptanediol.— 3-Methylglutaric acid ob
tained from Columbia Organic Chemical Co. was converted to 
the diethyl ester, bp 94-95° (3.1 mm). Reaction of 5 g (0.025 
mol) of the ester with an excess (~ 0 .3  mol) of methylmag
nesium bromide in ether yielded ~ 5  g of a crude oil. The oil 
partially crystallized on standing, but could not be distilled 
without dehydrating to an unsaturated alcohol. No solvent 
was found which would satisfactorily serve for recrystallization 
of the crude product, but, after long-term sublimation of the 
crude product, white crystals were obtained: mp 64-66°; ir
max 3240, 2970-2850, 1380, 1367, 1185, 1064, 979, 952, 932, 
891, 858, and 774 cm-1; nmr (CDCL) S 1.00 (d, 3, center 
methylene protons), 1.20 (s, 12, terminal methyl protons), 1.3- 
2.0 (m, 5, secondary and tertiary protons), 3.4 (s, 2, hydroxy 
protons).

2.4.6- Trimethyl-2,4,6-heptanetriol.—2,6-Dihvdroxy-2,6-di- 
methyl-4-heptanone (5 g, 0.0333 mol) obtained from K & K 
Laboratories, Inc) was treated with an excess of methylmag
nesium bromide in ether by refluxing overnight. Work-up of 
the reaction mixture was accomplished by the cautious addition 
of 1 N sulfuric acid, followed by continuous ether extraction of 
the aqueous phase. Concentration of the dried ether solution 
of products gave a heavy oil (~ 5  g) which could not be crystal
lized. Analysis of the oil by glpc (20% silicone SE-30 on Chrom- 
osorb P, 6 ft X  0.25 in.) indicated that some of the starting 
ketone was present, but that a major product (with the longest 
retention time in the trace) constituted about 2 A of the total. 
This major product was isolated by repetitive preparatory glpc 
in sufficient quantity for spectral analysis and use as an au
thentic sample of triol to add to product solutions from TMH 
oxidations: ir max 3350, 2980, 2940, 1470, 1415, 1380, 1192, 
1060, 935, 867 and 771 cm“ 1; nmr (CDClj) <5 1.2-1.4 (d, 12, 
terminal methyl protons), 1.43 (s, 3, center methyl protons), 
1.73 (m, 4, methylene protons), 5.08 (s, 3, hydroxyl pro
tons).

Oxidation Procedure.— Most of the details of autoxidizing liquid 
samples have been described.7 Solutions of the TM H, ini
tiator, and any cooxidant were made in the reaction bulbs. 
Normally, ~ 20  ml of solution was prepared in bulbs of ~31 ml 
capacity. Reaction progress was followed and the rates were 
calculated as described.7 After the reaction mixture was cooled, 
the gas vented, and the bulb detached, 5 ml of propyl acetate 
was added to redissolve a second phase which separated when 
cooled.

Analysis.—Two small portions of the product solution were 
titrated5 for hydroperoxide. Based on the titration results, a
10- 20%  excess of triphenylphosphine was added to the reaction 
mixture and allowed to stand for at least 1 hr to ensure complete 
reduction of the hydroperoxides.

Direct glpc analysis of the reduced solution did not give well- 
resolved separations; so the products were concentrated by re
moving most of the unreacted TM H  in vacuo (5 mm at 40°). 
The pot residue was transferred quantitatively to a sample vial 
with a small amount of acetone; a known amount of dimethyl 
succinate or eicosane was added as an internal standard, and the 
solution was analyzed by glpc (5%  nitrile-silicone XE-60 
on Chromosorb Z, 6 ft X 0.125 in., temperature 60-200°, 
Aerograph 600 D ). The glpc investigation of the distillate indi
cated that no significant amount of products was carried over. 
The response of the chromatograph to the 2,4 ,6-trimethyl-2,4- 
heptanediol and 2,4,6-trimethyl-2,4,6-heptanetriol relative to

(18) J. M. Surzur, B u ll . S oc . C h im . F r ., 1625 (1956).
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the internal standard, was determined and the appropriate cor
rection factor was applied. This correction factor (same for 
both polyols) was assumed to be applicable to the unidentified 
peaks in the glpc trace. The 2,4- and 2,6-diols eluted simul
taneously by the chromatographic technique used in this study.

R egistry  N o .— 3 , 2613-61-8 ; 2 ,4 ,6 -tr im eth y l-2 ,4 -
heptanediol, 33070-42-7 ; 2 ,4 ,6 -trim eth y l-2 ,6 -h eptan e- 
d iol, 33070-43-8 ; 2 ,4 ,6 -trim eth y l-2 ,4 ,6 -h eptan etrio l,
33070-44-9.

Lithium-Ammonia Reduction of Benzaldehydes to Toluenes
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Two methods are reported for the reduction of benzaldehydes to toluenes in lithium-ammonia solutions. By 
these methods p-ierf-butylbenzaldehyde, p-isopropylbenzaldehyde, p-methylbenzaldehyde, and benzaldehyde 
were reduced to p-ierf-butyltoluene, p-cymene, p-xylene, and toluene, respectively. Both methods take ad
vantage of good proton sources to minimize a serious competitive reaction which leads to dimers. Mechanistic 
implications are discussed.

T h e  on ly  reported  redu ction  o f  an a ldeh yde in m e ta l-  
am m onia  solu tions is th at o f  van illin  to  van illy l a lcoh ol 
p lus a d im er in p o ta ss iu m -a m m on ia .2 P resu m ab ly  the 
red u ction  o f  a ldehydes in  liqu id  am m onia  has been  
a v o id ed  because aldehydes readily  con dense w ith  am 
m on ia .3 W e  h ave fou n d  th at arom atic a ldeh ydes are 
am enable to  m eta l-a m m on ia  con d ition s  and w ish to  
describe tw o  useful m ethods for  their red u ction  to  to lu 
enes.

R =  iert-C4H9,fso-CjH7, CH3, H

R e ce n tly  w e rep orted  con d ition s  for  the red u ction  
o f arom atic k eton es  to  arom atic h yd roca rb on s in lith 
iu m -a m m on ia  (T H F ) solu tion s.4 E xten sion s o f  this 
w ork  to  arom atic a ldehydes5 led  to  th e  fo llow in g  o b 
servations: (1) the arom atic a ldehydes w ere redu ced
su bstan tia lly  faster than  arom atic k e ton es ; (2 ) trace 
am ou n ts o f  co b a lt  had n o  n oticeab le  red u ction  rate 
enhancem ent effect as w as ob served  w ith  arom atic 
k e ton es ; and (3) arom atic a ldeh ydes dim erize m u ch  
m ore readily  than arom atic k eton es .6

(1) National Science Foundation Undergraduate Research Participant, 
summer 1971.

(2) K. Freudenberg, W. Lautsch, and G. Piazolo, C h em . B e r ., 74, 1879 
(1941).

(3) (a) R. L. Augustine, Ed., “ Reduction,” Marcel Dekker, New York, 
N. Y., 1968, p 116; (b) H. Smith, “Organic Reactions in Liquid Ammonia. 
Chemistry in Nonaqueous Ionizing Solvents,” Vol. I, Part 2, Wiley, New 
York, N. Y., 1963, pp 123 and 216.

(4) S. S. Hall, S. D. Lipsky, F. J. McEnroe, and A. P. Bartels, J . O rg. 
C h em ., 36, 2588 (1971).

(5) The benzaldehyde in THF wa3 added slowly (co. 20 min) to a lithium- 
ammonia (THF) solution. After 20 min at reflux the mixture was cautiously 
quenched with excess ammonium chloride.

(6) The following interesting toluene/aromatic hydrocarbon dimer (2)
ratio was observed for p-feri-butylbenzaldehyde, p-isopropylbenzaldehyde,
p-methylbenzaldehyde, and benzaldehyde, respectively: 82/18, 77/23,
60/40, and 56/44. After analysis by glc the monomer-dimer aromatic
hydrocarbon mixture was eluted from an alumina column with petroleum 
ether (bp 38-58°) and then distilled apart at reduced pressures. Spectral 
data (ir, nmr, and mass spectra) indicated the major dimer to be a 1,2- 
diarylethane. Perhaps the most revealing were the mass spectra. For ex
ample, l,2-p,p'-dicumylethane from p-isopropylbenzaldehyde, m /e (rel 
intensity) 133 (100), 266 (8, M +). In addition, the major dimer from the 
reduction of benzaldehyde was compared with an authentic sample of 1,2- 
diphenylethane.

T h e  form ation  o f  dim ers m ade th e  m eth od  inutile  fo r  
our purposes as a syn th etic  reaction  and  con sequ en tly  
a m od ified  m eth od  w as sou ght w h ich  w ou ld  m inim ize 
their form ation . S ince dim ers had n o t  b een  ob serv ed  
in  the red u ction  o f  ben zy l a lcoh ols  w h en  su b je cte d  to  
these con d ition s ,7 * * thus exclud ing  the p oss ib ility  o f  d im er 
form ation  from  the b en zy l radical 5, w e  assum ed the 
k e ty l rad ica l 2a to  be  the source o f  d im ers.8 9 I t  w as 
reasoned th at if the k e ty l radical 2b w ou ld  be  form ed  in 
the presence o f  a g o o d  p ro to n  source, such  as (erf-butyl 
a lcoh o l o r  am m onium  ch loride, it  m igh t be  q u ick ly  
p ro to n a te d  form in g  the a lk ox y  r a d ic a ls , w h ich  in  turn  
w ou ld  b e  rap id ly  redu ced  to  the b en zy l a lk ox ide  4. 
T h e  n e t e ffect shou ld  b e  a substantia l decrease in  th e  
a m ou n t o f  d im er form ed . F o llow in g  th is p resu pposi
tion , tw o  usefu l m eth ods w ere d ev e lop ed  and  are de
scribed . T h e  p ro d u ct  to luen e n orm ally  represen ted  
m ore  than  9 0 %  o f  the ch rom atograph able  m ateria l an d  
w as usually  iso la ted  pure in  at least 8 0 %  y ie ld  u sing  
either m eth od .

M e th o d  A  in vo lves  the ad d ition  o f  a so lu tion  o f  th e  
b en za ldeh yde and  (erf-butyl a lcoh o l in T H F  to  a  re
fluxing lith iu m -a m m on ia  solu tion , fo llow ed  b y  an am 
m on iu m  ch loride  qu ench . S u bstitu tin g  sod iu m  b en 
zo a te 10 fo r  the am m onium  ch loride y ie ld ed  m ain ly  th e  
toluene a long w ith  lesser am ou n ts o f  the ben zy l a lcoh o l 
and  a ldeh yde (ca. 5 :1 .5 :1 )  in d icatin g  th at the a m m o
n iu m  ch loride qu ench  is necessary to  com p le te  the re
du ction .

(7) (a) S. S. Hall, S. D. Lipsky, and G. H. Small, T etra h ed ron  L e tt ., 1853 
(1971); (b) G. H. Small, unpublished results.

(8) (a) W. E. Bachmann, J . A m e r . C h em . S o c ., #5, 1179 (1933); (b) C. B. 
Wooster, ib id ., 59, 377 (1937).

(9) We assumed the major dimer to be formed according to the following 
general scheme via  a bimolecular reduction.

(1959).
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Scheme I

M eth od  B  w as designed  to  take advan tage  o f  the 
con densation  reaction  b etw een  the a ldeh yde and am 
m on ia  to  fo rm  a h y d rob en za m id e .3 T h e  general p ro
cedure is to  allow  the a ldeh yde to  react w ith  the am 
m onia, then  add  lith iu m  an d  qu ench  the m ixture w ith  
am m onium  ch loride. W h en  sod iu m  b e n zo a te 10 w as 
used  as the qu ench ing  agen t a 1 :1  m ixture o f  the toluene 
and  the ben za ldeh yde w as fo rm e d .11 T h is  resu lt sug
gests th at in liqu id  am m onia  there is an equ ilibrium  
betw een  the free a ldeh yde and h yd roben zam ide 6. 
W h en  the lith ium  is a d d ed  the free a ldeh yde is qu ick ly  
redu ced  to  the alkoxide, p ro ton a ted  b y  the h y d rob en z
am ide 6, and then  is redu ced  fu rth er to  the arom atic 
h yd roca rb on . T h e  resu lting  an ion  7 o f  the h y d ro -

ben zam ide  p ro b a b ly  resists red u ction  until the am m o
nium  ch loride is a dded  regenerating the a ldeh yde, w h ich  
is then  rap id ly  redu ced  to  a to lu en e b e fore  all the lith 
ium  is d estroyed . In  con trast, quench ing w ith  sod ium  
ben zoate  w ou ld  d estroy  th e  excess redu cin g  agent and 
then  during n orm al w ork -u p  the ben za ldeh yde w ou ld  
be  regenerated.

A lth ou g h  b o th  m eth od s are sa tisfa ctory , w e  ten d  to  
fa v o r  m eth od  A  fo r  the red u ction  o f  ben za ldeh yde and 
a lk y lbenza ldeh ydes since less high m olecu lar w eigh t 
m aterial seem s to  be  fo rm ed  (see E xperim en ta l S ection ).

O ur su ggestions fo r  the m echan ism  o f  the red u ction  
are ou tlin ed  in S ch em e I. T h e  m echan ism  in corp ora tes 
the red u ction  o f  a ca rb on y l group  to  an  a lco h o l12 and 
a ben zy l a lcoh o l to  a to lu en e13 and  is an alogou s to  
th at p rop osed  fo r  the red u ction  o f  a rom atic  k eton es to  
arom atic h y d roca rb on s .4

(11) Prolonged equilibration of the aldehyde in liquid ammonia before 
the addition of lithium did not alter this result.

(12) See ref 3a, pp 97-98.
(13) H. O. House, “Modern Synthetic Reactions,” W. A. Benjamin, New 

York, N. Y., 1965, pp 74-75.

E xperim en ta l S e c t io n 14

Lithium-Ammonia Reduction.— Precautions for the exclusion 
of impurities (moisture, air, peroxides, contaminate metals, or 
metal salts) were scrupulously observed. All reductions were 
carried out under a static nitrogen (prepurified) atmosphere and 
anhydrous ammonia was distilled into the reaction vessel. Tet- 
rahydrofuran (THF) was filtered through an alumina column, 
and then refluxed and distilled from LiAlH, just prior to use. 
Lithium wire (0.01% Na, Ventron Corp.) was wiped free of oil 
and washed with petroleum ether (bp 38-58°) immediately before 
use. All product toluenes gave satisfactory spectral and ana
lytical data; and in the reductions of benzaldehyde, p-methyl- 
benzaldehyde, and p-isopropylbenzaldehyde, the products were 
also compared with authentic samples of toluene, p-xylene, and 
p-cymene, respectively. The reduction of p-isopropylbenzal- 
dehyde and p-ferf-butylbenzaldehyde are described to illustrate 
each method.

Method A. p-Cymene.— To a mixture containing 20 ml of 
ammonia, 10 ml of THF, and 175 mg (25 mg-atoms, 10 pieces) 
of lithium was added dropwise (ca. 20 min)15 a solution of 0.79 
g (5 mmol) of p-isopropylbenzaldehyde and 0.46 g (6.25 mmol) 
of ferf-butyl alcohol in 10 ml of THF. Almost immediately the 
excess lithium was consumed by the rather rapid addition {ca. 
5 min) of excess ammonium chloride {ca. 5 g )16 and the ammonia 
was allowed to evaporate. After the residue had been partitioned 
between aqueous NaCl and Et20, the organic layer was dried 
and concentrated. Analysis by glc indicated a 98% yield of p- 
cymene and a 2%  yield of dimers (2). After chromatography 
(alumina, petroleum ether) a pale yellow liquid (0.60 g, 90%) 
was isolated which was identical with an authentic sample of p- 
cymene.

Method B. p-fcrf-Butyl toluene.— To a solution containing 
20 ml of ammonia and 10 ml of THF was added a solution of 
0.81 g (5 mmol) of p-ierf-butylbenzaldehyde in 10 ml of THF. 
After 30 min 210 mg (30 mg-atoms, 12 pieces) of lithium was 
added. Once the dark blue solution was established,17 excess 
ammonium chloride (ca. 4.5 g) was rather rapidly added (ca. 
5 min)16 and the ammonia was allowed to evaporate. After 
the residue had been partitioned between aqueous NaCl and 
EtjO, the organic layer was dried and concentrated. Analysis by 
glc indicated a 94% yield of p-ferf-butyltoluene along with a 2%  
yield of dimers (2) and a 4%  yield of unknown high molecular 
weight material (1 major and 2 minor peaks). After chroma
tography (alumina, petroleum ether) a pale yellow liquid (0.66 g,

(14) Spectral measurements were determined with the following instru
ments: ir, Beckman Model IR-10; nmr, Varian Associates Model A-60; 
mass spectra, Perkin-Elmer Model 270 with a Varian Associates Model 620/i 
computer attachment. Gas chromatographic analyses (glc) were performed 
on a Hewlett-Packard Model 5750 research chromatograph (flame detector) 
using a 6 ft X Vs in. 10% silicon gum rubber UCC-W-982 (methylvinyl) 
on 80-100 Chromosorb W. Separations and purifications were attained on 
absorption alumina (80-200 mesh) columns. Further purification, for 
analytical purposes, was accomplished by flash distilling the samples at re
duced pressure.

(15) The rate of addition should be slow enough tp maintain a dark blue 
solution.

(16) For a convenient method of adding the quenching agent see ref 4.
(17) We normally waited for ca . 20 min, although this length of time does 

not seem to be necessary.
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89% ) was isolated: nmr r 8.71 (s, 9 H), 7.71 (s, 3 H), 2.98 (d, 
2 H, J =  8 Hz), 2.77 (d, 2 H, /  =  8 Hz); mass spectrumm/e 
(rel intensity) 39 (21), 40 (21), 41 (42), 77 (16), 91 (26), 93 (26), 
105 (50), 133 (100), 148 (20, M+).

Anal, (flash distilled, 14 mm). Calcd for CnH,«: C, 89.12; 
H, 10.88. Pound: C, 89.26; H, 10.86.

R eg istry  N o .— L ith ium , 7439-93-2 ; am m onia, 7664- 
4 1 -7 ; p -isopropy lben za ldeh yde, 122-03-2 ; p -cym en e,

99 -87 -6 ; p -feri-bu ty lto lu en e, 98 -51 -1 ; p-te?-(-butyl 
ben za ldeh yde, 939-97-9.
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The Origin of the Paramagnetic Species in Lignin Solutions.
Autoreduction of 2,6-Dimethoxybenzoquinone and Related 

Quinones to Radical Anions in Alkaline Solution
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The lignin model compound, 2,6-dimethoxybenzoquinone (3), is spontaneously reduced to stable semiquinone 
radical anions by alkaline solutions of water or alcohol. This behavior parallels that of hardwood lignins. 
Rapid replacement of the methoxyl groups by alkoxide ion occurs in alkanolic solvents; steric factors play an 
important role in this exchange. The primary reaction intermediate appears to be a cyclohexadienone adduct of 
quinone and nucleophile; its concentration is rate determining. A mechanism for the reaction is proposed.

L ignin , th e  u b iq u itou s  com p on en t o f  terrestrial 
p lants, has been  show n  to  b e  p aram agn etic .2-5 T h e  
param agnetism  o f lignin  preparation s increases w ith  
exten t o f  ch em ica l and  en zym atic  d egradation .5 H a rd 
w o o d  lignins, w h ich  con ta in  a h igh p ro p o rtio n  o f 3 ,5- 
d im eth oxy -4 -h y d roxy p h en y l elem ents, h ave a h igher 
spin  con ten t th an  analogous so ftw o o d  lignins (w hose 
ch ie f structural elem ents are 4 -h y d rox y -3 -m eth oxy - 
p h en y l grou ps). A lk a li lignins show  th e  h ighest radica l 
con ten t o f  all preparations.

W h e n  h a rd w ood  lignin  preparation s are d isso lved  in 
d ilu te  aqueous base, a  param agn etic species is form ed . 
T h is  has been  identified  as 2 ,6 -d im eth oxy -p -b en zosem i- 
qu in on e ( l ) . 6 In  stron g  base, a secon d  rad ica l (2 ) 
appears.6 A ll com m ercia l h a rd w ood  lignins, su ch  as 
k ra ft and  M ea d o l, y ie ld  1 and  2. B rauns n a tive  and 
B jork m a n  h a rd w ood  lignins y ie ld  low  con cen tration s 
o f  1, as does In d u lin  (p redom in an tly  a so ftw o o d  p rod 
u ct).

W e  h ave  fou n d  th at h o t  w ater extracts  o f  com m ercia l 
alkali lignins con ta in  appreciab le  am ou n ts o f  2 ,6 -d i- 
m eth oxyq u in on e  (3) and sm all quantities o f  van illin , 
syrin ga ldeh yde, and  p o ly m eric  m aterial. N o  2 -m e- 
th ox y b en zoq u in on e  (4) w as fou n d . N a tiv e  h a rd w ood  
lignins d o  n o t  y ie ld  an y  o f  th e  a b ov e  w ith  h o t w ater. 
H ow ever, w h en  refluxed  w ith  1.0 M  N a O H  in  air, th ey  
fo rm  van illin , syrin galdeh yde, an d  traces o f  3. S in ce 3 
appears to  b e  th e  sole structural p recursor o f  th e  para
m agn etic species (ap p aren tly  fo rm ed  du rin g  a  D a k in - 
ty p e  cleavage o f n a tive  lign in  du rin g  th e  pu lp in g  p ro 
cess ),7 w e decid ed  to  in vestigate  its  b eh a v ior  in  a  v a rie ty  
o f  basic solvents. T h e  b eh a v ior  o f  3 m ay h ave  rele

van ce  for  oth er system s. R e d o x  reactions o f 3 h ave  been  
im p licated  in  p lan t resistance to  fungal a tta ck ;83 its 
form ation  in p lants m ay  h ave arisen b y  a D a k in  clea v 
age o f lignin  during a ttack  b y  oxidases and  perox id e .8b

(1) Presented at the 161st National Meeting of the American Chemical 
Society, Los Angeles, Calif., March 29, 1971.

(2) C. Steelink, A d v a n . C h em . S e r ., 59, 51 (1966).
(3) C. Steelink, T. Reid, and G. Tollin, J .  A m e r .  C h em . S o c ., 85, 4048 

(1963).
(4) T. N. Kleinert, T a p p t , 50, 120 (1967).
(5) C. Steelink, G eoch im . C osm o ck im . A c ta , 28, 1615 (1964).
(6) J. D. Fitzpatrick and Cornélius Steelink, T etra h ed ron  L e tt ., 5041 

(1969).
(7) K. Kratzl, W. Schafer, P. Claus, J. Gratzl, and P. Schilling, M o n a tsh . 

C h em ., 98, 891 (1967).

Results

Reduction of Quinone 3 in Alkanolic Solvents.—
W h en  10 -3  M  solu tions o f  3 w ere m ixed  w ith  an hydrou s 
alkanols and  sod ium  ethoxide, stron g  esr signals w ere 
observed  fo r  2 ,6 -d ia lk oxyben zosem iqu inon es (5 ). S ec-

(8) (a) M. E. Mace and T. T. Hebert, P h y to p a th o lo g y , 53, 692 (1967); 
(b) E. S. Caldwell and C. Steelink, B io ch im . B io p h y s .  A c ta , 184, 420 (1969).
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T able  I

H yperfine Splitting  C onstants (in  Ga u ss) of Sem iquinone  A nions

Semiquinone Solvent Base A.OR •̂ ring
2,6-Dimethoxy-p-benzo- Anhydrous methyl alcohol 0.1 M  NaOMe 0.75 1.50

semiquinone (1)
2,6-Dimethoxy-p-benzo- 

semiquinone (1)
50% iert-butyl alcohol 

in water
0.1 M  NaOH 0.77 1.50

2,6-Diethoxy-p-benzo- Anhydrous ethyl alcohol 0.1 M  NaOEt 0.80 1.60
semiquinone (5)

2,6-Diethoxy-p-benzo- Anhydrous ethyl alcohol 0.1 M  NaOH 0.87 1.50
semiquinone (5)

2,6-Diethoxy-p-benzo- 
semiquinone (5)

80% Ethyl alcohol- 
20 %  water

0.1 M  NaOH 0.90 1.46

2,6-Diethoxy-p-benzo- 
semiquinone (5)

50% Ethyl alcohol- 
50% water

0.1 M  NaOH 0.94 1.42

2,6-Diethoxy-p-benzo- 
semiquinone (S)

25% Ethyl alcohol- 
75 %  water

0.1 M  NaOH 0.96 1.41

2,6-Diethoxy-p-benzo- 
semiquinone (S)

10% Ethyl alcohol- 
90% water

0.1 M  NaOH 0.97 1.38

2-Hydroxy-6-ethoxy-p- Anhydrous ethyl alcohol 1.0 M  NaOEt 0.68 2.80, 0 .6«
benzosemiquinone (7)

2,6-Diisopropyl-p-benzo- Anhydrous isopropyl alcohol 0.1 AT NaO-t-Pr 0.45 1.65
semiquinone (5)

2,6-Diisopropyl-p-benzo- 
semiquinone (5)

50% Isopropyl alcohol- 
50% water

0.1 AT NaOH 0.50 1.40

2-Hydroxy-6-isopropoxy- Anhydrous isopropyl alcohol 1.0 M  NaO-f-Pr 0.40 2.90, 0.15«
p-benzosemiquinone (7)

2-Hydroxy-6-methoxy-p- Anhydrous ierf-butyl alcohol 0.1 M  NaO-ierf-Bu 0.60 2.90, 0.28«
benzosemiquinone (2)

p-Benzosemi quinone6 Anhydrous methyl alcohol 0.1 M  NaOH 2.40
2-Methoxy-p-benzosemi- Water pH 9.18 buffer 0.85 3.65, 1.95, 0.54

quinone'
“ Ring protons not specifically assigned. 1 Included in table as a reference compound. c Prepared by dissolving 2-methoxybenzo- 

quinone in buffer. Unstable at higher pH values.

on dary  radicals o f  ty p e  7 appeared  soon  a fter m ixing 
in 0 .1 -1 .0  M  N a O R . T h e  excep tion  to  this grou p  o f 
alkanols w as (eri-bu ty l a lcoh o l; in  this case, there w as 
ev iden ce  fo r  th e  tra n sitory  existence o f  rad ica l 6, 
w hich  ra p id ly  gave w a y  to  radica l 2. A t  higher con 
centrations o f  N a O R , o n ly  the secon d ary  radica l 7 
w as observed . A gain , th e  excep tion  was en coun tered  
w ith  ferf-butyl a lcoh ol, w h ich  show ed  on ly  rad ica l 2.
T h u s, com plete  and  fast a lk oxy  exchange occu rred  
w ith in  all system s excep t ferf-butyl a lcohol. T h e  esr 
results are sum m arized in  T a b le  I.

W h en  N a O H  w as su bstitu ted  for  th e  N a O R  in  the 
alkanol solvents, on ly  radicals o f  ty p e  5 were observed  
fo r  all a lcoh ols excep t ferf-butyl a lcoh ol. In  th e  latter 
case, on ly  radica l 1 w as observed , in d ica tin g  th a t no 
ether exchange h ad  occu rred . T h e  cou p lin g  constants 
for  1 agreed w ith  those rep orted  b y  H ew gill.9

T o  assess th e  e ffect o f  solven t ty p e  on  th e  exchange 
reaction , w e used a v a rie ty  o f  aqueous a lcoh ol m ixtures.
In  5 0 %  w a ter -a lcoh o l, qu in on e 3 y ie lded  rad ica l 5, 
iden tica l w ith  th at fou n d  in 1 0 0 %  a lcoh ol (w ith  the 
excep tion  o f (erf-butyl a lcoh ol, w h ich  gives rad ica l 1).
In  th is solven t system , com p lete  ether exchange o c 
curred. In  an a ttem p t to  find  th e  low er lim it o f  al
coh o l con ten t at w h ich  exchange d id  n ot occu r, w e used 
successively  m ore d ilu te  a lcoh o lic  solutions in  water.
E ven  at 1 0 %  eth an ol in  w ater, com p lete  exchange o f 
O E t w ith  O M e  to o k  place.

F urther studies show ed  th at each  a lcoh ol exh ib ited  
a threshold  va lue or  m in im u m  con cen tra tion  at w h ich  
th e  O R -O M e  exchange w ou ld  occu r. T h is  is illus-

(9) F. R. Hewgill and L. R. Mullins, J .  C h em . S o c . B , 1155 (1969).

Figure 1.—Esr spectrum of 2,6-dimethoxybenzoquinone in 5% 
ethanol and 0.10 M  NaOH. Both radicals 1 and 5 are present.

tra ted  in F igure 1. F or  p rim ary  a lcohols, a 5 %  solu 
tion  o f a lcoh ol in  w ater exh ib its  th e  presence o f  b o th  
radicals 1 and 5, a con cen tra tion  at w h ich  partia l ex
change occurs. W ith  secon dary  an d  tert ia ry  alcohols, 
n o  exchange w as observed  and  on ly  rad ica l 1 was 
present.

T h e  e ffect o f  solven t p o la r ity  on  th e  cou p lin g  con 
stants was pron oun ced . W ith  increasing po la rity , 
there w as a regular decrease o f  th e  rin g  p ro ton  cou p lin g  
and  an increase o f  th e  a lk oxy l p ro ton  con stan ts. A p 
paren tly , sem iquinone 5 u nderw en t asym m etric so lva 
tion  (or  h ydrogen  b on d in g ) to  a con siderab ly  larger ex
ten t th an  a lk y l-su bstitu ted  ben zosem iqu in on e an ion s .10

In  th e  a b ove  reactions, th e  p rin cip a l n u cleoph ile  ap
pears to  b e  an a lkoxide ion , even  th ou gh  th e  con cen 
tra tion  o f w ater and  O H -  is m u ch  greater. T h is  is 
n o t u nexpected , since th e  equ ilibriu m

R O H  +  O H -  R O -  +  H 20

(10) T. A. Claxton and D. McWilliams, T ra n s. F a ra d a y  S o c ., 64, 2593
(1968).
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con ta in s appreciable am ou n ts o f  a lkoxide ion  even  at 
5 %  a lcoh ol con cen tration . A  sim ple ca lcu la tion 11 for  
a 5 %  aqueous solu tion  o f  a ty p ica l a lcoh ol show s th at 
m ore  th an  10 ~2 M  a lkoxide is present in solu tions con 
ta in in g  0.1 M  N aO H .

Reduction of Quinone 3 in Aqueous Base. A. Esr 
Spectra.—W h en  qu in on e 3 w as d isso lved  in  aqueous 
base, an esr signal w as generated. T h e  signal reached 
a m axim u m  in ten sity  s low ly  (1 -2 4  hr) depend ing  on 
pH , and  then  d ecayed . A t  h igh p H  values, a new  
signal em erged , th a t o f  rad ica l 2. T h e  m axim um  con 
cen tra tion  o f  sem iquinone anion  w as 10 m ol %  o f  the 
orig ina l qu inone, as m easured against a standard  
so lu tion  o f 2 ,2 ,6 ,6 -te tra m eth y lp ip erid in e -l-oxy l. T h is  
b eh a v ior  o f  qu in on e 3 parallels th a t o f  h a rd w ood  lig 
nins in aqueous base.

T h e  in ten sity  o f  th e  esr signal is p H  dependent. 
R a d ica ls  w ere generated  at p H  values as low  as 9. A t  
p H  10 and 1 X  10-3  M  qu inone, there appears to  b e  an 
in cu b a tion  p eriod  o f a b ou t 10 m in  b e fore  radica l 1 sig
nal ap p ears .12 T herea fter, a slow  increase in  radica l 
con cen tra tion  occu rs until a m axim um  is reached . 
T h is  is fo llow ed  b y  a slow  decay . A t  h igher p H , th e  
p rim ary  rad ica l is supplanted  b y  a  secon dary  radica l 
2 w hose con cen tra tion  is usually  greater th an  th a t o f  
th e  prim ary  radical. T hus, at p H  12.45, rad ica l 1 
reach ed  its m axim um  con cen tration  in  1.0 h r ; rad ica l 
2 reach ed  its m axim um  con cen tration  in  4 .0  hr. T h e  
secon dary  rad ica l 2 has a longer h a lf-life  th an  th e  pri
m ary . T h e  entire tim e sequence is sh orten ed  at higher 
p H . A t  p H  14, th e  p rim ary  radica l is n o t even  o b 
served.

T h e  co lor  o f  th e  qu in on e solu tion  ch an ged  dram ati
ca lly  w hen  m ixed  w ith  base. T h e  ye llow  co lor  o f  the 
qu inone was in stan tly  d ischarged on  con ta ct w ith  base. 
T h erea fter, th e  sequence o f co lor  changes w as co lor
le ss -p in k -re d . A t  th e  end  o f 24 hr, th e  so lu tion  was 
red -brow n . O n ly  2 %  o f th e  orig inal qu in on e 3 was 
recov ered  from  th e  red -b row n  reaction  m ixture.

T h e  form a tion  o f p rim ary  and  secon dary  radica l 
species from  h yd roqu in on es has been  d etected  b y  esr 
s p e c tro s co p y .13,14 T h e  k inetics o f  form ation  o f rad ica l 
species from  u nsubstitu ted  b en zoqu in on e has been  
stu d ied  b y  op tica l sp e c tro sco p y ;15,16 these studies 
w ere based  on  flow  tech n iqu es for  rap id  reactions. 
O ur system  appeared  to  b eh a ve  b y  a d ifferen t m ech 
anism , and  take p lace  at a m uch  slow er rate. T h ere 
fore , our m easurem ents (see b e low ) w ere m ade in  a 
sta tic  system .

B. Optical Spectra.—In  the above , it  w as show n 
th at h y d rox id e  ion  (or a lkoxide ion ) causes th e  re
d u ction  o f  qu inones as w ell as d isp lacing  th e  m ethoxy l 
grou p  from  th e  ring. T o  fu rth er e lu cidate the m ech 
anism  o f  this reaction , w e fou n d  it  necessary to  exam ine 
som e o f  the species in  th e  reaction  m ixture b y  u ltra 
v io le t  and  v is ib le  sp ectrop h otom etry . T h ese  studies 
were restricted  to  aqueous solu tions, since a few  o b 

(11) E. J. King, “Acid Base Equilibria,” Topic 15 in the International 
Encyclopedia of Physical Chemistry and Chemical Physics, Macmillan, 
New York, N. Y., 1965, p 284.

(12) This may be due to scavenging of the initially formed radical by 
dissolved oxygen which had not been completely removed.

(13) J. Pilar, I. Buben, and J. Pospisil, T etra h ed ron  L ett., 4303 (1968).
(14) T. J. Stone and W. A. Waters, J . C h em . S o c ., 1488 (1965).
(15) M. Eigen and P. Matthies, C h em . B e r ., 94, 3309 (1961).
(16) M. Sasaki, N ip p o n  K a g a k u  Z a ssh i, 90, 1231 (1969).

servations in ethanolic solu tion  in d ica ted  sim ilar 
beh av ior to  aqueous solutions.

W h en  qu inone 3 (1 X  10 ~ 3 M )  was m ixed  w ith  p H  
11 aqueous bu ffer solution , and  the reaction  w as 
scanned b y  u ltrav io le t sp ectrop h otom etry  ov er  a p eriod  
o f 3 hr, a  set o f  spectra  w as obta in ed  as show n  in  F igure
2. A t  higher p H  values, sim ilar sets o f spectra  were 
obta ined . In  these cases, th e  245 n m  b a n d  w as m u ch  
m ore  intense w ith  respect to  th e  210 and  300 n m  bands, 
as well as in  absolu te  in tensity . T h e  300 n m  b a n d  was 
sh ifted  tow ard  higher w avelen gths at h igher p H  values.

T h e  existence o f tw o  isobestic p o in ts  (a t 227 and  
278 n m ) in d ica ted  th at a single p rod u ct, or  a n u m b er 
o f p rod u cts  w ith  identica l ch rom oph ores, w ere form ed  
from  the decay  o f th e  245 nm  ban d . S ince th e  red u c
tion  o f qu in on e 3 cou ld  y ie ld  sem iquinone an ion  radica ls, 
h yd roq u in on e  anions, and  dian ions, as v ell as th e  q u i
n one itself, w e decided  to  determ ine th e  a bsorp tion  
m axim a o f som e o f these species. T h e  m axim a are 
recorded  in T a b le  I I .

T a b l e  II
A b s o r p t io n  M a x i m a  o f  V a r io u s  C o m p o u n d s  

in  W a t e r  S o l u t io n

Compd nm «

2,6-Dimethoxybenzosemiquinone 210 (110)“
(in pH 12, buffer) 315 (40)“

430 (5 .8 )“
550 (0.90)“

2,6-Dimethoxy quinone 288 8.9  X 103
395 3.8  X  102

2,6-Dimethoxyhydroquinone 284 3.9  X 103
2,6-Dimethoxyhydroquinone 210 1.4 X 104 15 16

dianion (in 0.01 M  NaOH 
and NaîSîOO 318 4 .0  X 10s

“ Relative intensities.

T h e  spectru m  o f rad ica l 1 was ob ta in ed  b y  tw o  m eth 
ods. (1 ) A  solu tion  o f h ydroqu in on e  8 in  base w as 
ox id ized  w ith  oxygen . T h e  rates o f  increase in  signal 
in ten sity  o f  th e  esr spectru m  w ere com p ared  w ith  the 
increase o f  peaks in  th e  op tica l spectrum , run  under 
iden tica l con d itions. (2) E qu im olar m ixtures o f  qu i
n on e 3 and h yd roqu in on e  8 w ere p laced  in  aqueous base. 
A  v e ry  stron g  stable spectru m  was observed  in  th e  
o p tica l and  esr regions. P eaks at 550 (w eak ), 427, 317 
(b ro a d ), and 210 n m  w ere recorded  and are in  a ccor
dan ce w ith  values rep orted  for  sim ilar system s.17' 18 
T h e  anion  o f h yd roqu in on e  8 w as p repared  in  basic 
solu tion  con ta in ing  sod iu m  hydrosu lfite . I t  was n oted  
(T a b le  I I )  th a t th e  b roa d  peak  at 317 n m  cou ld  arise 
from  all three species: 1,3, and 8 anions.

I t  is o b v iou s  th at th e  245 n m  b an d  is n o t ch aracter
istic  o f  an y  o f  th e  com pou n ds listed  in  T a b le  I I . A -  
first-order p lo t w as obta in ed  fo r  th e  d ecay  o f  th is b an d  
ov er  a 3 -hr period . T h e  rate  con stan t w as in depen 
dent o f  p H  over  a b roa d  range (T a b le  I I I ) .  A t  p H  
valu es a b ov e  13, how ever, the con stan t d id  increase 
slightly . W h en  th e  con cen tra tion  o f qu in on e w as 
va ried  over a tw o fo ld  range, rate  data  w ere ob ta in ed  
w h ich  w ere consistent w ith  first-order k inetics. A t  p H  
values o f  10 or  less, the reaction  w as to o  slow  to  p erm it

(17) Y. Harada and H. Inokuchi, M o l. P h y s . , 8, 265 (1963).
(18) H. Diebler, M. Eigen, and P. Mathies, Z . E lec tro ch em ., 65, 634 

(1961).
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2 0 0  m( i 250 300 350m/i.

Figure 2.—Ultraviolet absorption spectrum of 2,6-dimethoxybenzoquinone (1 X 10-3 M ) in 0.01 M  NaOH. Time after 
mixing quinone 3 and base: (1) 2 min, (2) 7 min, (3) 12 min, (4) 17 min, (5) 22 min, (6) 28 min, (7) 37 min, (8) 47 min, (9) 
57 min, (10) 67 min, (11) 77 min, (12) 137 min, (13) 177 min, (14) 197 min.

T able  III
F irst-O rder  R ate  C onstants

Species

Initial 
concn of 

quinone, M Solvent
k,

min-1
245 nm band (decay) 7 .5  X IO-4 pH 12, buffer 0.022

5 X  IO“ 4 pH 12, buffer 0.022
1 X 1 0 -3 0.01 M  NaOH 0.015
1 X  1 0 -3 0.001 M  NaOH 0.012

Radical 1 (formation) 1 X  1 0 -3 pH 9.18, buffer 0.011
1 X  1 0 -3 0.01 M  NaOH 0.008
1 X  1 0 -3 pH 12.45 0.006

d etectab le  changes ov er  a 30-m in  scan, a lthou gh  sm all 
esr signals w ere present. A t  low  p H  values, th e  qu i
none spectru m  w as dom inan t.

D u rin g  the decrease o f  th e  245 nm . ban d , increases 
were observed  fo r  ban ds a t 210, 2 8 0 -3 1 5 , an d  500 nm . 
T hese ban ds cou ld  represent on e or m ore phenolate 
anions, dian ions, or rad ica l anions. T h e y  d id  n o t lend 
them selves to  read y  k in etic analysis.

O n  th e  basis o f  its spectra l characteristics, we as
signed th e  structure 9 to  the species absorbin g  at 245 
nm . A d d u cts  such as 9 h ave been  rep orted  for  qu i
ñ on e s ;16'19 cycloh exad ien on e com p ou n d s h ave absorp
tion  m axim a in th is spectra l reg ion .20-23

T h e  210 nm  ban d  cou ld  represent ph enolate  anion or 
an ion  rad ica l; th e  b roa d  b an d  at 2 8 0 -3 1 5  n m  cou ld  
con ta in  con tribu tion s from  ph enolate  an ion , radical 
an ion , and qu inone. T h e  b a n d  at 550 nm  prob a b ly  
represents d ecay  produ cts o f  th e  sem iquinone radical. 
N on e  o f these ban ds lent them selves read ily  to  k inetic 
analysis.

W h en  esr m easurem ents w ere tak en  o f th is reaction  
sequence under con d ition s iden tica l w ith  th ose  m on i
to re d  b y  op tica l sp ectroscop y , a first-order increase in 
radica l species was obta ined . T h e  first-order rate for

(19) C. A. Bishop and L. K. J. Tong, J .  A m e r . C h em . S o c ., 87, 50 (1965).
(20) H. W. Wanzlick and U. Jahnke, C h em . B er ., 101, 3744 (1968).
(21) C. J. R. Adderley and F. R. Hewgill, J . C h em . S oc. C , 2771 (1968).
(22) H. Musso and D. Maassen, J u s tu s  L ie b ig s  A n n . C h em ., 689, 94 

(1965).
(23) H. Musso and D. Bormann, C h em . B e r ., 98, 2774 (1965).
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th e  increase o f rad ica l 1 approxim ated  th at o f  the 245 
n m  ban d .

Discussion

T hese  results in d icate  th at th e  form ation  o f sem i- 
q u in on e radicals o f  typ es  1 and  5 is p receded  b y  a rapid  
equ ilibriu m  betw een  qu in on e 3 and O H ”  (or  O R ” ) and 
ad d u cts  such as 9 16 or  10.9 In  m ost a lkanolic solvents, 
rep lacem ent o f  b o th  m eth oxy l grou ps from  3 occu rs 
ra p id ly  to  y ie ld  ad d u ct 10 w ith  th e  excep tion  o f a ttack  
b y  b u lk y  nucleophiles. A t  v ery  h igh  con cen tration s o f 
O R ” , d irect a ttack  on  th e  O R  grou p  m ay com p ete  w ith  
nuclear attack.

T o  a ccou n t fo r  the appearance o f rad ica l 1 from  qu i
n on e 3, w e propose the fo llow in g  m echanism  in  w hich  
th e  decom p osition  o f a d d u ct 9 (or 10) is rate con tro l
ling. T h is  is sim ilar to  a m echanism  proposed  b y  
E ig e n 16 for  u nsubstitu ted  ben zoqu in one, b u t d iffers in 
th e  id en tity  o f  th e  rate-con tro llin g  species.

T h e  com pou n ds 11 and 12 absorb  in  th e  5 00 -550  
n m  region  and their presence w ou ld  a ccou n t fo r  the 
sim ultaneous appearance o f  red  substances w ith  the 
appearance o f rad ica l species. R a d ica l 12 w ou ld  de
ca y  ra p id ly ; rad ica l 1 is stable. E qu ilib ria  2 and  3 
w ou ld  b e  expected  to  form  h igh  con cen tra tion  o f p rod 
ucts.

T h is  reaction  is con siderab ly  slow er th an  th at re
p o rte d  fo r  th e  unsubstitu ted  b en zoq u in on e .16 T h is  
m ay  be  due to  th e  in ab ility  o f  9  to  enolize  rap id ly  to  a 
redu cin g  species, as w as th e  case fo r  th e  E igen  and 
M a th ies15 interm ediate.

Conclusion

T h is  q u in on e-b a se  system  appears to  b e  a reasonable  
m odel for  th e  beh av ior o f  h a rd w ood  lignins under 
basic con d itions. Q uinone 3 arises from  th e  ox id a tive  
degradation  o f 3 ,5 -d im eth ox y -4 -h y d rox y p h en y l m o i
eties in lignin . Q u inone 4  w ou ld  b e  expected  to  arise 
from  th e  degradation  o f th e  4 -h y d ro x y -3 -m e th o x y - 
p h en y l m oieties, w h ich  are also present in  h a rd w ood  
lignins. H ow ever, its absence from  th e  reaction  m ix
tures and  esr spectra  is n ot u n expected , due to  its 
know n in stab ility  in aqueous alkaline m ed ia .24 25'26

O ne m ight p red ict th a t a v a rie ty  o f  su bstitu ted  q u i
ñones cou ld  b e  fou n d  in com m ercia l h a rd w ood  lign in  
solutions, w hose structures w ou ld  depen d  on  th e  n u 
cleoph iles present in th e  alkaline solutions. C erta in  
app lica tion s o f th e  param agnetic ch aracter o f  lign in  
preparations, such as poten tia l rad ica l in itiators, h ave  
a lready  been  suggested .26 T h e  role o f  a lk oxy -su bsti- 
tu ted  qu iñones in disease resistance o f  p lants m ay  be  
due to  th e  spontaneous generation  o f rad ica l in term e
diates under m ild ly  basic con d ition s. T h e  a c tiv ity  o f  
th e  carcin osta tic  an tib io tic  M ito m y c in  C  (a  su bstitu ted  
ben zoqu in on e) also appears to  b e  the resu lt o f  its  sem i- 
qu in on e rad ica l an ion .27

Experimental Section
Materials.— 2,6-Dimethoxy-p-benzoquinone, mp 257-258° 

(lit.28 255°), was prepared from 2,6-dimethoxyphenol by lead 
tetraacetate oxidation. 2-Methoxy-p-benzoquinone, mp 147- 
148° (lit.29 144-145°), was prepared by a chromic acid oxidation30 
of 2-methoxyhydroquinone, which was prepared by a Dakin 
oxidation of vanillin.31

Spectra.— All esr measurements were made in a flat quartz 
cell in the cavity of an E-3 Varian spectrometer. The instru
ment operated at 9.5 GHz with a frequency modulation of 100 
kHz. In those cases where it was desired to exclude air, there 
was attached to the cell a special glass mixing device, consisting 
of two chambers, one of which contained the weighed quantity 
of solid substrate and the other of which contained the alkaline 
solution of buffer. Before mixing, the apparatus was flushed 
with nitrogen and the solution was deaerated by bubbling nitro
gen through it for 15 min. The apparatus was then stoppered. 
It was not feasible to use a solution of the quinone because of its 
limited solubility in water.

Ultraviolet and visible spectra were measured in a Cary Model 
14 spectrophotometer.

Esr Spectra of Alkanolic Solutions.— A 2.5 X 10-3 M  solution 
of quinone 3 in 0.1 M sodium ethoxide was prepared by diluting 
a 5 X 10-3 M  solution of quinone with an equal volume of 0.2 M  
sodium ethoxide in ethanol. The latter was. made by dissolving 
the appropriate amount of sodium metal in ethanol. This mix
ture gave a signal for the primary radical 5. When 1.0 M  so
dium ethoxide was used, a signal for radical 7 was obtained. 
The same conditions were used to generate radicals 5 and 7 from 
isopropyl alcohol n-propyl alcohol. When the solvent was ¿erf- 
butyl alcohol, with 0.2 M  potassium ferf-butoxide, a radical with 
only one methoxyl exchanged was observed. With 1.0 M  potas
sium ferf-butoxide, distorted spectra were obtained.

Radical signals could be observed in the presence of air, if a 
sufficiently high concentration of quinone were used (usually

(24) V. Sundman and K. Haro, F in s k a  K em is tsa m fu n d e ts  M ed d ., 7 6 , 111 
(1966).

(25) W. Flaig, C h em . G eol., 3 , 161 (1968).
(26) T. N. Kleinert, H olzforsch .. H o lzoerw ert., 22, 94 (1970).
(27) C. Nagata and A. Matsuyuma, “Progress in Antimicrobial and 

Anticancer Chemotherapy,” Vol. II, University Park Press, Baltimore, 
1970, pp 423-425.

(28) H. D. Becker, J .  O rg. Chem,., 30, 982 (1965).
(29) T. Fukuzumi, B u ll . A g r .  C h em . S oc . J a p .,  24, 278 (1960).
(30) A. I. Vogel, “ A Textbook of Practical Organic Chemistry,” 3rd ed, 

Wiley, New York, N. Y., 1956, p 745.
(31) H. D. Dakin A m e r . C h em . J . , 42, 477 (1909).
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about 5 X 10 3 M ). At lower concentrations, there was enough 
dissolved oxygen to scavenge any semiquinone radicals which 
were formed.

|Thin Layer Chromatography of Lignin E xtracts.— Brauns 
native lignin samples such as aspen and Black Spruce32 (0.1 g) 
were refluxed for 2 hr (with and without oxygen) in 5 ml of 1.0 
M  NaOH and neutralized with dilute HC1, followed by 
extraction with ethyl ether. The concentrated ether extracts 
were chromatographed on silica gel plates using benzene-ethanol 
(4 :1) by volume) or the organic layer from a mixture of n-butyl 
alcohol-acetic acid-water (4 :1 :5  by volume) as developing 
solvents. The spots were visualized with 2,4-dinitrophenyl- 
hydrazine. The first solvent mixture proved best for separation 
of syringaldehyde from vanillin, while the latter mixture gave 
better separation of 2 ,6-dimethoxybenzoquinone from the other 
two components.

Commercial (alkali) lignin samples such as Meadol and kraft 
were extracted by boiling water followed by chloroform ex
traction of the aqueous solutions, or by extracting the solid 
lignin samples directly with chloroform. The concentrated 
chloroform extracts were chromatographed using the above 
developing solvents.

Synthesis of the Sem iquinone of 2 -H ydroxy-6-m ethoxy- 
benzoquinone (2 ) .— The structure of the secondary radical 2 
was previously confirmed6 by the Fremy’s salt oxidation of the 
monomethyl ether of phloroglucinol to 2-hydroxy-6-methoxy- 
benzoquinone, and treatment of this compound with alkali to give 
the corresponding semiquinone.

In the present work, this structure was further confirmed by 
preparation of 5-iodovanillin by the method of Pepper33 and 
conversion to 5-hydroxyvanillin34 1 followed by a Dakin oxidation

(32) Kindly supplied by Dr. F. E. Brauns, Bellingham, Wash.
(33) L. W. Crawford, E. V. Eaton, and J. M. Pepper, Can. J . C h e m ., 34, 

1562 (1956).
(34) S. K. Banerjee, M. Manolopoulo, and J. M. Pepper, ib id ., 40, 2175 

(1962).

to 2-hydroxy-6-methoxybenzohydroquinone. On treatment with 
alkali and air, this gives the esr spectrum of 2 .

K inetic Studies. A . All esr rate studies were carried out 
under nitrogen in the apparatus described above. After the 
substrate and buffer were mixed, the spectrum was scanned at 
definite time intervals and the intensity of the central line of the 
spectrum was taken as a measure of radical concentration.

B.— Optical rate studies were made by dissolving definite 
quantities of the quinone in commercial (phosphate and borate) 
buffer solutions, which had been deaerated with nitrogen for 
0.5 hr before mixing. Scanning of the quinone-base mixture 
was started as soon as the quinone had completely dissolved.

Ether Exchange.— In a typical experiment, quinone 3 (200 
mg) was dissolved in 100 ml of ethanol containing 0.01 mol of 
NaOH. After 3 min of stirring, the red reaction mixture was 
poured into 200 ml of ice water, acidified, and extracted with 
chloroform. The pale yellow solid isolated from the chloroform 
solution was identified as 2 ,6-diethoxy-p-benzoquinone: mp
125-126° (lit.9 126-127°); nmr (CDCb) 8 1.40 (t, 6), 3.90 
(q, 4), 5.75 (d, 2). When the latter was dissolved in CD3OD 
in an nmr tube, and a small quantity of solid NaOH was added, 
instant exchange of ethoxyl groups with CD30 _ was observed.
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iV-Methyl pmr chemical shifts of 21 meta- or para-substituted AvY,iV-trimethylpheriylammonium (TM A) 
iodides were determined in deuterium oxide and acetonitrile. Infinite dilution shifts were obtained from expres
sions of the type (M  =  mol/1.) 8 (D2O), Hz = 8°0 +  (28.61 ±  6.19)M and 8 (CH3CN), Hz = 80o +  (166.5 ±  5.7)M  
— (2240 ±  2.16) At2. The corresponding Hammett correlations were 8° (D2O), Hz =  5.857a +  217.86 (r =  0.85,
N  =  17) and 8° (CH3CN), Hz =  5.123o- +  211.0 (r =  0.89, N  =  12); one Swain-Lupton surface for our meta- 
substituted T M A ’s was given by 8° (CH3CN), ppm =  0.03855 F +  0.1074 R — 3.548 (r =  0.999, N  =  7, %  R =
64). The proportionality of pmr substituent chemical shifts, or 8-8 relations, between pairs of families was 
tested. In general, the Hammett and 8-8 linear relations were often poor (r <  0.9), while the Swain-Lupton 
equation was usually good (r >  0.95), as judged by the correlation coefficient (r). It can be shown, however, 
that pmr correlations which depend solely on reactivity constants (a, F, R) are theoretically deficient and we 
would discourage their use. The introduction of additional terms, e.g., to correct for substituent magnetic 
anisotropy, appears to be essential, but the merits of such a hybrid approach are doubtful.

In  in vestigation s o f  th e  relation  betw een  the trans
m ission  o f e lectron ic  effects and  su bstitu ent chem ical 
sh ifts (SC S =  Ô) ou r grou p  has tak en  d iam etrica lly  
opp osed  position s. In itia lly , w e  assum ed th a t the 
usual s tru ctu re -re a ct iv ity  correlation s o f  th e  H am m ett 
(eq  1) or T a ft  ty p e  app lied  to  p ro to n  m agnetic reso
n ance (pm r) d a ta .2 R ecen tly , w e  tested  eq  1 on  ca.

8 =  per +  constant (1)

(1) (a) Presented in part at the Third Great Lakes Regional Meeting, 
American Chemical Society, June 1969, and abstracted from the Ph.D. 
thesis of G. R. W., May 1971, Illinois Institute of Technology; (b) Ameri
can Chemical Society Petroleum Research Fund (GF-760) and Division of 
Analytical Chemistry Summer Fellowships are gratefully acknowledged.

(2) S. H. Marcus, W. F. Reynolds, and S. I. Miller, J .  O rg . C h em ., SI, 
1872 (1966).

100 system s o f th e  ty p e  X C 6H 4- T - H  and fou n d  th at 
SC S  are o ften  p o o r ly  represen ted ; th at is, correla tion  
coefficients for  e q  1 are low  (r <  0 .9 ) .3 I t  w as also 
significant th at th e  varia tion s in  p w ith  th e  nature o f 
th e  tran sm itting  group, - C 6H 4T - ,  m ade little  chem ical 
sense.

O riginally , the com pou n ds (T M A ) seem ed in ter
esting, because a n ovel group , n am ely  p ositive  n itrogen, 
w as in vo lved  in relaying substituent effects to  the 
m ethy l p ro ton s .2 L ater, th e  anilinium  fam ily  becam e 
crucia l to  a new  approach  to  substituent effects, em 
b od ied  in the S w a in -L u p to n  re la tion ;4 F  and R m easure

(3) T. Yokoyama, G. R. Wiley, and S. I. Miller, ib id ., 34, 1859 (1969).
(4) C. G. Swain and E. C. Lupton, Jr., J .  A m e r . C h em . S o c ., 90, 4328 

(1968).
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T able  I
Properties of the A', A:,.V-Trimethylphenyl ammonium (TM A) Iodides“

*------ Mp or dp, "C*-------- .------ Iodld s, %--------
Registry no. Substituent Found Lit. Found Calcd 5° (D20),c Hz 5° (CH.CN),“ Hz Ret“

98-04-4 H 226.5 228 48.47 48.23 217.98 ±  0.07 211.92 ±  0.06 d
D 227-229 47.2 47.9 e

6140-1.5-4 p-CH, 218-219 216-218 45.84 45.78 216.07 ±  0.01 210.19 f
33046-97-8 m-CHj 188-188.5 177-178 45.89 45.78 216.41 ±  0.11 210.61 ±  0.1 f

2498-27-3 m-OH 185-186.5 179 45.92 45.47 215.83 ±  0.06 209.41 ±  0.09 g
455-08-3 P-F 232-233 45.69 45.14 218.41 ±  0.04 211.85 ±  0.06
454-60-4 wi-F 180..5-182 45.26 45.14 218.83 ±  0.05 212.34

17311-01-2 p-CN 163-164 181 44.43 44.05 221.33 ±  0.04 213.62 h
7541-76-6 p-CHO 156-157 43.8 43.58 221.91 ±  0.01 214.44 ±  0.03 i

17310-99-5 p-OCHa 261-262 43.46 43.28 216.00 ±  0.06 209.81
2373-41-3 m-Cl 191-192 187, 199 42.84 42.64 218.44 ±  0.04 212.14 j ,k

27853-26-5 p-COCHs 179-181 41.01 41.58 220.94 ± 0 .0 2 213.94
1202-17-1 P-N(CH,)2 289.5-290 246 41.35 41.44 213.72 ±  0.11 207.30 k
880-00-2 p-COOH 238-239 238 41.4 41.32 220.67 ±  0.06 213.71 l

2345-55-3 tn-COOH 203 204 41.05 41.32 221.38 ±  0.02 214.30 h
27389-55-5 m-NO2 198-199 205 42.11 41.19 224.40 ±  0.03 216.60 m
33046-24-1 m-N 0 2" 248 30.77 30.60 224.40 ±  0.03 216.60
33046-2,5-2 p-Br 192 184 37.26 37.10 217.82 ±  0.10 211.01 0

2350-78-9 p-NNCsHo 184 184 34.54 34.56 228.88 215.76 V
31061-59-3 m-0 ~ 211..83 ±  0.02 208.33 g
33039-70-2 p-N(CH3)2H + 221.32 ±  0.07 214.05 r
33192-03-9 m-CO2- 219.91 ±  0.03 213.18 g
33046-28-5 p-CO ,- 219.23 s g

“ The citation is to a method of preparation and/or melting point. 5 These are generally decomposition ranges; see text. “ In 
general, ±0 .15 Hz is a good estimate of uncertainty in i°, the value at infinite dilution. Where a ±  value is given these are standard 
deviations in the least squares evaluation of 5°. d G. Funatsukuri, Japanese Patent 5059 (1960); also reported in Chem. Abstr., SS, 1663 
(1961). * The salt contained 1.6 D on the ring and was prepared from A,A-dimethylaniline (R. J. Preto, Ph.D. dissertation, Illinois
Institute of Technology, 1967). 1 K. T. Tsuboyama and M. Yanagita, Sci. Pap. Inst. Phys. Chem. Res., Tokyo, 53, 337 (1959). » S. Oae 
and C. C. Price, J. Amer. Chem. Soc., 80, 3425 (1958). h W. Tadros and A. B. Sakla, J. Chem. Soc., 1116 (1954). * H. B. Hass and
M. L. Bender, J. Amer. Chem. Soc., 71, 1767 (1949). ’ I. Heilbron, A. H. Cook, H. M. Bunbury, and D. H. Hey, Ed., “ Dictionary of 
Organic Compounds,”  4th ed, Oxford University Press, New York, N. Y ., 1965. k A. Campbell Ling and F. H. Kendall, J . Chem. Soc. 
B, 440 (1967). 1 A. Zaki and W. Tadros, J. Chem. Soc., 562 (1941). m Z. Rappoport, Ed., “ Handbook of Tables for Organic Compound 
Identification,”  3rd ed, The Chemical Rubber Co., Cleveland, Ohio, 1967. " This is the bromide salt. “ V. Wolf, Justus Liebigs Ann. 
Chem., 592, 222 (1955). p R. Môhlau, Chem. Ber., 17, 1490 (1884). 5 One drop of diethylamine was added to the parent TM A in the 
nmr tube; an additional drop did not alter the chemical shift. r One drop of dilute acid (10 1 solvent-concentrated H2SO4, by volume) 
was added to the parent TM A. * The solubility was too low.

the field and resonance capabilities o f  substituent X  
and /  and r  are w eighting fa ctors  appropria te  to  the 
system , the p rop erty  (y ) exam ined, the con d itions, etc.

y =  fF  +  rR +  constant (2)

A n  essential feature o f  the approach  is th at R =  0  for  
(C H 3)3N  + as a su bstitu en t.4 O ur test o f  relation  2, 
b o th  on  ou r SC S  and those o f  oth er fam ilies, d isclosed  
som e basic th eoretica l problem s. W e  then w en t on  
to  exam ine a rela tive ly  new  corre la tive  approach  to  
SCS, w h ich  is com p lete ly  in dependent o f  m easures o f 
rea ctiv ity , e.g., a, F, R, e tc. T h is  is

Si =  *'i>2 +  constant (3)

in w h ich  the SC S  o f  tw o  different fam ilies are com 
pared  d irectly . M eanw hile, th e  difficulties in  using 
either eq  1, 2, or their analogs h ave been  recogn ized  
b y  a Japanese group  and it is attem ptin g  to  p rov id e  
rather different approaches to  corre la tin g  pm r d a ta .5

Experimental Section
Materials.—The A7, A7, A,-trimethylpheny ¡ammonium (TM A) 

iodides were all known compounds, except as indicated in 
Table I. They were generally prepared by direct reaction of 
available dimethylanilines with excess methyl iodide in benzene

(5) H. Yamada, Y. Tsuno, and Y. Yukawa, B u ll. C h em . S o c . J a p ., 43, 
1459 (1970).

or ether at ca. 25°. In a few cases, the analogous bromides 
were prepared. All of the salts were recrystallized to constant 
melting point or decomposition point (dp). Careful control 
in the rate of heating (2°/m in) allowed good reproducibility 
of these characteristic temperatures. The use of sealed, evac
uated capillaries offered no special advantage, judging from the 
behavior of the m- and p-fluoro-TMA; for, although these com
pounds now melted rather than decomposed, the melting points 
were only 3-4° lower than the decomposition points in open capil
laries. All temperatures are uncorrected. They were determined 
with a Thomas-Hoover “ Unimelt”  (oil bath) or in a Mel-Temp 
(metal block) apparatus when temperatures over 240° were 
encountered. The T M A ’s were analyzed titrimetrically with 
standard silver nitrate to the eosin end point (Table I) and nmr 
proton counts were usually taken. Purity checks by ir and 
pmr spectra were also made.

Acetonitrile (Baker Analyzed Reagent) with 1% tetramethyl- 
silane (TM S) added was stored in a nitrogen atmosphere in the 
dark over 4A molecular sieves. This treatment removed water, 
the only impurity which we could detect at the ~ 0.01%  level. 
Deuterium oxide (Merck) containing 1% sodium 2,2-dimethyl-
2-silapentane-5-sulfonate (DSS) was used directly. Pmr spec
tra of the solvents as well as ir spectra of acetonitrile showed no 
change over the course of the study.

Pmr Spectra.— All samples were run on a Varian A-60 spec
trometer modified by an A-60A variable temperature probe in
sert and operating at €0.020 MHz. Chemical shifts (S), relative 
to 1% internal TA1S in acetonitrile and relative to 1% internal 
DSS in deuterium oxide, were measured by a side band (juxta
position) technique. The audio-oscillator (HP200CD) was 
monitored by a frequency counter (HP5216A) operated in the 
period mode. Averages of several hundred periods were used to 
determine the side-band frequency. Oscillator and/or spec
trometer drift were monitored and found negligible. The sweep 
width was calibrated on each use of the spectrometer, and the
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smallest sweep width setting (50 Hz) was used to allow direct 
reading of the chart paper to ±  0.01 Hz.

Repeated measurements were made on sealed standard samples 
to check probe temperature and instrument reproducibility at 
various times. The probe temperature was 37 ±  2°. The 
presence or absence of oxygen in the solutions had no observable 
effect on the methyl resonances of TM A. A check on the 
temperature dependence (20-40°) and of added water (mole frac
tion <0.13) in acetonitrile indicated that these factors could 
only introduce deviations within the error limits on 8 of TM A.

Fresh solutions of TM A were prepared for each run by 
weighing the dry salt and diluting to volume. Aliquots were 
taken for further dilution. All glassware was calibrated. Gen
erally, solutions from at least two weighed samples were used 
for the measurements of 8. Toward the end of this study, par
ticularly for the deuterium oxide solutions in which the concen
tration dependence was slight, dilutions of aliquots were made in 
an nmr tube, with the help of a ruler. An error analysis showed 
that the concentration errors were negligible in comparison with 
errors in obtaining 8.

At each concentration, 8 was obtained as the mean of six 
scans, three upheld and three downheld. Extrapolation of 8 to 
infinite dilution (8°) was made from dilution plots for each com
pound. These plots were based on at least three points, that 
is, six for acetonitrile and four for deuterium oxide. The 
concentration range studied was low, ca. 2 X  10—2—10—3 M , to 
minimize errors in extrapolation to 5°. All of the dilution shift 
data are given in the thesis.lb

Computations.—Calculations were done on a Wang cal
culator (Model 362K) with card reader or on an IBM 1620 com
puter. Struble’s program was used for fitting the nonlinear 
equations.6

Results and Discussion

TMA Infinite Dilution Chemical Shifts. — T h e  infin ite 
d ilution  chem ical shifts, 5°, o f  th e  various T M A ’ s stu d 
ied  in aceton itrile  and deu teriu m  ox id e  solu tions are 
reported  in T a b le  I. T h ese  5° values w ere determ in ed  
from  d ilu tion  sh ift p lots , th a t is, p lots  o f  observed  
chem ical shift vs. T M A  con cen tra tion . It was n oted  
early in th e  s tu d y  th at th e  d ilution  cu rves o f  m any 
com pou n ds w ere v e ry  sim ilar in a g iven  solvent (F ig 
ure 1). T h is  is also apparent an a lytica lly  from  fits to  
eq  4 in w h ich  the param eters o ften  agree w ith in  the 
expressed error lim its for  each  so lven t sy stem .Ib

50bsd = 8° T  C\M -f- c,M 2 -f- C3A/ 3 (4)

Since it w as determ in ed  th at T M A  shifts in deute
rium  ox ide  w ere a d equ ately  described  in term s o f  a 
linear dependence in M , least squares straight lines 
were used to  determ ine 5°. W ith  reference to  the sim 
ilarity  o f  d ilution  curves, it  is in teresting to  note  that 
16 T M A , excep t for  th ose  o f  low  so lu b ility  ( X  =  m-0~, 
m-C 0 2~, and N N C 6H 6), had  the average slope o f e q  5.

8(D ,0) = (28.61 ±  6.19)3/ +  8°„ (5)

In  aceton itrile , th e  con cen tra tion  dependence was 
greater. H ere th e  SC S  w ere best fit b y  a shallow  par
abolic  curve. I f, for  an y  com pou n d , insufficient data  
w ere available to  generate an in dependent curve, 5° 
w as determ ined  b y  superim posing the data  on  e q  6.

8»(CH3CN) =  8°„ +  (166.5 ±  5.7)3/ -  (2240 ±  2.16)3/2 (6)

A  cu rsory  ch eck  o f salt effects on  5 w as m ade. In  
deuterium  ox ide  solu tion , p -m e th y l-T M A  iod ide  and 
m -n itro -T M A  brom id e  h ave th e  sam e 8 b e fore  and 
after being m ixed. C han gin g  the gegenion , e . g . ,  b rom 
ide for iodide, or  m ixing th e  tw o  leaves the 8 o f  m -n itro-

(6) G. Struble, "Non-linear least squares curve fitting program,”  IBM
1620 Users Group Library, Statistical Laboratory and Computing Center,
University of Oregon, Eugene, Ore.

Figure 1.— Representative TM A dilution shift plots.

T M A  unchanged. If, h ow ever, large am ounts o f  p otas
sium  iod ide, e.g. 1.0 M , are added  to  p -m e th y l-T M A  
iod ide, a change in 8 can  be  e ffected , viz., 216.23 to  
217.74 H z. Sim ilar ob servation s w ere recorded  for 
the solven t aceton itrile . Specifica lly , a saturated 
solu tion  o f  potassium  iod id e  in aceton itrile  raised 8 
in p -c a r b o x y -T M A  from  214.23 to  218.21 H z and m- 
ca rb o m e th o x y -T M A  from  214.68 to  219.78 H z.

O ther w orkers have obta in ed  d ilu tion  sh ift curves 
and gegenion  effects sim ilar to  ours b o th  for T M A  and 
pyrid in ium  halides and ascribe these b o th  to  specific 
in teractions as w ell as io n -io n  associa tion .7 C erta in ly , 
th e  association  o f a v a rie ty  o f  a lkylam m on iu m  salts 
in organic solven ts is k n o w n :8 p -m e th y l-T M A  iod ide 
is ca. 6 %  associated in w ater and ca. 1 6 %  associated 
in prop ion itrile  in ca. 10~3 M  so lu tion  at 2 5 ° .9 A  salt 
m ay  also change the m edium  in m ore  su btle  w ays w hich  
m a y  then  be  reflected  in 5° o f  an oth er so lu te .10 In  
aqueous solutions, fo r  exam ple, 8° o f  w ater increases or 
decreases, depending on  th e  salt a d d e d .10 In  ou r sys
tem , w e can  on ly  guess th at th ere are such reciproca l 
effects betw een  the e lectro ly te  and  th e  so lven t. W e 
believe  th at all o f  these con cen tra tion  dependent effects 
on  8 are m inim ized as [T M A ] —► 0.

“Reactivity” Correlations.— O u t o f  som e 100 system s 
to  w h ich  eq  1 has been  ap p lied ,2 3 49 have an average 
corre la tion  coefficien t (r) o f  0 .88. In  this respect, the

(7) (a) G. Fraenkel and J. P. Kim, J .  A m e r .  C h e m . S o c . ,  88, 4203 (1966) ; 
(b) W. F. Reynolds and U. R. Priller, C a n .  J .  C h e m .,  46, 2787 (1968).

(8) W. A. Adams and K. J. Laidler, C a n .  J .  C h e m .,  46, 1977 (1968).
(9) (a) H. J. M. Creighton and D. H. Way, J .  F ra n h lin  I n s t .,  186, 675 

(1918); (b) H. J. M. Creighton, ib id ., 189, 641 (1920).
(10) (a) J. Burgess and M. C. R. Symons, Q u a r t .  R e v . ,  C h e m . S o c . ,  22, 

276 (1968); (b) J. F. Hinton and E. S. Amis, C h e m . R e v . ,  67, 367 (1967).
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Pmr D ata  and the Sw a in - L upton E quation“
Constant,

T a b l e  II

Series Solvent Nb f r ppm Variance X 103 R.c % Ref
4-XC6H4C H = C H 2 c 6h i2 7 0.01651 0.1901 6.618 1.465 88 d
cis-4-XC6H4CH =CH H c 6h 12 7 0.09695 0.3989 5.630 0.3453 72 d
frans-4-XC6H4C H =C H H CsH12 7 0.1658 0.3948 5.110 0.09112 60 d
4-XC6H4N(CH3)3+ c h 3c n 8 0.02873 0.08689 3.526 0.1353 65 e

d 2o 9 0.03881 0.1112 3.634 0.1709 64 e
3-XC6H4N (Cils )3 + c h 3c n 7 0.03855 0.1074 3.538 0.1038 64 e

d 2o 8 0.06126 0.1278 3.639 0.2898 57 e
4-XC6H4OH DMSO 20 1.059 1.653 9.259 34.57 49 f

DMSO 14 0.9488 1.880 9.309 4.244 55 f, 9
3-XC6H4OH DMSO 7 0.9708 0.6621 9.250 4:003 30 f
4-XC6H4CH2Cl CC14 6 0.06337 0.1475 4.510 0.5408 59 h
3-XC6H4CH2Cl CC14 7 0.07331 0.1451 4.507 1.344 55 h
4-XC6H4H CC14 5 0.5820 0.5321 6.908 4.575 36 i
3-XC6H4H CC14 5 0.3080 0.2342 7.139 1.416 32 i
2-XC6H4H CC14 5 0.8040 1.106 7.099 11.39 46 i

° Equation 2. b N  is the number of substituents. c Resonance contribution, eq 9. d Reference 24b. e Our work. } Reference 16. 
9 The six worst points have been deleted from the previous set. h Reference 2. * S. Castellano, C. Sun, and R. Kostelnik, Tetra
hedron Lett., 5205 (1967).

present data  on  T M A  are no exception . Such cor
relations m ust be  rated as poor, accord in g  to  standards

« °(D 20 )  =  5.857o- +  217 .86  (N =  17, r =  0 .85 ) (7)

a°(C H 3C N ) =  5.123<r +  211 .0  (JV =  12 , r  =  0 .89 ) (8)

generally  a ccep ted  in th e  area o f stru ctu re -rea ctiv ity  
correlations, nam ely, r  >  0.99 excellent, r  >  0 .95 sat
isfa ctory , r  >  0 .90 fa ir .11 H a m m ett pm r correlations 
rated  from  p oor  ( “ n oncorrela tions” ) to  excellent con 
tinue to  ap p ear.12 It is u n fortu n ate  th at som e p oor 
correlations are tolerated  or a ccepted , w ith ou t com m ent 
on  their v a lid ity  or significance. A  m ore  fundam ental 
issue, to  w h ich  w e shall return  shortly , is th at even  the 
sa tisfa ctory  correlations carry  a m essage in the H am 
m ett p w h ich  is to o  com p lex  .to d ecip h er.3 5

A t the next level o f  com p lex ity  arc the extended  
s tru ctu re -rea ctiv ity  equations, e.g., o f  T a ft  and o f 
Y u k a w a  and T s u n o ,13 14 w h ich  tak e  a  form  analogous 
to  eq  2 here. E qu ation s  o f  this ty p e  have occasion a lly  
been  used for pm r d a ta ,3'51415 and, recen tly , C har- 
to n  has used a sim ilar relation  to  analyze pm r data  
o f orth o-su bstitu ted  fam ilies .15“ T h e  Y u k a w a -T su n o  
analog o f eq  2 does n ot really  g ive  sa tisfa ctory  results 
fo r  SC S  o f side chain  proton s o f the ben zy l fluorides3 
or th e  1 ,1 -d iph en yleth ylenes.16a B ecause the app licab il
ity  o f  eq  2 to  pm r data  had  n ot been  tested  in d ep th  and

(11) (a) P. R. Wells, C h e m . R e x ., 63, 171 (1963); (b) H. H. Jaffé, i b id . ,  
53, 191 (1953).

(12) (a) M. Brink and E. Larsson, T e t r a h e d r o n ,  26, 5535, 5547 (1970);
(b) C. H. Yoder, R. H. Tuck, and R. E. He3s, J .  A m e r .  C h e m . S o c . ,  91, 539 
(1969); (c) K. Bowden, M. J. Hanson, and G. R. Taylor, J .  C h e m . S o c .  B , 
174 (1968) ; (d) R. W. Daisley and J. Walker, J .  C h e m . S o c .  B , 146 (1969); 
(e) J. R. Dimmock, P. L. Carter, and P. D. Ralph, J .  C h e m . S o c .  B , 698 
(1968); (f) V. Bekârek, J. Klicnar, F. Kristek, and M. Veiera, C o l le c t .

C z e c h .  C h e m . C o m m u n . ,  33, 994 (1968); (g) S. Arakawa and M. Hashimoto, 
B u ll . C h e m . S o c .  J a p . ,  41, 1449 (1968); (h) G. P. Sehiemenz, A n g e w .  C h e m .,  
I n t .  E d .  E n g l . ,  7, 544, 545 (1968); (i) I. F. Tupitsyn, N. N. Zatsepina, and 
A. V. Kirova, O r g . R e a c t iv . ,  7, 682 (1970); (j) R. R. Fraser and R. N. Renaud, 
C a n .  J .  C h e m .,  49, 800 (1971); (k) H. Sakurai and M. Ohtsuru, J .  O r g a n o -  
m e t a l .  C h e m ., 13, 81 (1968); (1) V. Bekârek, J. Socha, and M. Vecera, 
C o l le c t .  C z e c h . C h e m . C o m m u n . ,  33, 3377 (1968); (m) G. Socrates and M. W. 
Adlard, J .  C h e m . S o c .  B .,  733 (1971).

(13) (a) P. R. Wells, S. Ehrenson, and R. W. Taft, P r o g r .  P h y s .  O rg .  
C h e m ., 6, 147 (1968); (b) Y. Yukawa and Y. Tsüno, M e m .  I n s t .  S c i .  I n d .  
R e s .  O s a k a  U n iv . , 23, 71 (1966).

(14) J. M. Haigh and D. A. Thornton, T e tr a h e d r o n  L e t t . ,  2043 (1970).
(15) (a) Y. Yukawa, Y. Tsuno, and H. Yamada, M e m .  I n s t .  S c i .  I n d .  

R e s .  O s a k a  U n iv . , 23, 79 (1966); (b) Y. Yukawa and H. Yamada, N i p p o n  
K a g a k u  Z a s s h i ,  85, 501 (1964); (c) M. Charton, J .  O r g . C h e m ., 36, 266
(1971).

becau se the S w a in -L u p ton  form alism  has apparently  
ach ieved  the m axim um  separation  o f  field and reso
n ance effects, w e used this eq u ation  and substituent 
constants F  and A .4 In  any system , th e  sen sitiv ity  
to  resonance effects w as defined as4

% R = 100(0.228 r)/(0.365 /  +  0.228 r) (9)

T h e  results o f  fitting a few  system s to  eq  2 are g iven  
in T a b le  I I . Sets o f  data sufficient for  a test o f  eq  1 
are o ften  in adequ ate to  test eq  2, since d ifferent v e r 
sions o f  eq  2 app ly  to  m eta and para m em bers o f  a 
g iven  fam ily . T h e  fit o f  th e  data  to  eq  2 is, o f  course, 
b e tter  than to  eq  1 and it is usually  v e ry  good , as m ay  
be  seen from  the variances o f  T a b le  I I . T h e  corre la 
tion  coefficient, as ca lcu lated  from  coefficien ts o f  de
term in ation ,4 is 0 .999 for  m eta -su bstitu ted  T M A ’ s 
in aceton itrile , 0 .997 for  th e  orth o  p ro ton  o f  m on o - 
su bstitu ted  benzenes in C C L , and 0.994 for  the 14 
para -su bstitu ted  phenols in D M S O  (20 para -su bstitu ted  
phenols in D M S O  have r =  0 .959 ). T h e  H am m ett 
correlation  for  the phenols was excellent (5 vs. a and 
a~, N  =  36, r  =  0 .9 7 4 )16 and is h ardly  im p roved  in  
th e  separate correlations for  m eta  and para substituents. 
O ur T M A  data, w h ich  g ive  p oor  H am m ett correlations, 
now  g ive  excellent correlation  w ith  eq  2. In  som e sets, 
th e  standard dev iation  is less satisfactory .

A p a rt from  the m atter o f  fit, w h ich  m ight be  ex p ected  
to  im prove  w ith  the higher param eter equ ation , there 
is th e  question  o f significance. T h ere  is no ob v iou s  
relation  o f  the param eters /  and r, or the %  R to  the 
basic aryl structure. In  som e fam ilies the “ resonance”  
con tribu tion  from  the m eta  and para  p osition  h ard ly  
d iffers; this is inexplicable, at least fo r  the present. In  
fact, w e find it b o th  frustrating and am using th at th e  
T M A  h ave a resonance con tribu tion , R =  6 4 %  in 
T a b le  I I , just like any o th er fam ily , e.g., R =  5 9 %  fo r  
ben zy l ch loride and R =  4 9 %  for  phenols. I f  it is 
a dm itted  that the T M A  can not m ake a resonance con 
tribu tion  accord in g  to  the S w a in -L u p to n  fo rm u la tion ,4 
on e m ight be  puzzled . T h is  can  be  resolved  sim ply  
b y  saying th at rea ctiv ity  param eters F  and R are th e 
oretica lly  unsuitable for  in terpreting S and d en y in g

(16) M. T. Tribble and J. G. Traynhara, J .  A m er . C h em . S o c ., 91, 379 
(1969).
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that their correla tion  has an yth in g  b u t em pirical va lid 
ity . In  ou r v iew , C h a rton ’s analyses o f  pm r data  and 
the orth o effect is su b ject to  the sam e lim ita tion s .160

5-5 Correlation.—I t  appeared  to  us th at a log ica l 
p recon d ition  fo r  the H a m m ett or  S w a in -L u p to n  corre
lations, eq  1 and  2, m igh t b e  closer to  th e  data. T h a t 
is, 5° o f on e fam ily  o f  com p ou n d s m ight b e  related to  
5° o f  another fam ily  (eq  3 ). Su ch  an approach  is in
efficient in  th at it can  in v o lv e  several system s in nu
m erous cross com parisons. T h e  v irtu e  o f eq  3, and per
haps its regressive feature to o , is th a t th e  5-5 com pari
son  is d irect and in volves n o  assum ptions, adjustm ents, 
or hypotheses.

T here  h ave been  a few  reports on  different 5-5 com 
parisons, e.g., tw o  solu tes in  a  series o f  so lv en ts ,17 or 
pairs o f  chem ical sh ifts w ith in  on e fam ily  o f  co m 
p ou n d s ,18 or SCS o f tw o  fam ilies under the sam e con 
d ition s.3' 19 Sam ple p lots  are g iven  in  the th esisla and 
in th e  c ita tion s .3'17-19 T h e  results fo r  a n um ber o f
5-5 com parisons are g iven  in  T a b le  III, w here w e  em 
phasize r as th e  criterion  o f  fit ; th e  slope param eter, 
occasion a lly  g iven  in  brackets, seem s less im portan t 
at this stage. T h a t is, if  th e  fits are poor, b o th  the 
“ th eory ”  and app lication s o f  eq  3 b ecom e  superfluous.

In itia lly , w e fou n d  m an y  system s w h ich  had signifi
can tly  larger r  (and  o ften  N) in their 5-5 than  in their 
H am m ett correlations. A s  w e  added  to  th e  num ber 
tested, th e  average r o f  th e  5-5 relations ten ded  to  de
cline. O ne cou ld , o f  course, b ecom e  selective and re
je c t  p rob lem  system s. B y  deleting  th e  fam ilies A r N H 2 
in  C 6H i2 and  A r C H = C H 2 in C D C 13 from  T a b le  I I I ,  
w e  w ou ld  im m ediate ly  raise th e  average r  a b ove  0.90. 
In  so doing, h ow ever, w e  w ou ld  d iscard  som e fa ir (r 
=  0 .9 0 -0 .9 5 ) correlation s a long w ith  the p oor  (r <  
0.90) ones.

P erhaps th e  m ost sign ificant p o in t to  m ake abou t 
T a b le  I I I  is th at there are n o  large b lock s  or  exten ded  
series o f  va lu es o f  r  >  0 .95. T h u s, even  if there w ere 
a rationale for  e q  3, there is n ot m u ch  practica l incen
tive  to  specu late on  it. T h eoretica lly , the slopes o f 
eq  3 also d o  n ot relate to  structure in  an y  ob v iou s  w a y ; 
th is m ay  b e  ev iden t, if on e considers the toluenes (T a 
b le  I I I ,  co lu m n  3) com pared  w ith  oth er aryl fam ilies,
e.g., A rO C H 3, A rC H O , A rS C H 3, etc., in  w h ich  the SCS 
w ere m easured in  a single solven t, ca rb on  tetrach loride. 
A ll o f  this is significant, if  d isappoin ting, because the 
pure and u nadu lterated  pm r p rop erty  is con ta in ed  in 
eq  3.

Comments on Pmr Correlations.— A t th e  outset, 
it w ou ld  seem  desirable to  a v o id  a d ven titiou s m edium  
effects or to  keep th em  co n sta n t.12i In  pm r corre
lations, d ifferential in fluences o f  association , e.g., 
h ydrogen  bon d in g  or ion  pairing, o f  an isotrop y , e.g., 
aryl solutes and so lven ts ,20 or  o f  an y  o th er con cen tra 
tion -depen den t effects are u sually  m in im ized  w hen  
SCS are taken  at in fin ite d ilu tion  in an “ in ert”  solvent. 
S ince th is has n ot b een  a standard  practice , d iscrep
ancies in  pu b lish ed  w o rk  on  th e  sam e com p ou n d s are 
n ot u n com m on .3 A s fo r  th e  ch o ice  o f  a solven t, this

(17) S. H. Marcus and S. I. Miller, J . P h y s .  C h em ., 73, 453 (1969).
(18) (a) B. Caddy, M. Martin-Smith, R. K. Norris, S. T. Reid, and S. 

Sternhell, A u st. J .  C h em ., 21, 1853 (1968); (b) Y. Nomura, Y. Takeuchi, 
and N. Nakagawa, T etra h ed ron  L e tt ., 639 (1969); (c) W. Drenth and A. 
Loewenstein, R eel. T rav . C h im . P a y s -B a s , 81, 635 (1962).

(19) (a) C. Brown and D. R. Hogg, J . C h em . S o c . B , 1315 (1968). (b)
K. D. Bartle, D. W. Jones, and P. M. G. Bavin, J .  C h em . S oc . B , 388 (1971).

(20) E. M. Engler and P. Laszlo, J .  A m e r . C h em . S o c ., 93, 1317 (1971).

is o ften  d icta ted  b y  o th er n ecessities; in an y  case, there 
are system s for  w h ich  even  ca rb on  te trach lorid e  is n ot 
inert en ou gh .21 I t  is p rob a b le  th at 5° o f  th is s tu d y  are 
p ro b a b ly  free  o f  residual specific effects, becau se  the 
d ilu tion  p lo ts  o f  m ost com p ou n d s w ere essentially  
parallel. T h is  was far from  the case w ith  th e  ben zy l 
h a lides.3 T h e  existence o f  u nsystem atic con cen tra 
tion -depen den t effects at in fin ite d ilu tion  shou ld , in 
fa ct, b e  used as an early  criterion  to  d isqu a lify  an y  
fam ily  from  correlations o f  th e  ty p e  1 -3 .

Suppose now  th at a sufficient and representative 
n um ber o f com p ou n d s in a fa m ily  h ave been  exam ined. 
O n th is p o in t statistical criteria  m ay  be  exp licit, b u t 
ou t o f  pru dence w e h ave recom m en ded  N  >  10 .3 S u p
pose  further th at on e cou ld  settle  on  th e  scale to  use,
e.g., a, a~, <r+, or F  and R, e tc. I t  has b een  show n  
prev iou sly  that, even  if eq  1 w as acceptab le , th e  m ag
n itu de o f p cou ld  n ot be  re la ted  in  an y  w a y  to  the ch em 
ical structure it w as in ten ded  to  ch aracterize .3 
E qu a lly , the dem ands o f precision  and  sign ificance w ere 
n ot m et in general b y  th e  5-5 re la tion  3. F inally , 
th ou gh  th e  S w a in -L u p ton  surface 2 m a y  store 5° w ell, 
it is o f  du biou s significance. In  short, all three rela
tions appear to  h ave no th eoretica l basis.

T h ere  have been  several signs th at SCS can  b e  ex
traord inarily  sensitive to  their en viron m en t. F rom  
“ ou tside”  o f  th e  m olecu le a change in  so lven t can  
change the H a m m ett p su bstan tia lly  and o ften  dras
tica lly  : for  A rC H 2C H 2H , p =  6.8 in  carbon  tetra 
ch loride and 4.6 in  a ceton e ; fo r  A rO H , p =  67 in  car
b o n  tetrach loride and 110 in H M P A .2,3 F rom  
“ w ith in ”  the m olecu le there are the m arked  changes in  
p w hen  aryl fam ilies differ o n ly  in  their geom etry , e.g., 
syn  and  anti anils or cis and trans cin n am ic a cids.2,3 
R e la tive  m otion  w ith in  the m olecu lar fram ew ork  leads 
to  obv iou s  effects on  SCS, w h en  barriers are high, b u t 
even  in low  barrier system s, e.g.

th e  broaden ing  o f 5 ( ~ 0 . 8 -1 .4  H z) has been  o b se rv e d .22 
In  fact, m ost p roton s on  side chains, excep t fo r  th ose  
in  cy lin drica lly  sym m etrica l groups, e.g., C H S, N - 
(C H 3)3+, C (C H 3) 3+, or those in  rig id  or severely  hin
dered  system s, w ill b e  m obile . D ifferen tia l m obilities 
in  these fam ilies m ake for  variab le  m agn etic effects. 
A ll o f  this suggests th at th e  m u tu al in teraction  o f a 
side chain  p ro ton  w ith  a rem ote su bstitu ent m ay  be  
in com p lete ly  represented in  eq  1 -3 .

Som e tim e ago a p h en om en olog ica l re la tion  w as 
p rop osed  to  a ccou n t for  th e  chem ical shift. E q u a tion  
10 con ta in ed  at least five  “ con tr ib u tion s”  and  som e o f

a = 2 > 5.- U °)
i

these w ere or cou ld  b e  com p osite .23 P ortion s  o f  th is 
eq u ation  have been  used occasion a lly  in SC S  cor-

(21) T. Schaefer, B. Richardson, and R. Schwenk, C a n . J .  C h em ., 46, 
2775 (1968).

(22) G. P. Schiemenz and G. Stein, T etrah ed ron , 26, 2007 (1970).
(23) L. M. Jackman and S. Sternhell, “Applications of Nuclear Magnetic 

Resonance Spectroscopy in Organic Chemistry,” 2nd ed, Pergamon Press, 
Oxford, 1969, Chapter 2-2.
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Site xa’b 
(solvent)

-N (C H 3)2
(CHCU)
- o c h 3
(CH3CN)
- o c h 3
(CCI,)

(CCI,)
- s c h 3
(CCI,)
-N +(C H 3)3
(CH3CN)
- c h 3
(CCI,)
-N +(C H 3)3
(DjO)
-C H 2F
(CCI,)
-C H 2C1
(CCI,)
-H
(CCI,)
-OH
(DMSO)
-OH
(DMSO)
-C = C H
(CCI,)
- n h 2
(DMSO)
-N H 2
(CH3CN)

(CCI,)

(CH3COCH3)
h^ (C N >;

(CHC1;,)
— NH,
(CjH.j)

^__y\K
W' v'Ph 
(CDCl,)

(CDCl.,)

(CDCU

C orrélation  C oefficients in Sample S-5 R elations (Equation 3)
,----------- ----------------------------------------------------------Site ya’b--------------------------

Table III

^__ ^ii ^__ ,-H v___
Code/ -CH. -OH vC Mi Hy  Ni N i NH, N+(CHî), SCH, Avg

refc (CCI.) (DMSO)'' (CDCU) (CDCL) (CDCL) (CsH„) (CHjCN) (CCI,) r X 103

76 [0.94] [7.80] 0.979 0.960 0.897 0.935 0.990(9) 0.953 958
0.994(7) 0.958(10)

e [1.39] [11.8]
0.992(11) 0.981(10) 0.972 0.929 0.885 0.903 0.976 0.835 934

14 [0.83] [6.8]
0 .988(9) 0.956(10) 0.981 0.964 0.888 0.959 0.960 0.870 946

8 [0.179] [1.66]

0.986 0.988(8) 0.997 0.972 0.857 0.987 0.979 0.996 970
16 [1.52] [11.8]

0 .979(9) 0 .917(10) 0.992(7) 0 .997(7) 0 .829(7) 0.463 0.974 876
/ [2.15] [16.1]

0.968(12) 0.917(12) 0.966 0.934 0.765 0.834 0.974 908
2 [7.90] [0.63]

0.938(13) 0.960(10) 0.947(10) 0.828(10) 0.573 0.968 0 .979(9) 885
/ [1.68] [13.2] [2.3] [1.8] [0.65] [0.829] [1.6]

0.967(12) 0.927(12) 0.940(8) 0.888(8) 0.739(8) 0.805 0.989(19) 0 .972(6) 903
a [0.76] [5.6]

0.982 0.948(10) 0.979 0.957 0.848 0.861 0.987(8) 0 .995 945
a [1.30] [9.07] [0.57]

0.963 0.854(10) 0.891 0.867 0.887 0.488 0.934(8) 0 .874 845
h [0.31] [2.38]

0.953(7) 0.969(6)
9 [0.10] [0.966]

0 .950(12) 0.992(11) 0.975 0.863 0.508 0.893 0.905 0.855 868
d [0.111] [0.19] [0.15] [0.055] [0.21] [0.052] [0.071]

0.938(13) 0.977(10) 0 .920(10) 0.720(10) 0.704(11) 0.917(12) 0.917(10) 870
23 [0.61] [5.08] [0.89] [0.67] [0.29] [0.31] [0.39]

0.950(10) 0.997(10) 0 .980(8) 0 .907(8) 0 .753(8) 0.874 0.912(7) 0 .881(8) 907
i [0.11] [1.03]

0.871 0.988(11) 0 .870 0.854 0.767 0.845 0.789 0.874 857
7 [0.18] [1.47] [0.28] [0.21] [0.09] [0.082] [0.12]

0.924 0.974(18) 0.952(10) 0 .898(10) 0.708(10) 0.849 0.876(9) 0 .954(8) 892

86 [0.90] [7.25] [0.43]
0.959(11) 0.970(11) 0.977 0.921 0.678 0.927 0.984(9) 0.996 926

j [0.87] [7.5] [0.39]
0.880 0.961(11) 0.956 0.889 0.556 0.929 0.854(8) 0.984 876

k [0.443] [3.68]
0.966 0.967(11) 0.981 0.931 0.663 0.980(11) 0.945 0.833 908

l [0.60] [3.26]
0.953(11) 0.913(11) 0.959 0.931 0.636 0.926 0.941 0.845 888

lia [0.80] [4.33]
0.941 0.836(11) 0.918 0.928 0.746 0.728 0.961 0.784 855

6a [0.21] [2.4]
0.573 0.704(11) 0.953 0.763 0.236 0.834 0.463 647

66 [0.82] [6.38]
0.950(15) 0.939(13) 0.963 0.935 0.738 0.819 0.946(9) 0.838 891

41 [1.9] [14.9]
0.794 0.723(13) 0.702 0.783 0.988 0.205 0.756 0.690 705

m [0.670] [4.98]
0.960(10) 0.977(10) 0.977(12) 0.734(12) 0.953 0.966 0.992(7) 937
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Site xa,k Code/ -CH.
(solvent) refc (CCL)
_̂_

iK m [0.81]

(CDC1,) 0.947(10)

Table III (Continued)

(DMSO)d (CDCb) (CDCL) (CDCh)

[5.77]
0.920(10) 0.977(12) 0.814(12)

NH, N+(CHi)a SCHa Avg
(CsHii) (CHsCN) (CCI.) r X 10"

0.763 0.934 0.975(7) 904

•H
m [1.17] [9.38]

(CXI ) 0.828 0.720(10) 0.733(12)

-Clio 5 [0.59] [3.43]
«VI,» 0.919 0.843(8) 0.944(8)

average r 0.929 0.918 0.946

0.814(12) 0.236 0.765 0.829(7) 704

0.936(8) 0 .418(8) 0.872 0.959 0.994(5) 861

0.916 0.758 0.830 0.929 0.892
° Eaffi system may be represented as X C 6HtTH, where H is the site and T  the transmitting group. Unless the whole structure is 

indicated, each system is designated by the site. The average number of substituents was N =  10-11, and the range was -V =  6-16. 
Each entry consists of the correlation coefficient r, sometimes preceded by the slope parameter [s] and followed by ( jV ) .  b The sites 
listed horizontally supply the 5yi values for eq 3; the vertically listed sites supply 5Xi. Since 5y entries are also included among the Sx 
entries, citations are given with the latter set. c A number in this column refers to systems coded in ref 2 and 3, where citations are 
also given. d Reference 16. e R. Tanaka, this laboratory. 24 1 This study. 0 Reference 3. h Footnote i, Table II. ‘ B. M. Lynch, B. 
C. MacDonald, and J. G. K. Webb, Tetrahedron, 24, 3595 (1968). ’ D. A. Tomalia and H. Hart, Tetrahedron Lett., 3389 (1966). 
* Reference 15a. 1 M. A. Weinberger, R. M. Heggie, and II. L. Holmes, Can. J. Chem.. 43, 2585 (1965). m Gurudata, J. B. Stothers,
and J. D. Talman, Can. J. Chem., 45, 731 (1967).

relation  studies . 1524 H av in g  recogn ized  that their 
version  o f eq  2 was inadequate, Y u k a w a  and T su n o  
attem pted  m od ifica tion s .15 M ost recently , th ey  have 
taken  certain  term s from  eq  10 , and w ith  appropriate  
scaling have identified  tw o  w ith  polar and resonance 
effects and utilized  another to  correct for  substituent 
m agnetic a n isotrop y .5 T h e  latter takes in to accou nt 
the nature and geom etry  o f th e  substituent and m ust 
b e  applied  ind iv idually  in  an y  given  aryl fam ily . F or 
the several m eta -su bstitu ted  aryl fam ilies w hose SCS

(24) (a) T. A. Wittstruck and E. N. Trachtenberg, J .  A m e r .  C h e m . S o c . ,  
89, 3803 (1967); (b) G. K. Hamer and W. F. Reynolds, C a n .  J .  C h e m ., 46, 
3813 (1968).

w ere correlated, the num ber o f  substituents w as rather 
sm all (N  —  6 -9 ) . A nd , as w as the case w ith  eq  2, it 
is difficult to  see w hat the polar term  m eans in term s 
o f the chem ical structure and  there appear to  be  p rob 
lem s w ith  halogen substituents. It m ust b e  con ceded , 
how ever, that, accord in g  to  the goodn ess o f  fit, the cor
relations are im pressive (r >  0 .99 ) .5

In  order to  obta in  satisfactory  correlations o f  SCS 
o f  an aryl fam ily , at least one m ore  term  must b e  added 
to  eq  2. W h atever v irtu e  s im p licity  has, w e h ave lost
it. T h e  question  o f using exten ded  a n d /o r  m odified  
versions o f  eq  1 -3  vs. eq  10 fo r  investigating  the effect 
o f  structure on  5 becom es academ ic and perhaps ir
relevan t as the tw o approaches m ove  closer together.

The Isolation, Structure, Synthesis, and Absolute Configuration 
of the Cactus Alkaloid Macromerine1'2

Stanley  D . Brown, Joe E . Hodgkins, and M anfred G . R e in ec k e*

Department of Chemistry, Texas Christian University, Fort Worth, Texas 76129 
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( — )-Macromerme has been isolated as the major alkaloid of the cactus Coryphanlha macromeris and its struc
ture determined to be A', A’-di methyl-2-hyd roxy-2-(3',4'-di met hoxyphenyllethy lamine (3) from spectral and 
analytical measurements. Two independent syntheses of racemic macromerine and one of ( +  )-macromerine (3a ) 
were developed. The absolute configuration of ( — )-macromerine was shown to be R by relating it to (ft)-( — )- 
adrenaline (8 ).

Coryphantha macromeris is on e o f  the m ore a lkaloid - 
iferous species fou n d  in  our recent p h ytoch em ica l 
su rveys o f  ca c t i .3-4 C h rom a togra p h y  o f th e  crude 
base  fraction  on  alum ina affords the crysta lline m ajor

(1) Taken from the (a) Masters Thesis and (b) Ph.D. Dissertation of 
S. D. Brown, Texas Christian University, 1965 and 1969, respectively.

(2) Partially communicated in (a) S. D. Brown and J. E. Hodgkins, 22nd 
Southwest Regional Meeting of the American Chemical Society, Albuquer
que, N. Mex., Dec 1966, Abstracts p 60A; (b) J. E. Hodgkins, S. D. Brown, 
and J. L. Massingill, T e tr a h e d r o n  L e t t . ,  1321 (1967).

(3) S. D. Brown, J. L. Massingill, Jr., and J. E. Hodgkins, P h y t o c h e m 

i s t r y ,  7. 2031 (1968).
(4) S. D. Brown, J. E. Hodgkins, and M. G. Reinecke, unpublished

results.

alkaloid , m acrom erine, in  0 .1 6 %  y ie ld .5 T h e  m olecular 
w eight b y  mass sp ectroscop y  (225) and th e  elem ental 
analysis poin t to  a m olecular form ula  o f  C 12H 19N O 3 
fo r  m acrom erine.

T h e  nm r spectrum  in C D C h  in d icates th e  presence 
o f  three arom atic h ydrogen  atom s, tw o  m ethoxy l 
groups, an O H  group, and tw o  A -m e th y l groups 
(dow nfield  shift in acid6). T h e  presence o f  the hy
d roxy l group  is su bstan tiated  b y  the infrared spectrum

(5) Subsequent to our initial reports,2 macromerine also was isolated from 
C o r y p h a n th a  r u n y o n i i  by L. E. Below, A. \ .  Leung, J. L. McLaughlin, and 
A. G. Paul, J .  P h a r m .  S e x . , 57, 515 (1968).

(6) J. C. N. Ma and E. W. Warnhoff, C a n .  J .  C h e m .,  43, 1849 (1965).
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(3125 cm  and th e  AT-methyl groups b y  the occu rren ce 
o f  a base peak  in the m ass spectrum  at m /e  58 [C H 2N -
(CH3)2+].7

T h e  rem ainder o f  th e  nm r spectru m  consists o f  tw o  
cou p led  sets o f  dou b le  dou b lets cen tered  at 8 4.60 
(1 H ) and 2.35 (2 H , p artia lly  overlap p ed  b y  the 
N M e  peak  in D C C 13 b u t separated in  D 20 ) . S ince th e  
h igh  field  set o f  peaks m ov ed  dow n field  in  acid  th ey  
w ere assigned to  th e  C H 2N  grou p . T h e  m agnetic non 
equ iva len ce  o f  these h ydrogens suggests th at the 
rem aining h ydrogen  atom , to  w h ich  these are coupled , 
m ust b e  on  an asym m etric carbon  atom  and therefore  
leads to  the partia l structure (M e O )2C 6H 3C H O H C H 2N - 
(C H 3) 2 fo r  m acrom erine.

B y  an a logy  w ith  th e  k n ow n  cactus alkaloids8 the 
arom atic ring o f m acrom erine is p ro b a b ly  substitu ted  
as show n in 3. T h e  presence o f  orth o -m eth ox y  
grou ps is substantiated  b y  th e  peaks at m /e  95 and 
123 in th e  m ass spectru m ,9 and th e  1,2,4 pattern  is 
consistent w ith  the in frared spectrum  in th e  8 0 0 - 
9 0 0 -cm -1  reg ion .10

T h e  final p ro o f o f  structure, how ever, rests on  the tw o 
syn th eses11 o f ( ±  )-m acrom erine. B o th  proceed  b y  
red u ction  o f  the am ino k eton e  2, w h ich  is prepared  
from  vera tro le  b y  either a H oesch  con d en sa tion 12 
or  b y  a F ried e l-C ra fts  a cy la tio n 13 fo llow ed  b y  reaction  
o f the resulting ch loro  k eton e  1 w ith  d im ethylam ine. 
T h e  form er rou te is th e  m ore con ven ien t and  proceeds 
in  h igher overall y ie ld  (2 3 % ).

0

T h e  structural relationship  o f m acrom erine (3) to  
adrenaline (8) (the form er is th e  0 3, 0 4,iV -trim ethyl 
deriva tive  o f  the latter) p rom p ted  an investigation  o f 
th e  con figurational relationship  o f  these com pou n ds. 
T h e  racem ic d im eth yl ether o f  adrenaline (4) w as 
prepared  from  vera tro le  b y  the sam e m e th o d 12 used 
to  synthesize m acrom erine. R eso lu tion  o f  4 via th e  
d -a -brom ocam p h or-ir-su lfon ate  salt led  to  th e  ( + )  
enantiom er 4a, w hich  w as show n to  have th e  S con 
figuration  b y  its con version  to  the k n o w n 14 ( * ? ) - (+ ) -  
a cetam ide (5). F orm yla tion  and red u ction 15 o f  4a gave  
( + ) -m acrom erin e (3a), th e  enantiom er o f natural ( — ) -  
m acrom erine (3b). S ince 5 is the enantiom er o f th e  acet-

(7) R. S. Gohlke and F. W. McLafferty, A n a l. C h em ., 34, 1281 (1962).
(8) S. Agurell, L lo y d ia , 32, 206 (1969).
(9) C. S. Barnes and J. L. Occolowitz, A u s t . J .  C h em ., 16, 219 (1963).
(10) L. J. Bellamy, “The Infra-red Spectra of Complex Molecules,” 2nd 

ed, Wiley, New York, N. Y., 1958, pp 64-84.
(11) After this work was completed another synthesis was reported by 

N. B. Chapman, K. Clark, and R. D. Strickland, P r o c .  R o y . S o c .,  S er . B , 
163, 116 (1965).

(12) H. D. Moed, M. Asscher, P. J. A. Van Draanen, and H. Niewind, 
R ee l . T rav . C h im . P a y s -B a s , 71, 933 (1952).

(13) F. Tutin, J .  C h em . S o c ., 97, 2495 (1910).
(14) P. Pratesi, A. La Manna, A. Campiglio, and V. Ghislandi, ib id ., 2069

(1958).
(15) F. F. Blicke and C.-J. Lu, J .  A m er . C h em . S o c ., 74, 3933 (1952).

OH

CH2N(CH3)2 CH2N(CHO)CH3 CH2N(Ac)CH3
------H HO—j— H HO—J— H
Ar Ar Ar

3a 7 5

Ar = 3,4-dimethoxphenyl

am ide 6 ob ta in ed 14 from  adrenaline (8 ), b o th  natural 
m acrom erine (3b) and natural adrenaline (8) m ust h ave  
th e  R con figuration . T h is  sam e relationship  also is 
tru e14 18 for naturally  occurring synephrine (9 )16 and o c to p - 
am ine (1 0 ) .16-18

CH2N(CH3)2 CH,NHCHo CH,NHCH, c h ,n h 2

B ecause o f  th e  structural sim ilarity o f  m acrom erine 
to  adrenaline, m escaline, and oth er p sy ch otom im etic  
agen ts,19 a s tu d y  o f its p h ysio log ica l and p sy ch o - 
ph arm acolog ica l properties is u n d erw a y .la'2b’20

E xperim en ta l S ection

All melting points were taken on a Koefler micro hot stage and 
are corrected. Microanalyses were performed by Scandinavian 
Microanalytical Laboratory, Box 25, Herlev, Denmark, or 
M-H-W Laboratories, P. O. Box 326, Garden City, Mich. 
48135. Infrared spectra were taken of KBr discs on a Perkin- 
Elmer Model 237 instrument. Nmr spectra were recorded on a 
Varian A-60 spectrometer of DCC13 solutions with tetramethyl- 
silane as an internal standard, unless otherwise indicated. The 
uv spectra were measured on a Cary 15 spectrophotometer. 
Mass spectra were obtained on a Finnegan Model 1015SL instru
ment at 70 eV. Optical rotations were taken on a Rudolph 
Model 76 polarimeter.

Extraction of Alkaloids.— The cactus Coryphanlha macro- 
meris was collected in Big Bend National Park, Brewster County, 
Texas.21 The dried (50-55°, ca. 10% of the wet weight), 
powdered plant (500 g) was extracted with 95% EtOH and 0.5% 
HOAc for 6 days. The extracts were concentrated in vacuo, 
and water and concentrated HC1 were added to give an alcohol- 
free solution containing ca. 5%  HC1. The aqueous solution was 
washed with ether, made basic with Na2C03, and extracted with 
ether in a continuous liquid-liquid extractor. The ether ex
tracts were reextracted with 5% HC1, and the aqueous solutions 
were made basic (Na2C 03) and then extracted once again with 
ether. The purified ether extracts were dried (Na2SO,) and 
concentrated, leaving 2 g of a dark, viscous oil. Another 2 g of

(16) T. A. Wheaton and I. Stewart, L lo y d ia , 33, 244 (1970), and references 
cited therein.

(17) V. Erspamer, N a tu re  (L o n d o n ), 169, 375 (1952).
(18) T. Kappe and M. D. Armstrong, J .  M ed . C h em ., 7, 569 (1964).
(19) A. T. Shulgin, T. Sargent, and C. Naranjo, N a tu re  (L o n d o n ), 221, 

537 (1969).
(20) J. C. Hitt, S. Winokur, and M. G. Reinecke, unpublished results.
(21) We wish to thank Professor Lyman Benson, Pomona College, Clare

mont, Calif., for aid in classification and the United States Department of the 
Interior, National Park Service, for permission to harvest the plant in Big 
Bend National Park, Tex.
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crude alkaloids was obtained by continuously extracting the first 
ether exhausted basic aqueous solution with CH2C12 for 24 hr.

The crude alkaloid mixture (6.37 g) from several extractions 
was chromatographed on 264 g of activity grade IV neutral 
Woelm AI2O3 with 400 ml of 1:1 ether-petroleum ether (bp 30- 
60°) to yield 2.72 g of crystalline macromerine, mp 63-65°. 
Rechromatography, treatment with charcoal, and recrystalliza
tion from ether yielded 2.50 g of analytically pure ( —)-macro- 
merine (3b ): mp 66-67.5°; [ a ] 25D —42.6° (c 0.020, EtOH), 
-14 7 .0 ° (c 0.0390, CHCI3); nmr 8 2.25 [s, 7 H, HCHN(CH,)„], 
2.35 [d, 1, J  =  5 Hz, HCHN(CH3)2], 3.88 (s, 3, OCH3), 3.93 
(s, 3, OCH3), 3.85 (s, 1, shifts with concentration changes and 
disappears in D20 , OH), 4.52 and 4.66 [double d, 1, J  =  5 Hz, 
CHCH2N(CH3)2] , 6.85 (broad s, 2, ArH), 6.95 (broad d, 1, ArH); 
ir 805,875, 3125 cm-1 (broad); uv max (95% EtOH) 231 m/i (log e 
4.18); mass spectrum m/e (rel intensity) 225 (0.02) 208 (0.03), 192 
(0.02), 180 (0.02), 167 (0.12), 166 (0.12), 165 (0.15), 164 (0.04), 
151 (0.10), 139 (0.57), 123 (0.70), 108 (0.50), 95 (1.0), 81 (0.90), 
77 (2.4), 58 (100) (lit.6 m/e 225, 208, 207, 192, 180, 167, 166, 
165, 164, 151).

Anal. Calcd for Ci2Hi9N 0 3 (3 b ): C, 63.96: H, 8.52; N, 
6.22. Found: C, 63.98; H, 8.56; N, 6.13.

3,4-D im ethoxy-u-dim ethylam inoacetopheneone (2 ). A .12—  
A stirred mixture of 110 ml of dry nitrobenzene, 68 g (0.51 mol) 
of AICI3, 27.2 g (0.23 mol) of dimethylaminoacetonitrole hy
drochloride, and 31.2 g (0.23 mol) of veratrole was protected 
from moisture and held at 20° while dry HC1 gas was bubbled 
through the mixture for 8 hr. The resulting viscous solution was 
poured into 225 ml of H20 , boiled for 10 min, and cooled, the 
organic layer was decanted, and the aqueous solution was 
cooled to 0°. The crystals which formed were recrystallized 
from ethanol-2-butanone four times, yielding 22.5 g (39%) of 2 
hydrochloride after drying over P20 5 in vacuo, mp 193-196° dec, 
ir 1685 cm-1 (C = 0 ) .  Without the vacuum drying, the salt 
forms a hydrate, melting at 100°, which resolidifies and melts at 
193-196°.

Anal. Calcd for C i2H18NC103 (2a HC1): C, 55.49; H, 6.94; 
N, 5.40. Found: C, 55.39; H, 7.04; N, 5.23.

B .— 3,4-Dimethoxy-w-chloroacetopheneone (1 ) (34.6 g), pre
pared from veratrole by the method of Tutin,13 was dissolved in 
100 ml of absolute EtOH and added to a solution of 72.6 g of 
dimethylamine in 110 ml of absolute EtOH in a 500-ml boiling 
flask equipped with a reflux condenser and a CaCl2 drying tube. 
The solution was stirred for 2 hr at room temperature and 2 hr at 
60°, after which it was cooled at room temperature for 24 hr. 
The dimethylamine hydrochloride was precipitated with anhy
drous ether, filtered, and washed with ether, and the combined 
filtrates were concentrated in vacuo. The residual oil was taken 
up in ether, dried (Na2S04), and the ether removed by distilla
tion in vacuo, leaving 26 g of 2 as a thick yellow oil which solidi
fied overnight, mp 48-56°, hydrochloride mp 193-196° dec.

(± ) -M a c r o m e r in e  (3 ) .— A solution of 10 g (0.039 mol) of 2 
hydrochloride in 50 ml of water containing 1.85 g (0.05 mol) of 
NaBH4 was stirred for 2 hr and extracted with ether, and the 
ether was dried (Na2S04) and removed in vacuo. The residual 
oil was recrystallized from dry ether-n-hexane (1: 1) three times 
to give 5.1 g (59%) of 3 , mp 47.5-48.5°. The ir (CS2), nmr, 
and uv spectra of 3 were identical with those of natural ( — )-mac- 
romerine. A picrate was prepared, mp 147-148° (lit.11 157°).

Anal. Calcd for Ci8H22N4Oio (3 picrate): C, 47.55; H, 4.89; 
N, 12.34. Found: C, 47.49; H, 5.02; N, 12.09.

Af-M eth yl-2 -h ydroxy-2-(3 ',4 '-d im eth oxyph en yl)eth ylam in e  
(Adrenaline D im ethyl Ether) (4).— To a solution of 20 g 
(0.08 mol) of lV-methyl-2-keto-2-(3',4'-dimethoxyphenyl)- 
ethylamine12 in 60 ml of H20  was slowly added 6.4 g (0.17 mol) of 
NaBH4. The mixture was stirred for 2 hr and extracted with 
CH2C12, and the extracts were dried over Na2S04. After re
moval of the solvent in vacuo, 16 g (82%) of 4  was obtained which 
after two recrystallizations from EtOAc melted at 107-108.5° 
(lit.12 103-105°).

Resolution of 4.— ( — )-a-Bromocamphor-x-sulfonic acid am
monium salt (5.94 g, 0.018 mol) and 3.82 g (0.018 mol) of 4 
were mixed in 100 ml of MeOH. The solvent was successively

removed and added until the odor of ammonia was not longer 
present. The resulting glass was dissolved in EtOH, treated 
with charcoal, and recrystallized from EtOH-EtOAc to a con
stant melting point of 150.5-151.0° and rotation [a] 26d  of +84.7° 
(c 0.034, EtOH).

Anal. Calcd for C2iH32BrN07S (4a bromocamphorsulfonate): 
C, 48.26; H, 6.13; N, 2.68; Br, 15.33; S, 6.13. Found: C, 
48.28; H, 6.04; N, 2.70; Br, 16.15; S, 6.04.

A solution of 5.36 g (0.0099 mol) of the above salt in 100 ml of
1.5 M  NH4OH was extracted with ten 20-ml portions of CH2C12. 
The CH2C12 extracts were washed with 20 ml of 1.5 M  NH4OH, 
H20 , and two 30-ml portions of saturated salt solution and dried 
over Na2S04. The solvent was removed at reduced pressure, 
leaving 2.06 g (0.0098 mol) of oil 4 a , [ « P d +23.48° (c 0.0921, 
EtOH), hydrochloride mp 130-131.

Anal. Calcd for C „H 18N 0 3C1 (4a HC1): C, 53.33; H, 7.27;
N, 5.66. Found: C, 53.30; H, 7.43; N, 5.61.

4a  Acetam ide (5 ).— Following the procedure of Pratesi, 
et al.,u  0.155 g of the resolved amine 4 a  was converted to 0.106 
g of the acetamide 5 after one recrystallization from benzene: 
mp 127-128°; [ « P d +70.0° (c 0.00383, CHC13) [lit.14 mp 123- 
124°, [ « ] 18d  +77.4 (1.13% w /v  in CHC13)]; nmr 5 2.00 (s, 3, 
NCOCH3), 2.90 (s, 3, NCHa), 3.39 (d, 1, J  =  5 Hz, HCHN),
3.56 (d , 1, J  =  5 Hz, HCHN), 3.87 (s, 6 , 2 OCH3), 4.87 and 
4.96 (double d , 1, J  =  5 Hz, HCCH2N), 6.69 (broad s, 2, ArH),
6.80 (broads, 1, ArH).

Anal. Calcd for Ci3H i9N 0 4 (5): C, 61.63; H, 7.58; N,
5.53. Found: C, 61.52; H, 7.77; N, 5.39.

4 a  Foram am ide (7).— To a solution of 1.90 g (9 mmol) of the 
resolved amine 4 a  in 50 ml of freshly distilled, dried (Na2S04) 
CHCI3 at 0° was added 1.33 g (9 mmol) of CI3CCHO freshly dis
tilled from sulfuric acid. The solution was stirred for 5 min at 0° 
and 5.5 hr at room temperature, after which the CHC13 was re
moved at reduced pressure. The residual oil was dried by re
peated solution in dry benzene followed by evaporation at re
duced pressure. Eventually concentration to ca. 20 ml gave
1.37 g (65%) of 7, which after recrystallization from benzene had 
mp 88-90°; [ « P d +44.1° (c 0.0229, EtOH); nmr S 2.88 (s, 3, 
NCHS), 3.35 (d, 1, /  =  5 Hz, HCHN), 3.52 (d, 1, J  =  5 Hz, 
HCHN), 3.87 (s, 6 , 2 OCH3), 4.68 and 4.82 (double d, 1, /  =
5 Hz, HCCH2N ), 6.90 (m, 3, ArH), 7.96 (s, 1, NCHO).

Anal. Calcd for C12H „N 04 (7): C, 60.23; H, 7.18; N, 
5.85. Found: C, 59.96; H, 7.28; N, 5.73.

(+ )-M a c r o m e r in e  (3a ).— A perforated aluminum cup con
taining 0.189 g (7.9 mmol) of the formamide 7 was fitted into a 
24/40 to 14/20 adapter attached to a 100-ml 14/20 flask charged 
with 2.98 g of LiAlH, in 50 ml of dry ether. A 24/40 condenser 
equipped with a CaCl2 drying tube was fitted on the adapter and 
the ether was heated under reflux until all the formamide was in 
solution (32 hr) and then for 12 hr longer. Excess LiAlH4 was 
destroyed at 0° by the dropwise addition of the calculated amount 
of water with vigorous stirring. The mixture was filtered, the 
granular precipitate was washed with CHC13 (100 ml), the ether 
and CHCI3 wash were combined and dried (Na2S04), and the sol
vent was removed at reduced pressure to give 0.096 g of crude 3a  
(mp 50-60°). Chromatography on 3 g of Woelm activity IV 
A120 3 with 5:1 ether-ra-hexane yielded in the second 50 ml frac
tion 0.014 g of pure 3a (glc), mp 59-62°, [« ]26d +34 .2° (c
O. 0354, absolute EtOH). The ir and nmr spectra of synthetic 
(+)-macromerine (3a) and natural ( — )-macromerine (3b) are 
identical.

Registry No.—2, 33061-24-4 ; 2 (H C 1), 33061-25-5 ; 
(± )-3 , 33122-27-9 ; 3a, 33066-27 -2 ; 3b, 33066-28-3 ; 
4a (b rom oca m p h orsu lfon a te ), 33066-29 -4 ; 4a (H C1), 
33066-30-7 ; 5, 33066-31 -8 ; 7, 33066-32-9.
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This study is concerned with the effect of phenyl substitution upon the mass spectral behavior of a,£-un- 
saturated ketones as an example of a substance with three potential charge-retaining sites (carbonyl, double 
bond, aromatic ring). Compounds of the type C6Hii(CH2)„CH=CHCOCH3, n =  2-7 (I-V I), are examined.
In general, the 70-eV spectra of these compounds are dominated by peaks at m/e 91 (tropylium ion) and rei/e 
43 (a cleavage). At nominal 12 eV, however, lower activation energy rearrangement reactions are favored.
7-Phenylhept-3-en-2-one (II) exhibits intense peaks at m/e 84 and 130 (M  — 58) in its mass spectrum which are 
notably absent in the spectrum of 3-octen-2-one (VII). The ion of mass 84 arises via a specific hydrogen transfer 
from the C7 position while the origin of the M — 58 fragment is more complex and involves a double hydrogen 
atom rearrangment. The M — 58 peak in the spectrum of 6-phenylhex-3-en-2-one (I), on the other hand, is 
generated by transfer of a C4 and Ci hydrogen atom (Schemes I, IV, V). Alkyl radicals are expelled from the 
molecular ions of compounds II-V I. Elimination of a benzyl radical predominates for compounds in which 
n = 3-5, while other routes are favored in the higher homologs, n =  6-7. The loss of a water molecule is an 
important fragmentation pathway especially at low voltage for 9-phenylnon-3-en-2-one (IV) and 10-phenyldec-3- 
en-2-one (V). The “ olefin McLafferty rearrangement”  involves site specific hydrogen transfer when the hy
drogen migrates from a benzylic position (e.g., 6-phenylhex-2-ene).

P art A

R ecen t years have seen m uch effort d ev oted  to  un
derstanding  th e  role variou s fu n ction a l groups p lay  in  
d irectin g  electron  im pact indu ced  fragm en tation  pro
cesses.4 5 T h is  has n o t on ly  been  essential fo r  th e  facile  
a pp lica tion  o f mass spectrom etry  to  prob lem s o f  stru c
ture elu cidation  b u t has, m oreover, enabled  w ork  to  
progress in th is la b ora tory  ded icated  to  th e  app lica tion  
o f  the princip les o f  artificial in telligence to  the inter
preta tion  o f  m ass spectra .8 N atu ra lly  occu rrin g  m ole
cules, how ever, o ften  con ta in  an  array o f fu n ction a l 
groups. T h u s, it is n o t on ly  im p orta n t to  appreciate  
th e  fragm en tation -d irectin g  capab ilities o f  isolated  
fu n ction a lities in a m olecu le ; it is o f  p rim ary  signifi
can ce to  determ ine the extent to  w h ich  fu n ction a l centers 
w ith in  a m olecule in teract w ith  each o th er a fter ion iza
tio n .6 In  considering  th is p rob lem  w ith  respect to  a 
m olecu le  con ta in ing  fu n ction a l groups A  and B , tw o  
questions arise. (1 ) A re  the in d iv idua l fragm en tation  
pa th w ays associated  w ith  A  and  B  reta ined  in  the 
spectru m  o f the b ifu n ction a l com p ou n d ? (2) D o  new  
d ecom p osition  routes n o t ch aracteristic  o f  either A  or 
B  in d iv idu a lly  appear? In  answering, it is im p ortan t 
to  note  the e ffect o f  v a ry in g  the d istance separating 
th e  A  and  B  centers.

T h is  paper is con cern ed  w ith  the m ass spectrom etric  
s tu d y  o f  ph eny l-su bstitu ted  a,/3-unsaturated ketones. 
In  light o f  several recen t investigations, th is to p ic  is

(1) For the preceding paper, see P. D. Woodgate, K. K. Mayer, and C. 
Djerassi, J . A m e r . C h em . S o c ., in press.

(2) Financial assistance by the National Institutes of Health (Grants 
Nos. AM 12758 and AM 04257-11) is gratefully acknowledged.

(3) (a) National Institutes of Health Predoctoral Fellow, 1968-1971;
(b) Postdoctoral Research Fellow, 1968—1969; (c) Postdoctoral Research 
Fellow, summer, 1970.

(4) H. Budzikiewicz, C. Djerassi, and D. H. Williams, "Mass Spectrom
etry of Organic Compounds,” Holden-Day, San Francisco, Calif., 1967.

(5) (a) A. Buchs, A. M. Duffield, G. Schroll, C. Djerassi, A. B. Delfino,
G. G. Buchanan, G. L. Sutherland, E. A. Feigenbaum, and J. Lederberg, 
J . A m e r . C h em . S o c ., 92, 6831 (1970); (b) A. Buchs, A. B. Delfino, A. M. 
Duffield, C. Djerassi, B. G. Buchanan, E. A. Feigenbaum, and J. Lederberg, 
H elv . C h im . A c ta , 53, 1394 (1970).

(6) See for example, (a) M. Sheehan, R. Spangler, and C. Djerassi,
J . O rg. C h em ., in press; (b) J. R. Dias and C. Djerassi, unpublished work;
(c) P. J. Wagner, O rg. M a s s  S p ec tro m ., 3, 1307 (1970); C. Fenselau, A. A.
Baum, and D. O. Cowan, ib id ., 4, 229 (1970).

particu larly  relevant. A lth ou gh  su b ject t o  little  past 
attention , th e  m ass spectra l b eh a v ior  o f  a lip h atic  u n 
saturated  ketones has been  the focu s  o f  a ju st com p leted , 
com preh en sive stu dy  b y  Sheikh, et al.7 In  add ition , 
th e  electron  im pact indu ced  rearrangem ents o f  iso 
m eric 1-phenylheptenes h ave seen recen t intensive 
scru tin y ,8 and  the m arked e ffect th a t a nonconjugated 
d ou b le  b on d  can  exert on  th e  w ell-kn ow n  fragm enta
tion  b eh a v ior  o f  ca rb on y l com p ou n d s has ju st been  
eva lu a ted .9

In  th e  cou rse o : th is w ork , then, com p ou n d s I - V I

C6H5(CH2)„CH =CH COCH 3 
I, n =  2 IV, n =  5

II, re =  3 V, re =  6
III, re = 4 VI, re =  7

w ere synthesized  and their m ass spectra  w ere obta in ed  
at h igh and low  ion izing energies.10 H igh -reso lu tion  
m ass m easurem ents o f fragm en t peaks w ere perform ed  
w here necessary. S econd-fie ld  free transitions w ere 
exam ined  w ith  com pu ter assistance and  first-field  free 
transitions w ere observed  using the defocu sin g  
m e th o d .11 C om p ou n d s I —I I I  a ttracted  our m ain  in ter
est and  a n um ber o f their deuterium  labeled  analogs were 
prepared , an e ffort th at p rov ed  em inently  useful.

R esu lts  and D iscu ssion

T h e  70 and n om inal 12 eV  m ass spectra  o f  7 -p h en y l- 
h ept-3 -en -2 -on e  (I I )  and  8 -p h en y loct-3 -en -2 -on e  ( I I I )  
are reprodu ced  in  F igures la ,b  and 2a ,b , resp ective ly . 
T hese  suffice to  dem on strate  the ty p ica l fragm en tation  
beh av ior exh ib ited  b y  the com p ou n d s in vestigated . 
A t 70 eV  th e  prin cipal peaks appear at m/e 91 (b en zy lic  
fission) and 43 (a  cleavage ad jacen t to  th e  v in y lic  
b o n d ). T h e  spectru m  o f I I  exh ib its  a  w eak m olecu lar 
ion  even  at low  ion izing vo ltage , w hile th at o f  I I I  show s

(7) Y. M. Sheikh, A. M. Duffield, and C. Djerassi, ib id ., 4 , 273 (1970).
(8) A. F. Gerrard and C. Djerassi, J . A m er . C h em . Soc., 91, 6808 (1969).
(9) J. R. Dias, Y. M. Sheikh, and C. Djerassi, ib id ., submitted for publica

tion.
(10) The behavior of CbH5CH=CHCOCH* upon electron impact has been 

the subject of earlier work: J. Ronayne, D. H. Williams, and J. H. Bowie, 
ib id ., 88, 4980 (1966).

(11) K. R. Jennings, J . C h em . P h y s . , 43, 4176 (1965).
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a strong M +  peak, a feature typ ica l o f  the higher h om 
ologs I V -V I .  Loss o f  w ater generates a  significant 
M  — 18 peak  in the 12 eV  spectru m  (F igure 2 b ) o f I I I  
and this process becom es increasingly  m ore  im portan t 
in th e  spectra  o f  9 -p h en yln on -3 -en -2 -on e  (V ) and 10- 
ph en y ldec-3 -en -2 -on e  (V I ) .  T h e  dom inan t fragm enta
tion  process at low  v o lta g e  fo r  I I - V I  in volves elim ina
tion  o f 58 m ass units, form ally  th e  loss o f  a m olecu le  o f 
aceton e  from  the m olecu lar ion . T hu s, th e  base peak  
in th e  12 eV  spectru m  o f 7 -ph en ylh ept-3 -en -2 -on e  (I I )  
is fou n d  at m/e 130 w hile th at o f  I I I  appears at m/e 
144. T h is  rearrangem ent requires transfer o f  tw o h y 
drogen atom s from  th e  ch arge-reta in ing m oiety  to  the 
e jected  neutral fragm ent. E xpu ls ion  o f  a ben zy l radi
cal accou nts for  th e  abu ndan t ion  o f mass 97 in F igure 
lb  and also th e  intense m /e  111 peak  in F igu re 2b. 
T h e  m olecular ion  o f 8 -p h en y loct-3 -en -2 -on e  (I I I )  can 
also e ject a 2-p h en y leth y l rad ica l w h ich  generates a 
m oderate peak  at m /e  97 (F igu re 2 b ). A n  intense 
peak  in  the 12 eV  spectru m  (F igu re lb )  o f 7 -ph en yl- 
h ep -3 -en -2 -on e (I I )  appears at m /e  84 and is th e  first 
su b ject to  b e  dea lt w ith  in  detail.

m /e  84 Peak.— T h e  observation  o f an abu ndan t ion  
o f  mass 84 (7 8 % , 2 40 =  2 6 .6 )12 in the spectru m  o f I I  
(F igure lb )  is surprising since v irtu a lly  n o  m /e  84 peak  
(2 % , Zio =  0.009) is seen in  th e  12 eV  spectru m  (F ig 
ure 3) o f  3 -octen -2 -on e  (V I I ) . T h is  observation  is, in

O
II

r c h 2c h .c h = c h c c h 3
II, R =  PhCHj 

VII, R  =  CH3CH2

itself, a strik ing re flection  o f  the a b ility  o f  a ph enyl 
substituent to  enhance a particu lar fragm en tation  
path w ay in  con cert w ith  th e  a,/3-unsaturated ketone 
fu n ction .

T h e  mass 84 ion  possesses th e  elem ental com p osition  
C 6H 80 ,  thus requ iring  th e  transfer o f  one h ydrogen  
a tom  for  its  form ation . I ts  increased  in ten sity  at low  
ion izing energy suggests its  generation  d irectly  from  
the m olecular ion. A lth ou gh  n o  norm al m etastable 
peak  can  be  seen, use o f  th e  defocu sin g  m eth od  results 
in  the ob servation  o f one parent, the m olecular ion , for  
the m ass 84 species. E xam in ation  o f th e  mass spectra  
o f  the deu teriu m -labeled  analogs I l a - f  (T a b le  I )  clearly

T able  I
P ea k  Shifts in  the  M ass Spectra of

ISOTOPICALLY LABELED ANALOGS OF 
7-Phenylhf.pt-3-en-2-one (II) for the m /e 84 Ion“

0 %  of m/e 84
OH,.. . x  . 4 0 —which appears ata-----

84 85 86 87
7,7-dr Ila 4 96
6,6-d2 lib 99 1
5,5-dr lie 1 99
4-d\ lid 2 98
1,1,1-dz lie 100
C 6D 5- I lf 95 5

“ All compounds have been corrected to 100% isotopic purity 
and the shifts calculated after correcting for natural I3C abun
dance.

dem onstrates th at b o n d  fission occu rs betw een  carbon  
atom s 5 and 6 w ith  carbon  atom s 1 -5  be in g  en-

(12) The first number refers to the relative intensity, the second to the per 
cent total ionization.

Figure la.— Mass spectrum (70 eV) of 7-phenylhept-3-en-2-one
(II) (top).

Figure l b — Mass spectrum (12 eV) of 7-phenylhept-3-en-2-one
(II) (bottom).

Figure 2a.— Mass spectrum (70 eV) of 8-phenyloct-3-en-2-one
(III) (top).

Figure 2b.— Mass spectrum (12 eV) fo 8-phenyloct-3-en-2-one
(III) (bottom).

com passed  b y  the charge-reta in ing m oiety . M o st  
im portan tly , specific transfer o f  a C 7 h ydrogen  to  the 
m /e  84 fragm ent occurs. In  the spectru m  o f 7,7-dr-7 -  
ph eny lhept-3 -en -2 -on e  (H a ) 9 6 %  o f th e  m/e 84 peak  is 
sh ifted  to m/e 85.
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Figure 3.— Mass spectrum (12 eV) of oct-3-en-2-one (VII). 
Figure 4.— Mass spectrum (12 eV) of 6-phenylhex-3-en-2-one (I). 
Figure 5.— Mass spectrum (12 eV) of hept-3-en-2-one (X V III).

A lth ou gh  p rov id in g  ev iden ce regarding th e  genera
tion  o f th e  m /e  84 peak, th e  deu teriu m  labeling results 
d o  n ot a llow  an u n equ ivoca l d istin ction  betw een  tw o  
log ica l path w ays w h ich  can  generate ions o f  m ass 84 
w ith  to ta lly  d ifferent structures. O ne m od e  o f  genesis 
(S ch em e I , path  A ) in v o lv es  site-specific transfer o f  the 
b en zy lic  h yd rogen  a to m  to  th e  C 3 p os ition  w ith  elim 
in ation  o f th e  elem ents o f  styren e an d  th e  p rod u ction  
o f a  /3>7 -u n satu rated  k eton e  ion  b . T h e  alternate 
rou te  (path  B ) in vok es transfer o f  th e  b en zy lic  h y 
drogen  a tom  to  th e  k eton e  oxygen  a to m  th rou gh  an 
unusual e igh t-m em bered  tran sition  sta te ,13’14 w ith  
m igration  o f  th e  d ou b le  b o n d  to  th e  C V C 5 p osition  
and th e  generation  o f  a d ien ol ion  c.

F u rth er in vestiga tion  reveals th at th e  scop e  o f th is

(13) An eight-membered transition state plays the dominant role in the 
origin of the important M + — CHs ion in heptyl vinyl ether.

(14) M. Katoh and C. Djerassi, C h em . C om m u n ., 1385 (1969).

Scheme I

C6H5CH2CH2CH2CH=CHCOCH3
n

path A \  . 
path B '

b, m/e 84 c, m/e 84

rearrangem ent process is n o t lim ited  to  a,/3-unsatu- 
rated  m eth y l ketones (T a b le  I I ) .  T h e  spectra  o f  the

T able  I I
A bundances of Ions R esulting  from the P rocess 

D epicted  in  Scheme I  for  V arious

a,(3-UNSATURATED COMPOUNDS

Compd

Mass 
of ion 

formed

.-----70 eV-------•
%  %  total 
rel ioniza- 

abun- tion, 
dance 2 m

/-----12 eV------
%  %  total 
rel ioniza- 

abun- tion, 
dance 2 m

VIII 86 14 2.5 28 5.9

IX 70 30 6.5 42 15.1

X 100 47 8.0 63 14.8

XI 114 45 6.9 73 20.4

XII 98 54 12.2 100 40

XIII 112 43 13.3 100 25

XIV 84 14 3.1 43 9.2

XV 84 15 3.7 41 8.2

u nsaturated  acid  V I I I ,  th e  a ldeh yde I X ,  th e  m eth y l 
ester X ,  and  e th y l ester X I  all show  loss o f  a styren e 
m olecu le  to  g ive  intense peaks at m/e 86, 70, 100, and  
114, respective ly . S im ilarly , th e  process d ep icted  in  
S ch em e I  generates th e  base peak  o f  th e  12-eV  spec
tru m  o f b o th  th e  e th y l an d  p ro p y l keton es X I I  an d  
X I I I .  A ll o f  the above -m en tion ed  com p ou n d s  h a v e  
one im p ortan t feature in  com m on , a b en zy lic ly  a cti
va ted  h yd rogen  a tom  at C 7. A n  a lly lic  or te rt ia ry  
h yd rogen  a tom  can  also b e  transferred  as sh ow n  b y  th e  
m /e  84 peaks in  th e  spectra  o f  X I V  and X V , resp ec-
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tive ly , a lthough  these peaks are o f  on ly  m oderate 
abundance. A s n oted  b efore , the secon dary  h ydrogen  
atom  at C 7 in 3 -octen -2 -on e  (V I I )  does n ot m igrate.

F rom  the a b ov e  data  it  is clear th at ph en y l substitu 
tion  enables th is h yd rogen  transfer process to  com pete  
successfu lly  w ith  oth er possible fragm en tation  routes b y  
p rov id in g  tw o  driv in g  forces. F irst, b en zy lic  c a rb o n - 
h ydrogen  b on d  d issocia tion  energy is abou t 10 k c a l /  
m ol less than  th at o f  a secon dary  ca rb o n -h y d ro g e n  
b o n d .15 S econ d , th e  ph enyl group  serves to  stabilize 
the neutral olefin  fragm en t form ed. F urtherm ore, it 
is evident th at ring size is o f  particu lar im portan ce  in 
the rearrangem ent process. I f  the p h en yl group  is 
one further position  rem oved  from  the unsaturated 
ketone center, as in 8 -ph en y loct-3 -en -2 -on e  ( I I I ) ,  on ly  
a very  w eak peak  at m / e  84 is observed  ( 2 40 =  1.2, 
F igure 2 b ). In  the spectru m  o f S,S-d2-8 -ph en y loct-3 - 
en -2 -one ( I l i a ) ,  6 0 %  o f the sm all m / e  84 peak  sh ifts to

O

RCH2CH2CH2CH =CH C CH 8 
III , R  =  C6H6CH2 

I lia , R  =  C6H6CD2

m / e  85 im p ly in g  th at som e 4 0 %  C 7 h ydrogen  atom  
transfer is occurring . T ransfer o f  a C 8 h ydrogen  atom  
through  a seven- or n ine-m em bered  transition  state re
sults n ot in  th e  expu lsion  o f a neutral olefin b u t in a 
d iradica l species w h ich  in  th e  absence o f internal h y 
drogen  m igration  occu rs as a ph en y l-su bstitu ted  cy c lo 
propane. A lth ou gh  th is p a th  can  com p ete  w ith  un
favorab le  secon dary  h yd rogen  a tom  transfer from  C 7, 
the transition  state en ergy  fo r  th e  process is n ot suffi
cien tly  low  to  enable favorab le  com p etition  w ith  a lter
native fragm en tation  paths availab le to  ion ized  I I I .

m/e 104 P e a k .— T h e  70 eV  spectru m  (F igure la )  o f
7 -ph en ylh ept-3 -en -2 -one  (I I )  exh ib its a m oderate ly  
intense peak at m ass 104. T h e  genesis o f  this ion 
cou ld  fo llow  the p rocess outlined  in  Schem e I, the 
charge in this case be in g  retained b y  the olefin fragm ent 
w ith  e je ct ion  o f  a neutral C 5H 80  m oiety . T ransfer o f  
th e  C 7 ben zy lic  h yd rogen  a tom  is in vo lved  as the m / e  

104 peak  sh ifts ( > 9 0 % )  to  mass 105 in  th e  spectru m  o f 
th e  7,7-d2 labeled  analog H a . I t  has been  observed  
th at th e  mass spectru m  o f 7 -ph en ylh ept-3 -en e  (X V I )

XVI XVR XVRa

exh ib its a base peak  at m/e 104 b o th  at h igh  and low  
ion izing vo lta g es .8 T h e  generation  o f th is 104 ion  
cou ld  sim ilarly in v o lv e  specific transfer o f a C 7 h ydrogen  
to  C 3, the charge rem aining w ith  the ph enyl-su bstitu ted  
olefin  fragm ent e, C 8Hs (Schem e I I ) .  M cL a ffe r ty  
ty p e  rearrangem ents o f  ion ized  d isu bstitu ted  alkenes 
are kn ow n , how ever, to  be  preceded  b y  extensive h y 
drogen  ran dom ization  and  d ou b le  b o n d  isom erization . 16 
T h erefore , it  is desirable to  exam ine th e  nature o f  the 
process dep icted  in  S chem e I I  in  m ore detail, since the 
result cou ld  h ave a bearing on  th is present study.

6-P h enylh ex-2 -en e (X V I I )  and its 6,6-d2 analog

(15) S. Meyerson and L. C. Leitch, J .  A m er . C h em . S o c ., 93, 2244 (1971), 
and references cited therein.

(16) (a) B. J. Millard and D. F. Shaw, J . C h em . S oc . B , 1529 (1966); 
(b) M. Kraft and G. Spiteller, O rg. M a s s  S p ec tro m ., 2, 865 (1969); (c) 
K. K. Mayer and C. Djerassi, ib id ., in press.

Scheme II

d, m/e 176

C6H5CH =CH 2"|+' 
e, m/e 104

X V I I a  w ere con ven ien tly  prepared  and their mass 
spectra  were scrutinized. T h e  ion  o f  mass 104 accounts 
for  the base peak  in the 12 eV  spectru m  o f  X V I I ,  while 
in  the spectrum  o f X V I I a  the base peak  is quantita 
tiv e ly  sh ifted  to  m / e  105. T hu s, the p lacem en t o f a 
ph enyl m oiety  at the y  p osition  relative to  the dou b le  
b o n d  results in a site-specific m igration  o f th e  ben zy lic  
h yd rogen  atom  and the process does occu r as illustrated 
in  Schem e II . I t  m ight b e  specu lated , then , th a t the 
p rod u ction  o f the m ass 84 species b y  th e  ion ized  un
saturated  k eton e I I  is sim ply  a special case o f  th is  “ ole
fin  M cL a ffe rty  rearrangem ent.”  T h is  argum ent w ou ld  
require som e special charge-stabilizing  ca p a city  associ
ated w ith  the ion ized  /3,7 -unsaturated  species b , at 
least in relation  to  the a lternative ch arge-carry in g  C 8H 8 
fragm ent. S ince au th orita tive  in form ation  on  th is 
p o in t is lacking, th e  opp osite  position  cou ld  b e  taken. 
T h a t is, path  B  o f S chem e I  m ust b e  opera tive , since 
on ly  the d ienol ion  c cou ld  b e  ex p ected  to  com p ete  w ith  
th e  m ass 104 species (e) in  its  a b ility  to  ca rry  the posi
tive  charge. C learly  th e  m eth od  to  settle th e  question  
w ou ld  be  to  determ ine th e  actual stru ctu re o f  the mass 
84 ion  (b  or c ). O ur previou s experience w ith  th e  io n -  
m olecu le reactions o f  o th er en ol and k eto  ion s17 sug
gested  that ion  cy c lo tro n  resonance (icr) studies w ou ld  
be  an excellent w ay  to  approach  th is task. U n fo rtu 
nately , h ow ever, d ifferen tiation  betw een  th e  enone b  and 
th e  d ienol c  was n ot possible b y  icr. R esu lts  o f th is 
w ork  are g iven  in part B .

M +  — 58 I o n .—A  strik ing feature o f  the 12 eV  
spectru m  (F igure 4) o f  6 -ph en ylh ex -3 -en -2 -on e  (I) 
is th e  base peak  at m / e  116 ( M + — 58), form ally  cor
respon d in g  to  loss o f  an a ceton e  m olecu le from  the 
m olecu lar ion. T h is  takes on  added  sign ificance w hen 
th e  spectrum  in F igure 4 is com pared  w ith  th at (F ig 
ure 5) o f  h ept-3 -en -2 -on e  (X V I I I ) .  T h e  m ost abun-

O

RCH2CH2C H = C H (W a  
I, R =  C6H5 

XVIII, R =  CH3

dan t ion  observed  in th e  la tter ’ s spectru m  has a mass 
o f  97 (M +  — 15) and  is th e  resu lt o f  th e  con ven tion a l 
a c leavage .7 M ore o v e r , n o  peak  at all is seen at M  + 
— 58 (m / e  54). T hu s, rep lacem ent o f  a m eth y l group 
w ith  a ph en yl m oiety  (X V I I I ,  R  =  C H 3, vs. I , R  =  
C 6H 5) has resu lted  in a dram atic change in fa vored  
d ecom position  p ath w ays . 18 O perating  th e  mass spec-

(17) J. Diekman, J. K. MacLeod, C. Djerassi, and J. D. Baldeschwieler, 
J . A m e r . C h em . S oc ., 91, 2069 (1969).

(18) Loss of what formally is a molecule of acetone has been noted pre
viously (ref 7) in the spectra of simple unsaturated methyl ketones but only 
for i, R >  Ci, and in these cases the process is not the most favored fragmenta
tion path.

O
CH3CCH=CHR
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trometer in the defocusing mode, two metastable transi
tions leading to the mass 116 species are observed 
(Scheme III) with direct formation from the molecular 
ion predominating [(lb )/(la ) =  2.3].

S c h e m e  III

M+(m/e 174) -G . M+-4 3
*|(la)

----- :------ ► M+ — 58 (m/e 116)
(lb)

Several deuterium-labeled analogs of 6-phenylhex-
3-en-2-one were synthesized and their mass spectra 
were recorded (Table III) in order to uncover the origin

T a b l e  III
Deuterium I ncorporation into the Expelled 
N eutral Fragment D uring Formation o f  the 

M — 58 Peak in  the Spectrum o f  
6-Phenylhex-3-en-2-one°

0

% M + — 58 % M + — 59
6}6-d<L la 13 87
5,5-dï lb 94 6
4-d\ Ic 6 94

° Data obtained at 12 eV. See footnote a, Table I.

of the two hydrogen atoms which must be transferred 
to the ejected neutral acetone molecule in the course of 
this process. Clearly a C6 and the C4 hydrogen atom 
are implicated. Migration of the C4 hydrogen atom 
is remarkable, since fission through the C3-C 4 olefinic 
bond must also occur, meaning that a total of three 
bonds to C4 are broken. The possible interpretation 
outlined in Scheme IV is in accord with these labeling 
results.

S c h e m e  I V

Expulsion of C3H60  by ionized 6-phenylhex-3-en-2- 
one (I) is not atypical, as loss of 58 mass units consti
tutes common behavior of II-VI, especially at low 
ionizing energy where it accounts for the base peak in 
the 12 eV spectrum of each compound excepting 11- 
phenylundec-3-en-2-one (VI), in which m/e 104 ion 
formation is slightly favored. With the several deu
terium-labeled analogs of 7-phenylhept-3-en-2-one avail
able, it is again possible to closely examine the M+ — 
58 peak producing process (Table IV). As with 6- 
phenylhex-2-en-2-one a major source of migrating hy
drogen is the benzylic C7 position and two progenitors 
are found for the M + — 58 ions formed in the first 
field free region, the molecular ion (m/e 188) and the

M + — 43 ion (m/e 145), the relative intensity being 
1.6/1.19 The labeling results of II are more complex 
than those of I, since only 23% transfer of the C4 vinylic 
hydrogen is observed and notably 52%20 of the M + 
— 58 peak shifts to M + — 59 when the aromatic ring 
hydrogens are replaced with deuterium.

The labeling results are consistent with prior ex
change of hydrogen between certain positions (note 
that l ib  and Ilf give clean distributions) before re
arrangement and/or several differing specific paths. 
Nevertheless, since the aromatic and benzylic positions 
are the predominant sources of migrating hydrogen, a 
process such as that outlined in Scheme V (j —*■ k)

S c h e m e  V

appears reasonable. The scheme has the advantage 
of accounting for M+ — 58 ion generation irrespective 
of the distance between the phenyl and a;l3-unsaturated 
ketone function. The only further stipulation is that 
the alkyl chain be allowed to coil in such a way as to 
bring the two groups into proximity, which certainly 
seems plausible.615 The only higher homolog for 
which a labeled derivative was available is 8-phenyl- 
oct-3-en-2-one (III). In the spectrum of 8,8-d2-8- 
phenyloct-3-en-2-one (Ilia) 41% of the M+ — 58 
peak is shifted to M + — 59 and 9%  appears at M + — 
60. Thus, the benzylic position continues to be a 
major source of transferred hydrogen.

Like the process outlined in Scheme I, this double 
hydrogen rearrangement is not limited to ionized un
saturated methyl ketones. The a./t-unsaturated alde
hydes IX  and X IX  exhibit intense M+ — 44 peaks in 
their 12 eV mass spectra while the ethyl and propyl 
unsaturated ketones of X II and X III generate abun
dant M + — 72 and M+ — 86 ions, respectively (Table
V). Furthermore, allylic or tertiary hydrogen centers 
readily trigger this process (XIV, XV, X X II). On the 
other hand double hydrogen transfer is not such a fa
vored fragmentation path for the unsaturated esters 
and acids examined.

(19) In instances in which a value such as this is cited, the number given 
reflects the behavior of only those ions possessing an amount of excess energy 
such that they fragment in the first field free region. Thus, the behavior of 
only a small group of ions is observed. Those higher energy ions fragmenting 
in the source area which constitute the normal mass spectrum could give a 
quite different value.

(20) The 52% is a minimum value since correction for deuterium in
corporation (71% ds, 24% di, 5% d%) was made assuming equal distribution 
of label about the ring positions; furthermore, it is not known whether 
hydrogen transfer originates from a specific ring position (s).
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T a b l e  IV
D e u te r iu m  I n c o r po ratio n  in to  thf. E x p e l l e d  N e u t r a l  F r a g m e n t  d u r in g  th e  F o r m a t io n  o f  the

0
M — 58 Peak in  the Spectrum o f  7-Phenylhept-3-en-2-one (II)“

% M + -  58 % M + -  59 % M + - 6 0  % M +  — 61 % M +  — 62 % M +
7,7-dt Ila 12 77 12
6,6-d2 l ib 97 3
& )5~d% l ie 89 11
4-di lid 77 23
C6Ds- I lf 48 52
1,1,1-ds l ie 100
1,1,1,3,5,5-d* Hg 10 90

“ Data obtained at 12 eV. See footnote a, Table I.

T a b l e  V
A b u n d an ce s  o f  I o n is  F orm ed  b y  D ou ble  H h yd ro g en  T r a n sf e r  w it h  F issio n  th r o u g h  th e  O l e f in ic  B ond  

a f t e r  I o n iza t io n  o f  V a r io u s  P h e n y l -S u b st it u t e d  U n sa t u r a te d  C a r b o n y l  C om pounds

Compd
0

I

XIX

XX

XXI

II

IX

XI

X

VIII

XXII

XIV

XV

XII

xm

Peak formed 
by process

116 (M -  58) 

116 (M  -  44) 

116 (M  -  88)

116 (M -  60) 

130 (M  -  58) 

130 (M  -  44) 

130 (M  -  88) 

130 (M -  74) 

130 (M -  60)

66 (M -  58) 

80 (M -  58) 

82 (M -  58)

130 (M -  72) 

130 (M -  86)

% rel
abundance

-70 eV----------------
% total 

ionization, Xto

----------------- 12 eV
% rel 

abundance
% total 

ionization, 2 «

20 l i 100 41.1

17 10 100 40

1.3 0.9 10 3.6

2.5 1.6 92 19.7

60 10.5 100 33.3

46 10 100 36

36 5.5 38 10.5

37 6.3 60 14

28 7 100 16.2

9 2.4 23 5.8

34 7.5 100 21.4

22 5.5 100 20

40 9.7 74 29.6

35 10.9 82 20.5

m/e 91 Peak.—As mentioned earlier, the mass 91 
ion is a dominant feature of the mass spectra of II-V I 
at high electron beam energies. Its intensity sharply 
diminishes at 12 eV (Figure la vs. Figure lb), and this 
behavior is consistent with a high activation energy for 
this bond cleavage process. Data in Tables VI and 
VII, however, indicate that the situation is more com
plex. Table VI lists the shifts of the m/e 91 peak in

the spectra of analogs la, Ha, and I lia  in which the 
benzylic position has been specifically deuterated. 
While 96% of the m/e 91 peak in the spectrum of 6,6- 
d2-6-phenyl-3-en-2-one (IVa) is shifted to m/e 93, only 
78% shifts to mass 93 in the spectrum of 7,7<k-7- 
phenylhept-3-en-2-one (Ila), 13% being found at m/e 
92 and 9% remaining at mass 91. Similarly intriguing, 
only 60% of the m/e 91 peak appears at mass 93 in the
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T a b l e  VI
Shift of th e  m /e 91 Peak in the M ass Spectra of 

D euterium-Labeled A nalogs of 1-111°
% of m/e 91 peak 

/------which appears at------ •

p
Compd
O

91 92 93

T)

■ v A

0

la 1 3 96

D

na 9 13 78

Ilia 18 23 60

“ Data collected at 70 eV; see footnote a, Table I.

Other Ci3H i60  Double Bond Isomers.—It has been 
observed that the mass spectra of 1-phenylheptene 
isomers are qualitatively identical owing to the ease of 
double bond migration after ionization.8 Therefore, 
it is pertinent to compare the mass spectra of phenyl- 
substituted unsaturated ketone isomers of II in which 
the double bond is not in conjugation with the carbonyl 
function (e.g., X X III-X V ). The only abundant ion

0  0

XXIII XXIV

O

XXV

T able VII
Shift of the m /e 91 Peak in the Spectra of 

Deuterium-Labeled A nalogs of II“
% of peak at m/e 91 in the

.------spectrum of II which appears at------.
91 92 93 94 95 96

8 92
9 13 78

87 13
78 22
97 3

100 0
78 22

“ See footnote a, Table I ; data taken at 70 eV and corrected 
for contribution of m/e 92 peak.

spectrum of S,S-d2-8-phenyloct-3-en-2-one, 18% actu
ally remaining at m/e 91. It is evident that consider
able hydrogen exchange is occurring in the last two 
cases. Shifts of the m/e 91 peak in the other available 
labeled analogs of 7-phenylhept-3-en-2-one (II) are 
shown in Table VII. The major contributors to the 
exchange process are the allylic hydrogens at C5 and 
those at C6.21

Generation of the m/e 91 peak in 6-phenylhex-3-en-
2-one (I) is especially facile because the bond cleaved 
is both benzylic and allylic. This accounts for the 
relatively low degree of hydrogen exchange. In com
pounds II and III a slightly higher energy bond must 
be broken and additionally, more degrees of freedom 
are available in which to distribute excess excitation 
energy. Hydrogen exchange, thus, is more evident in 
the latter two cases. It is also conceivable that low 
activation rearrangement pathways involving hydrogen 
exchange could be directly contributing to mass 91 ion 
formation and concomitantly to the labeling results. 
The tropylium ion structure 1 is favored for the m/e

1

91 species22 and in these examples cleavage may be 
accompanied to some extent by simultaneous rearrange
ment to 1.

(21) The data are internally consistent; i.e., the sum of deuterium migra
tion from positions C<, Cs, and C6 approximately equals that observed when 
C7 and the aromatic ring positions are labeled.

(22) I. Howe and F. W. McLafferty, J. Amer. Chem. Soc., 93, 99 (1971).
and references cited therein.

generated by ionized 7-phenylhept-6-en-2-one (X X III) 
at 70 eV has mass 130. Minor fragments of mass 43, 
91, and 115 are observed. At 12 eV the ion of mass 130 
accounts for 85% of the total ion current.23 While in 
the case of 7-phenylhept-3-en-2-one (II) a double hy
drogen transfer process is required for M + — 58 ion 
formation, in this instance a simple McLafferty re
arrangement with preferred charge retention by the 
olefmie species m rather than the carbonyl-containing 
fragment no doubt accounts for the m/e 130 peak 
(Scheme V I).

Schem e  VI

m, m/e 130

The spectra of ionized 7-phenylhept-5-en-2-one 
(XXIV) at 70 and 12 eV are virtually identical with 
those of X X III except for the much smaller molecular 
ion peak in the former. To elucidate the rearrange
ment pathway involved in the formation of the mass 
130 species from ionized X XIV , the spectrum of its
7,7-(hi labeled analog XXIVa was examined. Direct 
transfer of a C7 deuterium atom to the carbonyl oxygen 
through an eight-membered transition state, n —► p 
(Scheme VII, path A) would require that the 130 peak 
shift solely to m/e 131 in the spectrum of XXIVa. 
In actual fact, however, 48% of the m/e 130 peak ap
pears at m/e 131 and 52% at m/e 132. This striking 
result is best accommodated by double bond isomeriza
tion (1,3-hydrogen shift) to the C6-C 7 position after 
ionization giving o and subsequent transfer of either 
hydrogen or deuterium from Cs via a six-membered 
transition state yielding respectively ion q (m/e 132) and 
ion p (m/e 131).

The /3,'y-unsaturated ketone isomer 7-phenylhept-4- 
en-2-one (XXV), on the other hand, exhibits a mass 
spectrum qualitatively similar to that of 7-phenylhept-
3-en-2-one (II). The m/e 91 and 43 ions account for 
slightly higher portions of the ion current in the 70 eV 
spectrum of X X V  compared with that of II, and at low

(23) Corrected for 13C isotope contributions. The molecular ion accounts
for the remaining 15%.

0

c 6d 5 I lf
7,7-d.i l ia
6,6-di l ib
5,5-di l ie
4~di lid
1,1,1-dz He
1,1,1,3,5,5-d* Hg
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Sch em e  VII

+•

D D
o, m/e 190

hydrogen
transfer

n, m/e 190

f

deuterium
transfer C6H5CD==CHCH=CH21+' 

p, m/e 131

OD
I

+ ch2= cch3

c6h5cd= cdch= ch2] +'
q, m/e 132

ionizing voltage a notable difference is that the m/e 
97 ion (M+ — 91) rather than m/e 130 is base peak. 
These observations are reasonable, since a cleavage 
involves allylic rather than vinylic fission and the bond 
broken in the process of m/e 91 and m/e 97 generation 
is both benzylic and allylic in the case of X XV . Migra
tion of the double bond into conjugation with the car
bonyl group prior to fragmentation would account for 
the qualitative similarities of the spectra.

Examination of the data presented in Table VIII re
veals, however, that the relative stability of the de
parting radical has an important influence on the most 
favored ejection modes. Six-membered ring formation 
would be consistent with the generation of the intense 
m/e 97 peak (M+ — 91) in the spectrum (Figure lb) 
of 7-phenylhept-2-en-3-one (II). However, in the 
spectrum of 8-phenyloct-3-en-2-one (III) and 9-pyenyl- 
3-en-2-one (IV) loss of the more stable benzyl radical 
effectively dominates the factor(s) (ring formation is a 
plausible one) favoring production of the m/e 97 species 
in the aliphatic ketone series. On the other hand, 
benzyl radical expulsion is not the dominant route fol
lowed by ionized 10-phenyldec-3-en-2-one (V) and 11- 
phenyldodec-3-en-2-one (VI), thus confirming that the 
interplay of several factors must determine the extent 
to which the various possible radicals are ejected.

The shifts of the mass 97 peak in the spectra of the 
labeled analogs of II appear in Table IX . Significant 
exchange of the C7 (benzylic), C5 (allylic), and aro
matic ring hydrogen atoms occurs before cleavage. A 
reciprocal hydrogen transfer process of the type illus
trated in Scheme VIII (s -> t) offers a plausible ex-

Sch em e  VIII

C6H£

Part B

Expulsion of various phenyl-substituted alkyl radi
cals from the molecular ions of II-V I is a favored frag
mentation behavior (Table VIII). Peaks formed as a 
result of these processes generally increase in relative 
intensity at low ionizing energy, indicating that low ac
tivation energy rearrangement pathways are likely 
being followed. Phenyl substitution is not a strict re
quirement for radical expulsion. The 12-eV spectrum 
of oct-3-en-2-one (Figure 3) contains a prominent m/e 
97 ion (M+ — C2H5) for which structure r, consistent 
with labeling results, has been postulated.7 Prefer
ential formation of this six-membered ring structure is 
a satisfactory explanation for the predominance of m/e 
97 ion formation (M+ — R -) in the series of unsatu
rated ketones VII, X X V II, and XXVIII.

CH3COCH=CHCH2CH2R
VnR = C2H5 

xxvn r = c3h, 
xxviii r = c4h9r, m/e 97

t, m/e 98

planation for C7-C 5 hydrogen exchange. As observed 
for the mass 91 ion, M+ — 91 ion formation by III 
upon electron impact is accompanied by increased ex
change of the benzylic hydrogens relative to II. In 
the 12 eV spectrum of the 8,8-d2 analog I lia  only 35% 
M+ — 93 loss is observed while 48% M + — 92 and 
17% M+ — 91 expulsion is seen.

Further Discussion.—An abundant metastable ion 
at m/e 56.7 is found in the spectrum of II representing 
the ejection of a methyl radical from the mass 84 ion. 
Metastable defocusing confirms the mass 84 ion as a 
parent to the m/e 69 species. In the spectrum of 
1,1 ,l-d3-phenylhept-3-en-2-one (lie), the m/e 84 peak 
shifts quantitatively to m/e 87 while 84% of the m/e 69

T a b l e  VIII
P h e n y l -S u b st it u t e d  A l k y l  R a d ic a l  E x p u l sio n  P rocesses  in  t h e  M ass  Sp e c t r a  o f  th e  

P h e n y l -S u b st it u t e d  K e t o n e s  II-V I
,-------------------------------------- -Radical expelled (relative abundance, 12 eV)-------

PhCHîCHi- Ph(CH2)3CH2- Ph(CH3)aCH2- Ph(CH2)iCH2
Compd PhCHî* (M -  91) (M -  10S) (M -  119) (M -  133) (M -  147)

C6H5(CH2)3C H = C H (C = 0 )C H 3 II 97« (57)”
C6H 5(CH2)4C H = C H (C = 0 )C H 3 III 111 (87) 97 (14)
C6H5(CH2)5(C H = C H (C = 0 )C H 3 IV 125 (79) 111 (41) 97 (52)

97 (19)C6H5(CH2)6C H = C H (C = 0 )C H 3 V 139 (18) 125 (52) H I  (9)
97 (15)CsH5(CH2)7C H = C H (C = 0 )C H 3 VI 153 (3) 139 (2) 125 (20) 111 (0)

° Mass of ion formed. b Relative abundance.
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T a b l e  I X
S h if t  o f  m/e 97 P e a k  in  th e  M ass S p e c t r a  o f  D e u t e r iu m -L a b e l e d  A n alo g s“ o f  I I

0
C„H, f .  '

97 98

c 6d 5- Ilf 70,6 79' 30, 21
7,7-dï l ia 84, 63 15, 36
6,6-d2 Ilb 2 ,2
5 j 5~di Ile 1 ,4 45, 42
4~di Ild 0, 0 100, 100
1,1,1-d, Ile
1,1,1,3,6,6-d,5 Hg

See footnote a, Table I. 6 70 eV. ° 12 eV.

•% of m/e 97 peak which appears at---------------------------
99 100 101 102

i , i
98, 98 
54, 54

1, 1 99, 99
1, 3 55, 55

103

44, 42

T a b l e  X
A bu n d a n c e  o f  m/e 104, M + — 104, an d  M  — H20  I ons  in  S p e c t r a  o f  II-V I (12 eV)

-----------------m/e 104----------------  ,------------ M + -  104-------------- ------------- M + -  HA)

Compd
% rel 

abundance
% total 

ionization, 240
% rel 

abundance
% total 

ionization, 2io
% rel 

abundance
% total 

ionization, 2 «
C6H5(CH2)3C H = C H (C = 0 )C H 3 II 7 2.3 78 26.6 2 0.7
C6H5(CH2),C H =C H  (C = 0  )CH3 III 40 6 .0 8 1 .2 14 2 .1
C6H5(CH 2)5CH =C H (C =0 )CH3 IV 45 5.5 9 1 .1 51 6 .1
C6H5(CH2 )6C H = C H  (C = 0  )CH3 V 43 4.9 2 0 .2 56 6.4
C6H5(CH2)7C H = C H (C = 0 )C H 3 VI 60 12 2 0.4 15 3

peak  rem ains at mass 69, dem on stratin g  th at p redom 
inant e jection  o f the C i ca rb on  a tom  and attached  h y 
drogens is tak in g  p lace (Schem e I X ,  R  =  C H 3). S ig-

Sch em e  I X

c (R =  CH3) m/e 69
or — ► or 

HR
a (R =  CH3)

m/e 69
b (R =  CH3)

nificant m/e 69 peaks are likew ise seen in  th e  70 eV  
spectra  o f  8 -p h en yloct-4 -en -3 -on e  (X I I ,  R  =  C 2H 5) 
and  9 -ph en yln on -5 -en -4 -on e  (X I I I ,  R  =  C 3 H 7 ) .  T h e  
appropria te  m etastable  peaks are observed  for  these 
latter tw o  cases su p p ortin g  th e  pa th w ay  outlined  in 
S chem e I X .

P h en y l su bstitu tion  stim ulates th e  loss o f  H 20  from  
the m olecu lar ions o f  com pou n ds I I I - V I  at low  ion izing 
vo lta g e  (T a b le  X ) .  In  th e  spectru m  o f 11-phenyl- 
u n d ec-3 -en -2 -on e  (V I) th e  M +  — 18 ion  has a 5 4 %  
rela tive abundance, th e  base peak  bein g  th e  m olecular 
ion . S im ilarly , th e  mass 104 ion , a lthough  o f m inor 
im p ortan ce  in  th e  12 eV  spectru m  o f  I I  (F igu re lb ) ,  
exh ib its  a h igher degree o f  prom inen ce in the low  v o lt 
age spectra  o f  I I I - V I  and th e  mass 104 ion , in fa ct, 
is th e  m ost abu ndan t fragm en t generated  b y  V I  u p on  
ion ization . L arge-m em bered  tran sition  states cou ld  
b e  in v o lv e d  on  th e  transfer o f  th e  single h y d rog en  atom  
th a t is necessarily  p a rt o f  th is  latter process. O n the 
oth er hand, d ou b le  b o n d  m igration  to  the y ,8  p osition  
rela tive to  th e  ben zy lic  ca rb on  a tom  fo llow ed  b y  h y 
drogen  transfer th rou gh  a favorab le  six-m em bered  
rin g  is also possible. In  the spectru m  o f 8 ,8 -8 2 -8- 
p h en y loct-3 -en -2 -on e  ( I l ia )  6 3 %  o f th e  m/e  104 peak  
m oves  to  m ass 105, 1 7 %  to  106, w ith  2 0 %  rem ain ing 
at m/e  104. T h u s, th e  progen itors o f  th e  mass 104

O

species possess sufficient lifetim es fo r  exten sive  h y 
drogen  exchange to  take place, and co n co m ita n t d ou b le  
b on d  m igration  in these ions w ou ld  n o t b e  surprising. 
M ass 104 ion  generation  b y  variou s 1 -ph en ylh epten e 
isom ers w as fou n d  to  be  far from  stra igh tforw ard , and 
several rearrangem ent path w ays in v o lv in g  exten sive 1 , 
2 and 1, 3 h yd rogen  sh ifts w ere in v ok ed  to  explain  the 
labeling d a ta .8

Ion Cyclotron Resonance Studies.—In  order to  
d ifferentiate betw een  path s A  and B  (Schem e I ) ,  facile  
and unam biguous generation  o f  th e  isom eric en one b  
and  d ien ol c  C 5H 60  ions b y  electron  im p act fo llow ed  
b y  a com parison  o f  the ion -m o le cu le  reactions o f  each  
b y  ion  cy c lo tro n  resonance techn iques w ou ld  b e  neces
sary. T h e  enone ion  b  is generated  b y  ion iza tion  o f 
pen t-4 -en -2 -on e  ( X X I X )  and  th e  ion  cy c lo tro n  reso
nance spectrum  o f X X I X  does d isp lay  a stron g  m olec
ular ion  at m ass 84 .24 T h e  tw o  a -cleavage  ions, m/e 
43 (aa) and 69 (fcb), result from  collision  in du ced 23 or 
u nim olecular d ecom position s o f  ion ized  pen t-4 -en -2 - 
one. Io n -m o le cu le  reactions p rodu ce  th e  p roton a ted  
m olecu lar ion  (u, m/e 85) and the loose ly  b ou n d  p ro 
ton a ted  dim er (v , m/e 1 6 9 ).17-22 Surprisingly, n one o f

XXIX m/e 84 u, m/e 85

v, m/e 169
the con densation  reactions fou n d  in  the ion  cy c lo tro n  
resonance sp ectra 17’26 o f  saturated  alkanones are o b -

(24) It is reported (E. Stenhagen, S. Abrahamsson and F. W. McLafferty, 
“ Atlas of Mass Spectral Data,”  Vol. 1, Interscienee Publishers, New York, 
N. Y., 1969, p 124) that this molecular ion of pent-4-en-2-one is very weak 
at 70 eV, but we observed that this peak carries 24% of the total ion current 
at 12 eV.

(25) F. Kaplan, J. Amer. Chem. Soc., 90, 4483 (1968).
(26) F. Kaplan, unpublished work; F. Kaplan, J. L. Beauchamp, J. Diek

man, and C. Djerassi, unpublished observations.
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m/e
Figure 6.—Ion cyclotron resonance spectrum of pent-4-en-2-one (X X IX ), ui/2ir =  123.0kcps, 6 X  10_6Torr, 14 eV

served, th ereby  elim inating th e  possib ility  o f u tilizing 
con densation  reactions to  d ifferentiate betw een  the iso
m eric mass 84 ions. Such  reactions are im portan t in 
d istinguishing betw een  th e  enol and k eto  ions o f  acetone. 
E m phasis thus focu ssed  on  p ro ton  transfer reactions for  
purposes o f distinguish ing th e  enone b  and d ienol c  iso
mers. Pulsed d ou b le  resonance spectra  o f  the p roton - 
ated m olecular ion  u (m/e 85) reveal th a t on ly  the 
m/e 43 acy lium  ion  aa transfers a p ro ton  to  neutral 
pent-4 -en -2-one. T h a t p ro ton  transfer from  the enone 
b  (m/e 84) ion  to  neutral k eton e does n ot occu r was 
determ ined b y  pulsed d ou b le  resonance experim ents on  
th e  p roton ated  m olecu lar ion  o f 3 -h eptan on e (equim olar 
m ixture w ith  pen t-4 -en -2 -on e).

F ragm en tation  o f th e  m olecu lar ion  o f 2 -v in y l-1- 
m e th y lcy c lo b u ta n -l-o l ( X X X )  shou ld  y ie ld  th e  de
sired d ien ol ion  c  o f  m ass 84. A lth ou gh  th e  12 eV  mass 
spectru m  (F igu re 6) o f  th is com p ou n d  indicates th at 
the preferred  ring fission  in volves loss o f  bu tad ien e 
( X X X  —  w , S ch em e X ) ,  th e  m/e 84 peak  ( X X X  —  c)

S ch em e  X

OH

jr  c, m/e 84

w, m/e 58

is o f  sign ificant enough  in ten sity  (4 7 % , S 4o =  9 .8 ) to  
b e  usefu l in  ion  cy c lo tro n  resonance experim ents. 
W ith  the in ten tion  o f  stu dy in g  p ro ton  transfer from  the 
d ien ol ion  c  to  a neutral k eton e  accep tor, th e  ion  cy c lo 
tron  resonance spectru m  o f a m ixture o f  2 ,2,4,4-dr3- 
h ep tan on e27 ( X X X I )  an d  2-v in y l-l-m e th y lcy c lo b u ta n -
l - o l  ( X X X )  w as recorded . A s an ticipated , th e  on ly  
peaks observed , excep t fo r  those a ttribu ted  to  th e  n or
m al u n im olecu lar d ecom p osition  o f com p ou n d s X X X

(27) A deuterated analog (X X X I) of 3-heptanone was utilized so as to
move the protonated molecular ion of 3-heptanone into a region of the spec
trum entirely free of other peaks. The protonated molecular ion thus has a 
mass of 119 and the deuterated molecular ion a mass of 120.

and X X X I ,  are those associated w ith  the p roton ated  
(x, m/e 119) and deuterated  (y , m/e 120) m olecular 
ions o f  $ ,# ,4 ,4 -dr3 -h ep tan on e  ( X X X I ) .  I t  w as sur-

CH3CD2COCD2CH2CH2CH3 c h 3c d 2c c d 2c h 2c h 2c h 3

X X X I x, R = H, m/e 119
y, R =  D, m/e 120

prising to  observe  th at the d ien ol species (c) o f  mass 84 
does not transfer a p ro ton  to  the neutral ketone ( X X -  
X I ) .  T h e  ion  o f mass 43 is th e  on ly  significant p roton  
transfer agent, as its signal p ictu red  in th e  d ou b le  reso
nance spectrum  (F igure 7) is on ly  2 0 %  o f  its actual 
intensity . A s  observed  in  p rev iou s studies , 17 th e  mass 
58 aceton e  enol ion  don ates a p ro to n ; and to  a very  
m inor exten t the en olic  species o f  m ass 7628 and th e  a- 
cleavage ion  o f mass 59 also d on ate  a p ro ton  to  th e  3- 
heptanone analog ( X X X I ) .  O ther w ork  in these 
labora tories29 has show n th at trieth ylam ine is far supe
rior to  a liphatic ketones in abstractin g  proton s from  
charged  species, b u t  ion  cy c lo tro n  resonance experi
m ents in vo lv in g  a m ixture o f  trieth ylam ine and 2- 
v in y l- l-m e th y lcy c lo b u ta n -l-o l ( X X X )  in d icated  again 
th at n o  p ro ton  transfer from  th e  d ien ol ion  c to  tr ie th y l
am ine occurs.

S ince n o  ch aracteristic reactions w ere observed  for 
th e  C 5H 80  ions o f  either th e  d ien ol (c ) or enone (b ) 
structure, n o  statem ent is possible con cern in g  the stru c
tu re  o f  the mass 84 ion  generated  from  7 -ph en yl-3 - 
h ep ten -2 -on e  (I I ) . T h e  inertness o f  th e  C 5H 80  ions 
tow ard  io n -m olecu le  reactions under experim ental 
con d ition s17 in  w h ich  the aceton e  enol and k eto  species d o  
indeed  react deserves fu rth er com m ent. P ro to n  trans
fer reactions from  the d ien ol c  m ay  be  en doth erm ic and 
thus n ot detectable . A lth ou gh  th e  C 3H 6O enol ion 
read ily  transfers a p ro ton  to  neutral species, subtle 
changes in ion  structure can to ta lly  a lter the rea ctiv ity  
o f  the ion. T h e  add ition a l con ju gated  d ou b le  b on d  in

(28) This enolic species is generated from ,̂£!,4,-4"d4-3-hepfcanone via the 
McLafferty rearrangement.

OH

Dv^ ^ c d 2ch3
D

ii, m/e 76
(29) M. Sheehan and C. Djerassi, unpublished observations.
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Observe m/e 119

Figure 7.—The pulsed double resonance spectrum of the M  +  1 
(m/e 119) ion of 2,2,^,/f-d4-3-heptanone (X X X I) in an equimolar 
mixture of 2-vinyl-1-methylcyclobutan-l-ol (X X X ), and 2,2,4,4- 
(h-3-heptanone. The species of mass 119 is observed with &jl/2?r 
=  151.0 kcps, while frequency o>2 is swept through the mass 
range 40-115. The recorder has been increased in attenuation 
to the point where the intensity of the m/e 43 signal is only 20% 
of its true value. This was done in order to observe any possible 
minor contributions from the m/e 84 species. The spectrum was 
recorded at 5 X 10 “ 6 Torr, 0.08 irradiating voltage, and 13 eV 
ionizing energy.

d ien ol c  m ay  a llow  deloca lization  o f  th e  p ositive  charge 
th rou gh ou t th e  ion  so as to  m ake transfer o f  a p roton  
an u n favorab le  process. I t  is also a p ossib ility  th at 
th e  d ien ol ion  c rearranges to  som e oth er structure, per
haps b , w h ich  does n o t p articipate  in  p ro ton  transfer 
reactions. T h a t th e  m /e  84 enone ion  b  does n o t take 
p a rt in  th e  con densation  reactions fou n d  to  b e  ty p ica l 
o f  sm aller a liphatic k eto  ions is also surprising, since 
b o th  th e  radica l elim inated  and  th e  p ro d u ct ion  form ed  
w ou ld  appear to  b e  qu ite  stable species (S ch em e X I ) .

RCOR +  RCOR

S c h e m e  X I 

R^
R

+ K  o-

RX ,c=o—c-

R„
R

.  + Ic=o—c=o

RCOR +  RCOCH2CH2CH,R'
R .

R
+ I

C= 0 - C - 0  HR kKR'_

| -CH.=CHR'

- f
C = 0 — C— OH

CH-,

T h e  presence o f  a d ou b le  b o n d  in  the /3,7 p osition  o f the 
side chain  o f b  app aren tly  m akes the occu rren ce  o f  these 
reactions less favorable .

Synthesis of Labeled Compounds.— In  general, th e  
deuterium -labeled  a,/3-unsaturated k eton es em p loyed  
in th is stu dy  w ere prepared  b y  the reaction  o f  the 
appropria te  deuterium -labeled  a ldeh yde w ith  th e  
y lid e  derived  from  2 -oxoprop y ltrip h en y lp h osp h on iu m  
ch loride. T h e  a ldehydes w ere synthesized  as outlined  
in S chem e X I I  (A . B ,30 C ,30 D ) . D eu teriu m  w as first

S c h e m e  X II

C6H5CD2Br
1. Mg, CH2=C H C H 2Br
2. BHs.IRO;

3. (CsHsNRCrOs
C6H5CD2(CH2)2CHO 

X X X II  (A)
1. (COiEtRCH-Na*
2. NaOH, then acid

3. HBr-IRSO,
- 9- C6H5CD2CH2CH2Br

ref 30

C6H5CD2(CH2)3CHO
X X X V

CgHsCHsCDsBr
ref 30

C6H5CH2CD2CH2CHO (B) 
X X X III

1. Mg, CiHsOCHfOEth
C6H5(CH2)2CD2B r -------- ------ —----------->  C6H5(CH2)2CD2CHO

C6D6

2. DCl-DaPOi

1. Succinic anhydride, AlCh
2. N2H4, KOH

X X X IV
(C)

3. LiAlH<
4. (CsHsNR-CrOs

- >  C6D5(CH2),CHO. (D) 

X X X V I

(CHjIj

C6H5CD2CHO +  (C6H5)3P— CH2(CHACCH3
, Br"

L BuLi, ether 
2.5ffo HCIO4-THF

0
II

C6H5CD2CH=CH(CH2)2CCH3 (E) 
XXIV a

1. CDsMgX
C6H5(CH2)3C H = C H C H 0 ----------------------->

2. (CsHsNR-CrOi

o
II

C6H5(CH2)3C H =C H C C D 3 (F) 
I lf

in trodu ced  in to  a su itable ph eny l-su bstitu ted  a lcoh ol 
b y  lith iu m  alum inum  deuteride red u ction  o f th e  corre 
spon d in g  acid , fo llow ed  b y  a lk yl ch ain  h om olog a tion  
o f th e  correspon d in g  labeled  a lkyl halide. R e a ctio n  o f 
«-d eu teriu m  labeled  aldehydes such as X X X I V  w ith  
th e  y lid e  was com p lica ted  b y  exchange o f th e  deu teriu m  
atom s w ith  th e  a ctive  h ydrogen  o f  th e  y lid e  under a 
v a rie ty  o f  experim ental con d ition s .31 H ow ever, stir
ring  equ im olar am ounts o f  L i2C 03, th e  p h osph on iu m  
salt, and  a ldeh yde X X X I V  in  7 0 %  T H F -H 20  o v e r 
n ight at room  tem perature e ffective ly  a v o id ed  th is  
problem .

7,7 -do-7 -P henylhept-5 -en -2-one (X X I V a )  and  1,1,1- 
d3-phenylhept-3-en-2-one ( I l f )  w ere m ade as illustrated  
in  S ch em e X I I  (E  and  F , re sp e ctiv e ly ).

(30) (a) A. I. Meyers, A. Nabeya, H. Adickes, and I. R. Politzer, J. Amer. 
Chem. Soc., 91, 763 (1969); (b) A. I. Meyers, E. M. Smith, and A. F. Jur- 
jevich, ibid., 93, 2314 (1971), and references cited therein to experimental 
procedures.

(31) T. B. Malloy, Jr., R. M. Hedges, and F. Fisher, J. Org. Chem., 35, 
4256 (1970).
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Experimental Section

Mass spectra were obtained by Mr. R . G. Ross using an AEI 
MS-9 double-focusing mass spectrometer (heated inlet 150°, ion 
source temperature 180°) and by Mr. R. Conover on an Atlas 
CH-4 instrument using an E-4B ion source and direct insertion 
probe (samples absorbed on charcoal). Spectra of compounds 
run on both of these instruments were essentially identical. The 
direct inlet procedure had the advantage of minimizing metal- 
catalyzed dehydrogenation observed to a slight extent when 
several of the samples were passed through the heated inlet system 
of the MS-9. Metastable transitions in the first field-free region 
were observed with the aid of the defocusing procedure.11 The 
Varian V-5900 spectrometer fitted with a dual inlet system was 
used in the ion cyclotron resonance studies. The spectrometer, 
the method, and applications of single and double resonance 
have been described.32 33 Compounds were submitted for mass 
spectral measurement only after purification by vapor phase 
chromatography (6 ft X 0.25 in., 3%  OV 25 on Gas-Chrom Q; 
6 ft X 0.25 in, 5%  Carbowax 20M on Chromosorb W, both 
columns glass).

Infrared characterization was carried out using a Perkin- 
Elmer Model 700 spectrophotometer. Nmr spectra were ob
tained with either a Varian Model T-60 spectrometer or a 
Varian HA-100 spectrometer (measured by Mr. M. Bramwell) 
and are recorded in 5 values with carbon tetrachloride as solvent 
and tetramethylsilane as an internal reference standard. The 
spectral characteristics not explicitly stated of all compounds used 
in this study were found to be in agreement with the material’s 
assigned structure. The elementary composition of all new 
compounds was determined by mass spectral molecular weight 
determination.

a,/3-Unsaturated Ketones C6H5(CH2)„CH=CHCOCH3 (re =
2 - 7) ; i - V I ) .— Compounds I-V I were prepared from the ap
propriate aldehyde precursor by similar procedures illustrated 
for II  (re =  3). 4-Phenylbutanal was prepared in 80% yield by 
oxidation of 4-phenylbutanol34 on a 10-mmol scale using chromium 
trioxide-pyridine complex made in situ.30 The aldehyde (1.0 g,
6.75 mmol), 2-oxopropyltriphenylphosphonium chloride (2.4 g,
6.75 mmol), and 800 mg of sodium carbonate were stirred with 23 
ml of tetrahydrofuran and 7 ml of water at reflux for 15 hr. 
Ether was added, the layers were separated, and the organic 
material was washed with brine and dried over magnesium 
sulfate. Evaporation of the solvent was followed by the addition 
of hexane and gravity filtration to remove the crystalline tri- 
phenylphosphine oxide. The hexane was evaporated and the 
product was distilled (bulb to bulb, 1 Torr) to give 1.1 g (87%) 
of 7-phenylhept-3-en-2-one (II). Analysis by vpc showed the 
presence of two isomers (ratio ~  90:10) and the major peak was 
collected: ir A” “‘  1618, 1670, and 1690 cm-1; nmr 5 1.83 (m, 
2 H, CH2CH2CH2), 2.12 (s, 3 H, COCH3), 2.22 (m, 2 H, CH2- 
CH2C H = ), 2.64 (t, 2 H, C6H5CH2CH2), 5.96 (d, 1 H, J  =  16 
Hz, CH =CH C O ), 6.65 (d of t, 1 II, CH2C H = C H ), 7.12 (m, 5 
H, CeH6). The 16-IIz coupling constant allows assignment of 
trans double bond geometry.

The other aldehydes used in preparation of III-V I were ob
tained as follows. 3-Phenylpropanal is commercially available.
5-Phenylpentanal was obtained in moderate yield from 1-bromo-
3- phenylpropane using the procedure of Meyers, et al.30 The 
precursor of IV (re =  5), 6-phenylhexanal, is available by con
version of 4-phenylbutanol to its bromide (hydrobromic acid- 
sulfuric acid) and then two carbon chain homologation employing 
the standard diethyl malonate procedure.36 Reduction of the 
resulting 6-phenylhexanoic acid to its alcohol and subsequent 
oxidation35 gave 6-phenylhexanal.

The synthesis of 7-phenylheptanal was accomplished by first 
converting 6-phenylhexanol to its bromide. Then, under argon, 
643 mg of magnesium (26.4 mmol, 10% excess) was placed in a 
dry 250-ml flask equipped with magnetic stirrer, reflux condenser,

(32) J. L. Beauchamp, Ph.D. Thesis, Harvard University, Cambridge, 
Mass., 1967.

(33) J. D. Baldeschwieler, Science, 159, 263 (1968).
(34) Prepared by reduction of 4-phenylbutanoic acid, the synthesis of 

which is described by E. L. Martin, “ Organic Syntheses,”  Collect. Vol. II, 
Wiley, New York, N. Y., 1943, p 499.

(35) R. Ratcliffe and R. Rodehorst, J. Org. Chem., 35, 4000 (1970).
(36) (a) R. Adams and R. M. Kamm, “ Organic Syntheses,” Collect. Vol. 

I, Wiley, New York, N. Y., 1932, p 250; (b) E. Vliet, C. S. Marvel, and C. M. 
Hseuh, “ Organic Syntheses,”  Collect. Vol. II, Wiley, New York, N. Y., 
1943, p 416.

and serum cap. l-Bromo-6-phenylhexane (500 mg) in 3 ml of 
dry ether was added. After reaction initiation the remainder 
of the bromide (5.04 g, 24 mmol total) was added with 75 ml of 
ether. After heating under reflux for 45 min the mixture was 
cooled (ice bath) and diethyl phenyl orthoformate32 33 34 35 36 37 (4.24 g, 21.6 
mmol) in 10 ml of ether was added. The mixture was refluxed 
for 1 hr, cooled to room temperature, and poured into 30% 
ammonium chloride. The organic layer was washed with 5% 
sodium hydroxide (three times), water, and brine. Distillation 
gave 3.8 g of the diethyl acetal of 7-phenylheptanal (63% from 
the bromide).38 Conversion to the aldehyde was done by stirring 
the acetal (25°) with 25 ml of 5%  hydrochloric acid overnight 
(argon). Distillation (bulb to bulb, 1 Torr) gave 7-phenyl
heptanal (2.4 g, 90%).

8-Phenyloctanal was prepared by oxidation35 of 8-phenyloctan-
l-ol, which was made from l-bromo-4-phenylbutane by successive 
diethyl malonate homologations and reduction of the resulting
8-phenyloctanoic acid.

O-Methyloxime Derivatives.—Due to the low-intensity 
molecular ion peak observed for compounds I la -f it was necessary 
to find a suitable derivative having an abundant molecular ion 
and negligible M + — 1 and M + — 2 peaks for isotopic analysis. 
The O-methyloxime fulfilled these requirements and in addition 
was easily prepared. Equimolar amounts of the unsaturated 
ketone, V-methoxyamine hydrochloride, and pyridine were 
heated for 10 min on a steam bath and allowed to stand over
night. Ether was added and the organic material was washed 
with water and dried (magnesium sulfate). A sample of the 
unsaturated O-methyloxime was then purified by vpc and sub
mitted for mass spectral analysis at 12 eV.

7,7-d2-7-Phenylhept-3-en-2-one (Ha).— Reduction of methyl 
benzoate (11 g, 80 mmol) with lithium aluminum deuteride (2.5 g, 
60 mmol) in dry ether and work-up by adding first 2 ml of deu
terium oxide followed by 10%  sulfuric acid gave after distillation 
atot-d,-benzyl alcohol (7.7 g, 90% ). Conversion to the chloride 
was accomplished by dissolving pyridine (5.5 g, 70 mmol) and 
the alcohol (7.7 g, 70 mmol) in 50 ml of chloroform. Thionyl 
chloride (8.82 g, 73.5 mmol) in 25 ml of chloroform was then 
added dropwise over 30 min (spontaneous reflux). The mixture 
was stirred at 25° for 3 hr, washed with water, 5%  sulfuric acid, 
10%  sodium bicarbonate, and brine, and dried over magnesium 
sulfate. Distillation gave a,a-d2-benzyl chloride (7.4 g, 83% ). 
The chloride (7.4 g) was converted to the Grignard reagent which 
was coupled with allyl bromide39 to give 4,4-d2-4-phenylbut-l-ene 
(5.63 g, 74%). Conversion to 4,4-d>-phenylbutan-l-ol using 
diborane and hydrogen peroxide was done in the usual way. 
Oxidation36 of the alcohol gave 4 ,%d2-4-phenylbutanal (X X X II) 
(2%  di, 98% d2), which gave Ila  as described above for II. A 
sample of Ila  was converted to its O-methyloxime derivative, 
M + 219 (98% di), 218 (2% d,).

<?,6-d2-7-Phenylhept-3-en-2-one (lib ).— Reduction (lithium 
aluminum deuteride) of methyl phenylacetate gave 1,1-dr2- 
phenylethanol, which after conversion to its bromide40 gave 
according to the procedure of Meyers, et al.,30 S,3-d2-4-phenyl- 
butanal (2% di, 98% d2) which was converted to lib  as above; 
O-methyloxime derivative, M + 219 (98% d2), 218 (2% di).

5,5-d2-7-Phenylhept-3-en-2-one (lie ).— Reduction of methyl
3-phenylpropionate with lithium aluminum deuteride was 
followed by conversion of the resulting alcohol to its bromide. 
Treatment of the corresponding Grignard reagent with diethyl 
phenyl orthoformate gave the diethyl acetal of 2,2-dr4-phenyl- 
butanal. Hydrolysis (5% deuteriochloric acid-deuteriophos- 
phoric acid from deuterium oxide and phosphorus pentachloride) 
gave £,2-d2-4-phenylbutanal (5%  di, 95% d2). Reaction of the 
aldehyde with the ylide derived from 2-oxopropyltriphenyl- 
phosphonium chloride (equimolar amount) in 70% tetrahydro- 
furan-water at 25° overnight gave lie : O-methyloxime deriv
ative, M + 220 « 2 %  dt), 219 (93% di), 218 « 5 %  d,); nmr S
2.22 (CH2CH2C H = ) absent, integration of olefinic protons at 
5 5.96 and 6.65 gave a ratio of one to one.

4-d!-7-Phenylhept-3-en-2-one (lid ).—Treatment of methyl 4- 
phenylbutanoate with lithium aluminum deuteride gave 1,1-dr

(37) Available from the Aldrich Chemical Co.
(38) The procedure is essentially that of H. Stetter and E. Reske. Chem. 

Ber., 103, 643 (1970).
(39) A. Turk and H. Chanan, "Organic Syntheses," Collect. Vol. I ll, 

Wiley, New York, N. Y., 1955, p 121.
(40) G. A. Wiley, R. L. Hershkowitz, B. M. Rein, and B. C. Chang, 

J. Amer. Chem. Soc., 86, 964 (1964).
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4-phenylbutan-l-ol, which was oxidized35 to I-di-4-phenylbutanal 
(1%  ck, 99% di) and converted to I Id, O-methyloxime deriva
tive, M + 218 (99% dì), 217 (1%  di).

1,1 ,I-d3-7-Phenylhept-3-en-2-one (He).— 4-Phenylbutanal 
(11.4 g, 77 mmol) was converted to ethyl 6-phenylhex-2-enoate
(X I) ( 10..7 g , 48 mmol) using the ylide derived from triethyl 
phosphonoacetate and sodium hydride.41 42 Reduction of X I 
(10 g) with aluminum hydride (lithium aluminum hydride and 
100% sulfuric acid)45 yielded 6-phenylhex-2-en-l-ol (6.5 g, 37 
mmol). This material was oxidized35 to 6-phenylhex-2-en-l-al 
(IX ) (4.4 g, 25.5 mmol) which was then added (1.74 g, 10 mmol) 
to an equimolar amount of d3-methylmagnesium iodide in the 
normal manner to give 7,I,f-d3-7-phenylhept-3-en-2-ol (1.15 g,
6 mmol). Oxidation35 of this led to lie . Ice cold aqueous 
solutions were employed in the work-up procedure. A sample 
(10 mg) of l ie  was obtained by preparative gas chromatog
raphy and converted to its O-methyloxime derivative, M + 220, 
(91%, dz), 219 (9% dì).

7-(d5-Phenyl)hept-3-en-2-one (Ilf ).—d6-Benzene was con
verted to 4-(d5-phenyl)butanoic acid via Friedel-Crafts reaction 
with succinic anhydride43 and subsequent reduction of the keto 
acid.44 Lithium aluminum hydride reduction gave 4-(ds- 
phenyl)butan-l-ol and oxidation36 produced 4-(d5-phenyl)butanal 
(5%  d3, 23% dt, 72% d5). Conversion to I lf  followed as usual; 
O-methyloxime derivative, M + 222 (71% d5), 221 (24% dt), 220 
(5% d,).

tf,tf-d2-6-Phenylhex-3-en-2-one (la) (2%  d,, 98% dì), 5,5-d2-6- 
phenylhex-3-en-2-one (lb) (19% du 75% d2, 5%  d3), and /,-di-6- 
phenylhex-3-en-2-one (Ic) (1%  d0, 99% d,) were prepared in 
ways analogous to the syntheses of Ila, lie , and lid . 8,8-di-8- 
phenyloct-3-en-2-one (Ilia) was made by treatment of the 
Grignard reagent derived from -bromo-4-phenylbutane
(see above) with diethyl phenyl orthoformate and hydrolysis by 
the resulting acetal to give o,5-d2-5-phenylpentanal (2% di, 98% 
dì), also available via Scheme X IIA , which was combined with 
the ylide derived from 2-oxopropyltriphenyIphosphonium chlo
ride, O-methyloxime derivative of Ilia , M + 233 (98% d2), 232
(2%  di).

Treatment of 6-phenylhex-2-en-l-al (IX ) with ethylmagnesium 
bromide and propylmagnesium bromide, respectively, followed 
by oxidation35 of the resulting unsaturated alcohols gave 8-phenyl- 
oct-4-en-3-one (XII) and 9-phenylnon-5-en-4-one (XIII). Hy
drolysis of ethyl 6-phenylhex-2-enoate (X I) and ethyl-5- 
phenylpent-2-enoate (X X ) (5%  sodium hydroxide) gave 
6-phenylhex-2-enoic acid (VIII) and 5-phenylpent-2-enoic acid 
(XXI). Ethyl-5-phenylpent-2-enoate (XX) was prepared using 
the Wadsworth-Emmons procedure, while 5-phenylpent-2-en-l-al 
(XIX) was obtained under the conditions of Meyers, et al.31 
Methyl 6-phenylhex-2-enoate (X) was made by the reaction of 
carbomethoxymethylenetriphenylphosphorane with 4-phenyl- 
butanal in refluxing tetrahydrofuran. Vapor phase oxidation 
over cupric oxide1 of hex-5-en-l-ol and 4-methylpentan-l-ol 
gave hex-5-en-l-al and 4-methylpentanal. Reaction of these 
aldehydes with the ylide derived from 2-oxopropyltriphenyl- 
phosphonium chloride gave nona-3,8-dien-2-one (XIV) and 7- 
methyloct-3-en-2-one (XV), respectively. Likewise, octa-3,7- 
diene-2-one (XXII) was synthesized starting with pent-4-en-l-ol.

6-Phenylhex-2-ene (XVII) and f?,6-d2-6-phenylhex-2-ene 
(XVIIa) were prepared by the reaction of the appropriate alde
hyde (see above) with the ylide generated from ethvltriphenyl- 
phosphonium bromide by butyllithium in diethvl ether, XVIIa 
M+ 162 (98% dì), 161 (2%  d2).

1,1,1,3,<i,5-d6-7-Phenylhept-3-en-2-one (Ilf) was prepared in 
low yield by the aldol condensation (5%  NaOD, D.Ó) of de- 
acetone with 2,^-d^-phenylbutanal,45 isotopic purity 9%  d5, 
91% d6.

7-Phenylhept-6-en-2-one (XXIII)— Reaction of cyclopropyl- 
phenylcarbinol (7.4 g) with a fourfold excess of 48% hydro- 
bromic acid for 10 min at 0° gave after distillation 7.8 g of
l-bromo-4-phenylbut-3-ene. Addition of this bromide to the 
anion derived by reaction of sodium hydride and methyl aceto- 
acetate in tetrahydrofuran, stirring at room temperature over-

(41) W. S. Wadsworth, Jr., and W. D. Emmons, J. A mer. Chem. Soc., 83, 
1733 (1961).

(42) W. M. Yoon and H. C. Brown, ibid., 90, 2927 (1968).
(43) L. F. Somerville and C. F. Allen, “ Organic Syntheses,”  Collect. Vol. 

II, Wiley, New York, N. Y., 1943, p 81.
(44) Huang-Minlon, J. Amer. Chem. Soc., 68, 2487 (1946).
(45) See ref 7 and references cited therein.

night, and heating the crude alkylation product with ethanolic 
barium hydroxide46 gave in low yield 7-phenylhept-6-en-2-one 
(X X III): ir 1710, 1600, 960 cm“ 1 (s); nmr S 1.78 (m,
2 H, CH2CH2CH2), 2.06 (s, 3 H, COCH3), 2.18 (t, 2 H, CH2- 
CH2CO), 2.40 (t, 2 H, CHCH2CH2), 6.06 (d of t, 1 H, C H =  
CHCH2), 6.34 (d, 1 IT, /  =  16 Hz, C6H5C H = C H ), 7.20 (m, 5 
H, C6H5). The coupling constant (./ =  16 Hz) and ir band at 
960 cm-1 indicate trails double bond geometry.

7-Phenylhept-5-en-2-one (XXIV) and 7,7-d2-7-phenylhept-5-en-
2-one (XXIVa).— Reaction of phenyl acetaldehyde with the 
ylide generated by the action of butyllithium on the ethylene 
ketal of 4-oxopentyhriphenylphosphonium bromide47 in dry 
ether gave the ethylene ketal of X X IV . Treatment of this 
ketal with 5%  perchloric acid-tetrahydrofuran for 15 min (25°) 
gave 7-phenylhept-5-en-2-one (X X IV ): ir X̂ 4 1710, 1600,
960 cm-1 (w); nmr & 2.06 (s, 3 H, COCH3), 240 (m, 4 H, HC- 
CH2CH2CO), 3.37 (d, 2 H, J  =  6 Hz, C6H5CH2CH), 5.5 (m, 2 
H, C H = C H ), 7.14 (m, 5 H, C6H5). Spectral data indicated a 
mixture of cis and wans isomers. The labeled analog was 
similarly prepared from a,a-drphenylacetaldehyde and the ylide, 
M + 189 (4.5% di), 190 (89% d2), 191 (6.5% d3).

7-Phenylhept-4-en-2-one (XXV) was prepared by the photolysis 
of 7-phenylhept-3-en-2-one under the conditions of Yang:48 
ir X™ 4 1710 cm-1; nmr 5 1.98 and 2.00 [s, 3 H (sum), COCH3] ,
2.37 (m, 2 II, CH2CH2CH), 2.66 (m, 2 II, PhCH2CH2), 2.98 
(m, 2 II, CH2CH2CH), 5.56 (m, 2 H, C H = C H ), 7.12 (m, 2 IT, 
C6H5). The absorptions quoted indicate the presened of cis 
and trans /3,y-unsatuiated isomers (87%). Additional absorp
tions show cis «.fl-unsaturated isomer present (13%).

Pent-4-en-2-one (XXIX).— Oxidation of 860 mg of pent-4-en-
2-ol in 70 ml of acetone at 15° with 2.5 ml of Jones reagent ac
cording to the conditions of Djerassi, et al.,*9 yielded 820 mg of 
crude pent-4-en-2-one. Vapor phase chromatography gave the 
pure ketone, ir X̂ 4 1715 and 1649 cm-1.

2-Vinyl-l-methylcyclobutan-l-ol (XXX).—-Reaction of the 
sodium enolate of ethyl acetoacetate with 4-bromobut-l-ene in 
dry tetrahydrofuran according to the conditions of Ronald50 
yielded 3-carboethoxyhept-6-en-2-one: bp 115-118° (20 Torr);
ir X S  1740, 1720, 1650, 915 cm-1. Hydrolysis with sodium 
hydroxide and decarboxylation in dimethylformamide also 
according to the conditions of Ronald50 gave hept-6-en-2-one, 
which was isolated by distillation: bp 97-98° (110 Torr) [lit.51
bp 41-43° (10 T orr)]; ir X"“ 1 1709, 1640, 920 cm “ 1. Photolysis 
of a 10%  solution of hept-6-en-2-one in pentane according to 
the conditions of Yang55 gave a mixture of products from which 
pure 2-vinyl-l-methylcyclobutan-l-ol was isolated by pre
parative vpc. The infrared and nmr spectra were identical 
with those reported by Yang.55

^,^,J,4-d4-3-Heptanone (XXXI).— A mixture of 1.5 g of 3-hep- 
tanone, 30 ml of deuterium oxide, and 30 ml of glyme was heated 
under reflux for 48 hr. Sodium chloride was added and the 
labeled 3-heptanone (X X X I) was extracted with ether. After 
evaporation of the ether, l?,£,4,4-d4-3-heptanone was isolated by 
preparative vpc, M + 116 (3% d 2), 117 (6% d 3), 118 (91% d,).

Registry No.- I ,  33046-41-2; la, 33046-42-3; lb, 
33046-43-4; Ic, 33191-92-3; II, 33191-93-4; Ha,
33191-94-5; lib , 33046-44-5; lie, 33191-95-6; lid ,
33046-64-9; He, 33046-65-0; Ilf, 33046-66-1; Ilg,
33046-67-2; III, 33046-68-3; Ilia , 33046-69-4; IV,
33046-70-7; V, 33046-71-8; VI, 33046-72-9; VII,

(46) S. F. Brady, M. A. llton, and W. S. Johnson, J. Amer. Chem. Soc., 
90, 2882 (1968).

(47) We express thanks to the Zoecon Corp., Palo Alto, Calif., for a 
generous sample of this material.

(48) N. C. Yang and M. J. Jorgenson, Tetrahedro Lett., 1203 (1964).
(49) C. Djerassi, R. R. Engle, and A. Bowers, J. Org. Chem., 21, 1547 

(1956).
(50) R. Ronald, Ph.D. Thesis, Stanford University, Stanford, Calif., 

1970.
(51) “ Dictionary of Organic Compounds,”  Vol. 3, Oxford University 

Press, New York, N. Y., 1965.
(52) N. C. Yang, S. P. Elliot, and B. Kim, J. Amer. Chem. Soc., 91, 7551 

(1969); N. C. Yang, A. Morduchowitz and D. H. Yang, ibid., 85, 1017 
(1963). We thank Professor Yang for supplying us with detailed experi
mental conditions regarding both the photolysis and isolation of X X X .
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1669-44-9; VIII, 24271-23-6; IX, 33046-75-2; X, 
33046-76-3; XI, 33046-77-4: XII, 33046-78-5; XIII, 
33046-79-6; XIV, 33046-80-9; XV, 33046-81-0; XVIIa, 
33046-82-1; XVIII, 1119-44-4; XIX , 33046-84-3; XX ,

6048-08-4; XXI, 24271-22-5; XXII, 3643-55-8; XXIII, 
33046-88-7; XXIV, 33046-89-8; XXIVa, 33046-90-1; 
XXV, 33046-91-2; X X IX , 13891-87-7; X X X , 33046-
93-4.
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The synthesis of two decalin derivatives to be used in an AB +  DE type synthesis of dimethyl diaeetoxy- 
medicagenate (3) has been accomplished. The A,B segment has a final structure of 1/3,6,10/3-trimethyl-l a-carbo- 
methoxy-2/3,3/3-diacetoxy-irans-5-decalone (1). The D,E portion has a final structure of 10-carbethoxy-2,7,7- 
trimethyl-cfs-decal-l-one (2). These compounds represent versatile intermediates which will be used in seeking 
a total synthesis of the sapogenin molecule through annélation of the two fragments.

Interest in medicagenic acid has developed from 
several studies including its isolation, purification, 
physiological activity, and biological role in alfalfa 
forage.2,3 As reported in earlier communications,4'6 
medicagenic acid was found to be the aglycone 
in both alfalfa root and blossom saponins, and a pure 
root saponin was synthesized from the purified natural 
acid and /3-n-glucose.6

Our approach to the synthesis focused on an AB +  
DE sequence in order to avoid the extremely difficult 
task of building the molecule by attaching each of the 
five rings with their variety of substituents in successive 
order. The first half of the study, reported here, re
quired the creation of two stereospecific decalin pre
cursors possessing suitable reaction sites for coupling. 
A second investigation will be devoted to an examina
tion of different annelation procedures in order to 
successfully join these two compounds (Scheme I).

Sch em e  I

(1) Partial support for this work provided by the University of Nevada, 
Reno, Agricultural Experiment Station, Journal Series 188 is gratefully 
acknowledged.

(2) E. D. Walter, G. R. Van Atta, C. R. Thompson, and W. D. Maclay, 
J. Amer. Chem. Soc., 76, 2271 (1954).

(3) C. Djerassi, D. B. Thomas, A. L. Livingston, and C. R. Thompson, 
ibid., 79, 5292 (1957).

(4) R. J. Morris, W. B. Dye, and P. S. Gisler, J. Org. Chem., 26, 1241 
(1961).

(5) R. J. Morris and E. W. Hussey, ibid., 30, 166 (1965).
(6) R. J. Morris and D. L. Tankersley, ibid., 28, 240 (1963).

To allow for flexibility in the synthesis, bicyclic 
systems were chosen which offer both a high degree of 
versatility and yet essentially duplicate large portions 
of the natural molecule. The adaptability of these 
compounds for the coupling reaction is determined by 
the variety of reactions which can occur at the ketone 
groups.

The two compounds will be treated separately, be
ginning with the synthesis of the A,B ring system 
(Scheme II). The problems anticipated were es-

SCHEME II

C02CH3 co2ch3
9 1

sentially threefold: (1) effecting a trans ring juncture; 
(2) the formation of the correct stereochemistry for the 
groups at carbon 1 ; and (3) the introduction of the 
2/3,3/3-diacetoxy group.

A solution to the first two of these problems was 
conveniently offered by one series of reactions. Stork
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and his coworkers found that lithium in liquid am
monia specifically reduced 10-methyl-A1(9)-octal-2-one 
and other enones of the same type preferentially to the 
trans fused compound.7'8 It should be noted that, in 
following the general outline of this method, the /3- 
keto acid, resulting from trapping the enolate salt with 
carbon dioxide, was protected immediately by pre
paring the methyl ester to avoid rapid decarboxylation. 
It was also important to introduce the Ci methyl group 
in 1,2-dimethoxyethane solvent with methyl iodide as 
the alkylating agent. Under these conditions, the 1/3- 
methyl compound was prepared almost exclusively 
over the a epimer.9 The two epimers were distinguished 
by an nmr analysis which showed a characteristic 
chemical shift for the Ci group.10 In this manner, 6 was 
prepared as described by Spencer except that the tetra- 
hydropyranyl ether was not removed.11'12

A most difficult problem to solve was the placement 
of the cis diacetate at carbon atoms 2 and 3. Wood
ward and colleagues found that iodoacetate would re
act with olefins to yield cis diacetates, but the conditions 
of the reaction needed careful control.13 Although the 
solvent was not highly critical,14 15 it was necessary to 
maintain 1 equiv of water in the reaction mixture to 
prepare the cis isomer in good yield. Following Wood
ward’s method, the 2/3,3/3-diacetoxy group was in
troduced in the decalin system by the use of the pseudo
halogen, iodoacetate.

The final steps of the synthesis were carried out by 
conventional methods. The tetrahydropyranyloxy 
group protecting the C5 position was removed by mild 
acid hydrolysis and the resultant alcohol was oxidized 
with the Jones reagent. The C6 methyl group was in
troduced using sodium hydride and methyl iodide in 
dimethoxyethane solution. It was subsequently found 
in the preparation of 2 that a better a-methylation 
procedure, resulting in a much cleaner product, em
ploys the use of ethyl formate, followed by butyl 
mercaptan, with a final reduction by Raney nickel.16 
Work is now in progress to apply this procedure to the 
A,B ring system reported here.

The remainder of the text will be devoted to the 
problems associated with the synthesis of the D,E 
ring system (Scheme III).

Annelation of 14 with methyl vinyl ketone16 provided 
a decalin skeleton upon which three of the five neces
sary groups had already been positioned. Completion 
of the sequence consisted of removal of the 2-keto 
function, introduction of the 1-keto and 2-methyl 
substituents, and isolation of the cis isomer. It was 
originally thought that these steps could be accom
plished by formation of the thioketal 16 followed by

(7) G. Stork and S. D. Darling, J. Amer. Chem. Soc., 82, 1512 (1960).
(8) G. Stork and J. Tsuji, ibid., 83, 2783 (1961).
(9) E. Wenkert, A. Afonso, J. Bredenberg, C. Kaneko, and A. Tahara, 

ibid., 86, 2038 (1964).
(10) K. L. Williamson, T. Howell, and T. A. Spencer, ibid., 88, 325 

(1966).
(11) T. A. Spencer, T. D. Weaver, R. M. Villarica, R. J. Friary, J. Posler, 

and M. A. Schwartz, J. Org. Chem., 33, 712 (1968).
(12) T. A. Spencer, R. J. Friary, W. W. Schmiegel, J. F. Simeone, and 

D. S. Watt, ibid., 33, 719 (1968).
(13) R. B. Woodward and F. V. Brutcher, Jr., J. Amer. Chem. Soc., 80, 

209 (1958).
(14) K. B. Wiberg and K. A. Saegebarth, ibid., 79, 6256 (1957).
(15) R. E. Ireland and J. A. Marshall, J. Org. Chem., 27, 1615, 1620

(1962).
(16) A. S. Hussey, H. P. Liao, and R. H. Baker, J. Amer. Chem. Soc.,

75, 4727 (1953).

Sch em e  I I I

desulfurization with Raney nickel,17 hydroboration of 
the unsaturated ester,18 and finally méthylation.

Preparation of the thioketal did proceed smoothly 
and treatment of 16 with Raney nickel in refluxing 95% 
ethanol for 3 hr provided a single product. Diborane 
would not react with 17 as expected, even though 
Sondheimer had reported the hydroxylation of hy
drocarbon 10 in good yield.19 The isomer obtained ex-

11

clusively in the formation of 11 was that containing 
a cis ring juncture. This was attributed to the block
ing effect of the C7 methyls to the approach of the di
borane from the a side of the molecule. The car- 
bethoxy group in 17 was suspected to be large enough 
so that now both sides of the olefin 17 would be blocked. 
Thus, reduction of the ester with lithium aluminum 
hydride to provide a group at the 10 position compa
rable in size to methyl was indicated. In addition, this 
hydroxymethyl function would not affect or be affected 
by the hydroxylation sequence. The additional step 
was found to be very beneficial, for the intermediate 
18 proved to be easily sublimed and thus provided a 
convenient method for collecting very pure material 
midway through the scheme.

The alcohol did react with diborane. The resulting 
diol was not isolated but was oxidized with chromic 
acid-acetone solution to the keto acid. The acid was 
then treated with diazomethane to give cis-19. This 
manner of introducing the 1-keto function thus ensured 
the isolation of 2 exclusively in only one of its possible 
isomeric forms and eliminated the alternative, re-

(17) G. R. Pettit and E. E. van Tamelen, Org. React., 12, 356 (1962).
(18) H. C. Brown and K. A. Keblys, J. Amer. Chem. Soc., 86, 1795 

(1964).
(19) F. Sondheimer and 3. Wolfe, Can. J. Chem., 37, 1870 (1959).
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quiring the tedious chromatographic separation of 
isomers.

Méthylation of 19 with methyl iodide under a variety 
of conditions could not be effected. The possibility 
that the double bond may have migrated into the 
opposite ring when the thioketal was formed was con
sidered, although this is usually observed only on prep
aration of the oxygen-containing analogs.20 All sub
sequent reactions would then take place in the alter
nate ring and lead to 13, which would not be expected

C02Et CO,Me

13

to react readily with methyl iodide since two of the 
three a positions are already methylated. All analytical 
methods available to us could not distinguish between 
the two thioketals or between any of the possible pairs 
of products in subsequent reactions.

However, when the ketone and 2-furfuraldehyde were 
allowed to stand in an aqueous methanolic solution, an 
adduct was formed which had a molecular ion peak at 
m/e 316.21 Such addition could take place only if the 
ketone possessed two a hydrogens, and, of the two 
isomers in question, only 19 does. It seemed that, if 19 
would condense with 2-furfuraldehyde, it might also 
react with ethyl formate and so provide an alternative 
to direct methylation.

Introduction of an n-butylthiomethylene group at 
the 2 position can be effected by treating the hydroxy- 
methylene derivative of the ketone22 with n-butyl 
mercaptan.15 Desulfurization with Raney nickel will 
lead to the overall insertion of methyl. This three- 
step sequence has been shown to be compatible with 
an ester group,23 and by using sodium hydride as the 
base the cis ring juncture introduced in the hydroxyla- 
tion of 18 would not be affected.

The reactions proceeded with ease and provided 2 in 
good yield.

Experimental Section
G en eral.— -Infrared spectra were determ ined w ith a Perkin- 

Elm er Infrared M od el 257  recording spectrophotom eter. U ltra
violet m easurem ents were obtained from  a Beckm an M odel 
D B -G  spectrom eter. N uclear m agnetic resonance spectra were 
determined using a 6 0 -M H z  Varian Associates A -6 0  spectrom eter. 
A ll nm r chem ical shifts are reported in parts per million from  the  
tetram ethylsilane trace used as an internal standard (T M S  =  
0 p p m ). Unless otherwise stated , all sam ples were neat.

T h e  solvents and analytical reagents for chrom atographic  
separation, ir analyses, and nm r determ inations were all of C P  
grade.

M icroanalyses were obtained from  C hem alytics In c ., T em p e, 
Ariz.

Experim ental Procedure for the A ,B  R ing Synthesis. 1/3,- 
10/3-Dim ethyl-la-carbom ethoxy-5|8-tetrahydropyranyloxy-irans-2- 
decalone (6 ) w as prepared b y  the m ethod of Spencer:1111 ir 
(K B r) 1747 (ester 0 = 0 ) ,  1725 ( 0 = 0 ) ,  and 1028 c m " 1 (C O C ); 
nm r 3 .72  (s, 3 , O C H 3), 1 .38  (s, 3 , bridgehead m eth y l), and 1.12  
ppm  (s, 3 , C i m eth y l).

(20) C. Djeraasi, “ Steroid Reactions, An Outline for Organic Chemists," 
Holden-Day, San Francisco, Calif., 1963, p 22.

(21) The authors are indebted to Dr. G. Doyle Daves of the Oregon 
Graduate Center for the mass spectral study of 19 and its derivatives.

(22) W . S. Johnson and H. Posvic, J .  A m e r .  Chem. S o c ., 69, 1361 (1947).
(23) G. Rilchi, J. A. Carlson, J. E. Powell, Jr., and L.-F. Tietze, ibid., 

91, 2135 (1970).

Anal. Calcd for C19H30O5: C, 66.64; H, 8.70. Found: C, 
66.46; H, 8.60.

The intermediate, 10/3-methyl-la’-carbomethoxy-5/3-tetrahy- 
dropyranyloxy-frans-2-decalone, was isolated as a mixture of the 
two tetrahydropyranyloxy ether isomers, mp 126-130°.

1/3,10/3-Dim ethyl- lar-carbomethoxy-5/3-tetrahydropyranyloxy- 
trans-2-decalol (7 ) .— A stirred solution of 6 (3.0 g, 0.0089 mol) 
in 50 ml of 95% ethanol was cooled in an ice bath and treated 
dropwise with a solution of sodium borohydride (0.15 g, 0.0040 
mol) in 25 ml of 95% ethanol over a 10-min period. The cooling 
bath was removed, and the reaction was stirred for an additional 
1 hr at room temperature.

Glacial acetic acid (3 ml) was added to destroy the excess 
borohydride, and the mixture was evaporated to a viscous red 
residue. The residue was taken up in 200 ml of dichloro- 
methane, washed with two 50-ml portions of water and one 50- 
ml portion of saturated NaCl solution, dried (Na3S04), filtered, 
and evaporated to give 2.9 g of product as a light yellow oil: 
ir shows absence of the 1725 cm-1 peak, broadening of the 1747 
cm-1 peak due to interaction with the alcohol, and strong absorp
tion of a new peak at 3500 cm-1 (OH); nmr 3.90 ppm (s, 1, posi
tion varies upon dilution, OH).

1/3,10/3-Dim ethyl- la-carbom ethoxy-5/3-tetrahydropyranyloxy- 
irans-AJ-octalin (8).— While cooling the reaction flask in an ice 
bath, a stirred solution of 7 (8.0 g, 0.024 mol) in 100 ml of dry, 
redistilled pyridine was cautiously treated dropwise with phos
phorus oxychloride (7.2 g, 0.047 mol). After addition was com
pleted, the reaction mixture was heated on a steam bath for 1 
hr and then cooled to room temperature. The reaction mix
ture was again treated cautiously with cold water to destroy the 
excess phosphorus oxychloride and then poured into 300 ml of 
cold water. The mixture was quickly extracted with four 100- 
ml portions of ether. The combined ethereal fractions were 
washed with two 100-ml portions of water, two 75-ml portions of 
10% HC1, and two 75-ml portions of saturated NaCl. The 
ethereal solution was dried (NajS04), filtered, and evaporated. 
The product, 2.68 g (34.7%), was isolated as a light yellow oil 
which would rapidly decolorize a 5%  bromine-CCU solution, ir 
1665 cm-1 (C = C ), nmr 6.0 ppm (2, vinyls).

1/3,10/3-Dim ethyl- lo-carbom ethoxy-5/3-tetrahydropyranyloxy- 
2/3,3/3-diacetoxy-/rans-decalin (9).-—To a stirred solution of 8 

(2.65 g, 0.00823 mol) in 100 ml of dry, redistilled THF was added 
silver acetate (3.10 g, 0.0185 mol) and finely powdered iodine 
(2.18 g, 0.00858 mol). The reaction mixture was protected 
from light and stirred at room temperature for 30 min. Water 
(0.2 g, 0.009 mol) was added, and the reaction mixture was re
fluxed for 4 hr, during which time the color deepened. The 
silver salts were filtered, and the filtrate was treated with sodium 
acetate (1.5 g, 0.018 mol) and acetic anhydride (2.55 g, 0.0250 
mol).

After 12 hr at room temperature the mixture was treated with 
100 ml of a saturated NaCl solution to precipitate any residual 
silver salts and to hydrolyze excess acetic anhydride. The mix
ture was extracted with three 100-ml portions of ether. The 
ether portions were combined, dried (Na2S04), filtered, and 
evaporated. Chromatography of the residue through alumina 
(50 g) gave 2.4 g (63%) of 9 as a clear, viscous liquid: ir spec
trum shows the disappearance of the band at 1665 cm-1 and the 
appearance of a strong peak at 1238 cm -1 [0 (C = 0 )C H 3] ; 
nmr exhibits new absorption at 1.95 and 1.90 ppm [s, 3 each, 
0 (C = 0 )C H 3] which are identical with the acetate absorption 
values evident in dimethyl diacetoxymedicagenate.

1/3,6,10/3-Trim ethyl-la-carbom ethoxy-2/3,30-diacetoxy-frans-
5-decalone ( 1) .— The above compound (9) (2.40 g, 0.00544 mol) 
was dissolved in 100 ml of absolute methanol containing 2 drops 
of concentrated hydrochloric acid and refluxed for 1 hr. The 
mixture was concentrated to 50 ml, poured into 100 ml of cold, 
saturated NaCl solution, and extracted with three 75-ml por
tions of ether. The ether fractions were combined, dried (Nat- 
S04), filtered, and evaporated to a light yellow solid.

This compound (3.2 g) was dissolved in 50 ml of purified ace
tone and treated dropwise with Jones reagent (8 N chromic acid). 
The mixture was stirred vigorously for 1 hr at room temperature 
and then concentrated to 25 ml. The reaction mixture sep
arated into two layers, and the aqueous layer was extracted with 
two 50-ml portions of ether, dried (Na2S04), filtered, and evap
orated to 2.95 g of a light yellow compound.

This residue was dissolved in 100 ml of 1,2-dimethoxvethane 
and treated with NaH (0.38 g of a 53% dispersion in mineral oil, 
0.0083 mol) and 10 drops of dry ierf-butyl alcohol. After the
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evolution of ~as had ceased, the mixture was stirred and treated 
with methyl >dide (11.4 g, 0.0803 mol). The reaction mixture 
was refluxed for 3 hr and then allowed to stir at room temperature 
for 12 hr. Several drops of water were added, and the reaction 
mixture was evaporated. This solid was dissolved in 200 ml of 
ether, washed with 100 ml of water and 50 ml of saturated NaCl 
solution, dried (Na2S04), filtered, and evaporated to a viscous 
oily residue.

The resulting product was chromatographed through acid- 
washed alumina (30 g) and eluted successively with dry hexane, 
ether, acetone, and absolute methanol. The purified product,
1.82 g, was obtained from the ether fraction: ir 1735 (ester 
C = 0 ) ,  1710 (C = 0 ) ,  and 1238 cm“ » [0 (C = 0 )C H ,]; nmr 3.62 
(s, 3, OCH3), 2.00 [s, 6 , 0 (C = 0 )C H 3] , and a multiplet from
1.5 to 0.8 ppm corresponding to the different methylene groups. 
Mass spectral data offers final confirmation of the structure and 
exact molecular weight of the synthetic A,B ring depicted as 
compound 1 in Scheme II.

Anal. Calcd for Ci9H2S0 7: C, 61.94; H, 7.66. Found: C, 
60.84; H, 7.70.

Experimental Procedure for the D,E Ring Synthesis. Materi
als.—-The following compounds, all precursors to 15, were pre
pared by methods previously reported.

3-Methyl-A2-cyclohexenone24 has bp 88-89° (18 mm); «%> 
1.4911; 59%.

3,3-Dimethylcyclohexanone26 has bp 78-80° (28 mm); « 26d 
1.4451; 63% . Cupric acetate monohydrate (0.02 mol) was sub
stituted in place of cuprous chloride. The Grignard (0.75 mol) 
was prepared in 500 ml of anhydrous ethyl ether, and 3-methyl- 
A2-cyclohexenone (0.50 mol) in 200 ml of anhydrous THF was 
added at —5° in 2.5 hr.

2-Carbethoxy-5,5-dimethylcyclohexanone (14)26 has bp 116— 
118° (11 mm); nilD 1.4700; 78%.

10-Carbethoxy-7,7-dimethyl-Al(9)-octal-2-one (15).— A mix
ture of 2-carbethoxy-5,5-dimethylcyclohexanone (46.9 g, 0.237 
mol) and methyl vinyl ketone (15.1 g, 0.216 mol) was added 
slowly to a solution of sodium ethoxide (0.222 mol prepared from
5.10 g of freshly cut sodium metal and 250 ml of 95% ethanol). 
The mixture was stirred for 1 hr at 25°, refluxed for 2 hr, and then 
allowed to stand at room temperature overnight. An additional 
15.0 g of methyl vinyl ketone was added and the mixture was re
fluxed, with stirring, for 4 hr. Ice (ca. 100 g) was cautiously 
introduced followed by 250 ml of dilute HC1. The product, 
which separated as an orange-red oil, was extracted with three 
100-ml portions of ether. The combined ether extracts were 
washed with 100 ml of 5%  aqueous sodium bicarbonate solution 
and dried (Na2S04). Distillation with a free flame provided 30.3 
g (54.6%) of 15: bp 146-152° (10 mm); ir 1720 (ester C = 0 ) ,  
1680 (C = 0 ) ,  and 1385 and 1365 cm-1 (pern-dimethyl); nmr 
(CCl,) 5.78 (s, 1, vinyl), 4.21 (q, 2, OCH2CH3), 1.28 (t, 3, 
OCH2CH3), and 1.04 and 0.89 ppm (s, 3 each, C7 methyls); 
uv max (95% ethanol) 239 nm (« 15,500). The bands in the ir 
spectrum attributed to the pem-dimethyl group are very charac
teristic and appear in the spectra of all subsequent compounds.

Elution of a small sample (50 mg) from activated alumina 
(8.2 g) with 75 ml of petroleum ether (bp 60-110°) provided a 
thick, nearly colorless oil which solidified upon refrigeration.

10-Carbethoxy-7,7-dimethyl-Al(9)-octal-2-one Ethylene Dithio- 
ketal (16).— A mixture of 15 (5.00 g, 0.0200 mol) and ethanedi- 
thiol (3.80 g, 0.0403 mol) was cooled in ice before 2 ml of freshly 
distilled boron trifluoride etherate was added dropwise with 
stirring. After 2 hr at 25°, 5 ml of absolute methanol was added, 
the top layer was decanted, and the lower layer was evaporated 
to constant weight under a stream of dry air. The viscous crude 
material weighed 6.1 g (95%) and was used directly in the follow
ing step without further purification.

A sample (70 mg) was chromatographed on activated alumina 
(8.0 g) and eluted with 75 ml of petroleum ether, providing pure 
16, nmr (CC14) 3.27 ppm (m, 4, CH2S).

Anal. Calcd for C,7H260 2S2: C, 62.54; H, 8.03. Found: C, 
62.87; H, 7.95.

10-Carbethoxy-7,7-dimethyl-Al<9)-octalin (17).— Raney nickel 
(type W-2) was prepared according to “ Organic Syntheses,” 27 * 
washed free of base, and allowed to stand under distilled water 
for 3 days in order to partially deactivate the metal and avoid

(24) M. W. Cronyn and G. H. Riesser, J. Amer. Chem. Soc.,75, 1664 (1953).
(25) G. BOchi, O. Jeger, and L. Ruzicka, Helv. Chim. Acta, 31, 241 (1948).
(26) L. Re and H. Schinz, ibid., 41, 1695 (1958).
(27) R. Mozingo, "Organic Syntheses,”  Collect. Vol. I l l , Wiley, New

York, N. Y-, 1955, p 181.

contamination of 17 with the fully saturated analog. It was 
then washed twice with 95% ethanol just prior to use.

To the Raney nickel (ca. 50 g) in 250 ml of 95% ethanol was 
added 16 (10.0 g, 0.0310 mol) in an equal volume of solvent. 
The solution, which warmed spontaneously, was allowed to 
stand for 15 min at 25° and then refluxed for 3 hr. The mixture 
was filtered, the nickel was washed with 100 ml of 95% ethanol, 
and the organic material was dried (Na2S04). Concentration of 
the resulting solution gave 6.61 g (90.3%), bp 78-82° (0.5 mm), 
?i22-5d 1.4841, >95%  pure by glpc analysis.

10-Hydroxymethyl-7,7-dimethyl-Al(9)-octalin (18).— A suspen
sion of LiAlH4 (2.00 g, 0.0526 mol) in 50 ml of dry ether was 
cooled to 0° before a solution of 17 (2.36 g, 0.0100 mol) in 50 
ml of dry ether was added with stirring over a period of 20 min. 
After stirring for 1 hr at 25° ethyl acetate (5 ml) was added to 
decompose the excess hydride. This treatment was followed 
by the addition of 100 ml of dilute HC1 and overnight stirring. 
The clear, colorless mixture was then separated and the aqueous 
layer was extracted with two 50-ml portions of ether. The 
ether extracts were washed with 100 ml of a 5%  aqueous sodium 
bicarbonate solution, the mixture was dried (Na2S04), the sol
vent was evaporated, and the residue was sublimed at 70° (0.3 
mm) giving 1.71 g (88.1%) of a solid, white waxy product, mp
59.5-64.0°.

An analytical sample melting at 61-64.5° was prepared by re
subliming the alcohol three times at 155° (0.3 mm): ir (KBr) 
3350 (broad, OH) and no appreciable absorption between 1700 
and 1800 cm-1; nmr (CC14) 5.43 (s, 1, vinyl), 3.48 (s, 2 , CH2OII), 
and 2.60 ppm (s, 1, position varies upon dilution, OH).

Anal. Calcd for C i3H220 :  C, 80.35; H, 11.42. Found: C, 
80.31; H, 11.49.

10-Carbomethoxy-7,7-dimethyl-cfs-decal-l-one (19).— This 
preparation was carried out without complete purification of the 
diol or keto acid intermediates.

A. — To 18 (3.88 g, 0.0200 mol) and LiAlH4 (7.60 g, 0.200 mol) 
in 40 ml of dry ether was added 10 ml of boron trifluoride etherate 
with stirring and at 0° over a 0.5-hr period. This mixture was 
stirred at 0° for 1 hr, then at 25° for 24 hr. Ethyl acetate (10 
ml) was added followed by 100 ml of dilute HC1. The clear, 
colorless mixture was separated and the aqueous layer was ex
tracted with 25 ml of ether. The organic material was dried 
(Na2S04), filtered, and concentrated in vacuo. The residue was 
taken up into an ethanolic sodium hydroxide solution prepared 
from 10 g of sodium hydroxide, 30 ml of water, and 120 ml of 95%  
ethanol. When the mixture had cooled to room temperature 25 
ml of a 20%  hydrogen peroxide solution was added dropwise. 
After stirring at 25° for 5 hr, 100 ml of water and 100 ml of 
ether were added, the mixture was separated, and the aqueous 
layer was extracted with three 50-ml portions of ether. Drying 
(Na2S04) followed by filtration and evaporation of the solvent 
yielded a residual oil which weighed 4.30 g, nmr (CC14) 4.70 
(s, 2, position varies upon dilution, OH), no additional absorp
tion downfield from 4.70 ppm.

B. — The diol was dissolved in 150 ml of acetone. With
stirring and cooling, Jones reagent58 was added dropwise until 
an orange-red color persisted in the acetone layer. Stirring 
was continued for 0.5 hr, then isopropyl alcohol was added to 
destroy the excess reagent. To the resulting mixture 100 ml of 
water and 100 ml of ether were added, the phases were sep
arated, and the aqueous layer was extracted with two 50-ml 
portions of ether. The ethereal solution was washed with three 
100-ml portions of a 15% aqueous sodium carbonate solution, 
and the combined washings were acidified with dilute HC1 and 
extracted with three 100-ml portions of ether. After drying 
(Na2S04), filtration, and evaporation of the solvent, 2.08 g of a 
light yellow solid was obtained: mp 135-142°; ir (KBr) 1720
(acid C = 0 ) ,  1680 cm -1 (C = 0 ) ;  nmr (CDC13) 10.0 ppm (s, 1, 
position varies upon dilution, COOH).

C. — The residue was taken up into 50 ml of ether and sufficient 
diazomethane29 in an ethereal solution was added at 0° to assure 
the persistence of the characteristic yellow color. Acetic acid 
was introduced to destroy the excess reagent and the solution 
was dried (Na2S04), filtered, and concentrated in vacuo. The 
crude light yellow product weighed 2.02 g, which represented 
a 42.4% yield from 18. A portion of this residue (0.92 g) was 
chromatographed by absorption on activated alumina (25.0 g)

(28) K. Bowden, I. M. Heilbron, E. R. H. Jones, and B. C. L. Weedon, 
J. Chem. Soc., 39 (1946).

(29) Th. J. de Boer and H. J. Backer, “ Organic Syntheses,”  Collect. 
Vol. IV, Wiley, New York, N. Y., 1963, p 250.
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and eluted with 200 ml of dry benzene. Evaporation of the sol
vent gave 0.47 g of product.

An analytical sample was obtained by rechromatographing 
the above material on acid-washed alumina (38.0 g). Elution 
with 100 ml of dry hexane provided pure 19: ir shows no ab
sorptions above 3000 cm-1; nmr (CCU) 3.69 ppm (s, 3, OCH3).

Anal. Calcd for ChH220 3: C, 70.56; H, 9.35. Found: C, 
70.63; H, 9.48.

1O-Carbethoxy-7,7-dimethyl-2-hydroxymethylene-w's-decal- 1 - 
one (20).— To a cold suspension of NaH (0.45 g of a 53% dis
persion in mineral oil, 0.010 mol) in 4 ml of dry benzene was 
added dropwise, over a 10-min period, 19 (0.50 g, 0.0021 mol) and 
ethyl formate (0.75 g, 0.010 mol, distilled from P2O5 ) in 2 ml of 
dry benzene. After an initial induction period the reaction 
began spontaneously at room temperature with a rapid evolution 
of gas and was complete in 12 hr. Additional ethyil formate 
(15.0 g, 0.203 mol) was added to ensure the complete conversion 
to the ethyl ester. After stirring for a total of 24 hr at room tem
perature, 5 ml of water was added followed by 50 ml of ether. 
The organic material was extracted with three 25-ml portions of a 
2%  aqueous sodium hydroxide solution. The aqueous mixture 
was acidified with dilute HC1 and extracted with three 25-ml 
portions of ether. Drying (Na2S04) and evaporation of the 
solvent provided 0.37 g of a thick orange-red oil which was used 
directly in the following step without further purification: nmr 
(CC14) 8.52 (s, CHO), 7.40 ppm (s, vinyl). These two 
resonance peaks vary in intensity but not in position upon dilu
tion. The integrated area of the two peaks is 1/u of the total 
resonance signal, equivalent to one proton.

Evaporation of the original ethereal solution led to the re
covery of 0.12 g of 19.

2-n-Butylthiomethylene-10-carbethoxy-7,7-dimethyl-cfs-decal- 
1-one.— The hydroxymethylene derivative (20) prepared as 
above (0.37 g, 0.0010 mol) and ra-butyl mercaptan (4.50 g, 
0.0500 mol) were refluxed for 6 hr in 30 ml of dry benzene to

which had been added 0.1 g of p-toluenesulfonic acid. The 
solution was washed with two 10-ml portions of a 2%  sodium 
hydroxide solution and dried (Na2S04), and the solvent was 
evaporated under dry air to yield 0.57 g of product: ir 1670 
(C = 0 ) , 1550 cm“ 1 (C = C ); nmr (CC1<) 7.35 ppm (s, 1, vinyl).

10-Carbethoxy-2,7,7-trimethyl-cfs-decal-l-one (2).— The un
purified thio compound was dissolved in 25 ml of 95% ethanol. 
Raney nickel (type W-2, ca. 1.0 g) was added, and the suspension 
was refluxed for 3 hr. Filtration and evaporation of the solvent 
under dry air yielded 0.28 g of 2 . This represents a 73% yield 
for the last three steps based on unrecovered 19: ir and nmr 
are both very similar to those of 19, but with nmr integration 
indicating the presence of three additional methyl protons.

An analytical sample was obtained by absorption of a portion 
of the material (0.13 g) on acid-washed alumina (5.0 g). Suc
cessive 30-ml portions of the following solvents were then run 
through the column: hexane, benzene, 30% ether-70% ben
zene, 30% ether-70% benzene, absolute methanol. The purest 
material was recovered upon evaporation of the first ether- 
benzene fraction. The sample weighed 0.0213 g.

Anal. Calcd for C i6H2g().i : C, 72.14; H, 9.84. Found: C, 
71.84; H, 9.75.

Registry No.—1, 33122-28-0; 2, 33065-73-5; 6, 
33065-74-6; 7, 33065-75-7; 8, 33065-76-8; 9, 33065-
77-9; 15, 33122-29-1; 16, 33065-78-0; 17, 33065- 
79-1; 18, 33065-80-4; 18 (keto acid), 33065-81-5; 
19, 33069-12-4; 20, 33069-13-5; 10/3-methyl-la-carbo- 
methoxy - 5/3 - tetrahydropy rany loxy - Iran s - 2 - decalone, 
7381-72-8; 10/3-methyl-la-carbomethoxy-5a-tetra-
hydropyranyloxy-ira«s-2-decalone, 33069-15-7; 2-n- 
butylthiomethylene- 10-carbethoxy-7,7-dimethyl - cis- 
decal-l-one, 33069-16-8.

N o t e s

Oxidation of Penicillin and Dihydrocephalosporin 
Derivatives with Ozone

D . O. Sp r y

The Lilly Research Laboratories, Eli Lilly and Company, 
Indianapolis, Indiana 46206

Received July 28, 1971

A recent publication revealed that ozone under cer
tain conditions is an ideal reagent for converting peni
cillins into mixtures of R and S sulfoxides.1 This com
munication details the reactions of ozone with various 
penicillin and cephalosporin derivatives. The results 
of the oxidation of various penicillin derivatives with 
ozone are shown in Table I. The determination of 
the S and R sulfoxide isomers was accomplished by a 
study of the nmr chemical shifts.2'3

Of particular interest is the high-yielding conversion 
of 6-aminopenicillanic acid (6-APA) (1) into analyti
cally pure, noncrystalline 6-APA sulfoxide having an

(1) D. O. Spry, J. Amer. Chem. Soc., 92, 5006 (1970).
(2) R. D. G. Copper, P. V. Demarco, J. C. Cheng, and N. D. Jones, ibid., 

91, 1408 (1969).
(3) R. D. G. Cooper, P. V. Demarco, and D. O. Spry, ibid., 91, 1528

(1969).

S/R ratio of approximately 4/1 as determined from the 
products formed by acylation with phenoxyacetyl 
chloride.

Essery, et al., have previously reported the synthesis 
of 6-APA sulfoxide in 8%  yield by oxidation of 6-APA 
with sodium metaperiodate;4 the stereochemistry 
from the latter synthesis, however, has been shown to 
be S, as is the case when various penicillins are oxidized 
with sodium metaperiodate.2'6

Further examination of Table I indicates that the 
various penicillin compounds exhibit a steric effect on 
the approach of the ozone molecule which consequently 
affects the stereochemistry of the resulting sulfoxide. 
Thus the sulfoxides of the nucleus (1) exhibit an S/R 
ratio of 4/1 as compared to those of compound 2 with 
a 1/1 ratio and to the 2-/3-acyloxymethyl compound 4 
with an S/R ratio of 1/2. Oxidation of the bulky 
/3-phthalimidopenicillanic acid (5) resulted in only the 
R sulfoxide. However, this could possibly result from 
an S to R conversion via the olefin sulfenic acid, with 
the driving force being the release of strain between the

(4) J. M. Essery, K. DaDabo, W. J. Gottstein, A. Hallstrand, and L. C. 
Cheney, J. Org. Chem., 30, 4388 (1965).

(5) D. H. R. Barton, F. Comer, and P. G. Sammes, J. Amer. Chem. Soc., 
91, 1529 (1969).
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T a b l e  I
O x id a t io n  o f  P e n ic il l in  an d  

D ih yd r o d e a c e t o x y c e p h a l o sp o r in  
D e r iv a t iv e s  w it h  O zone

Derivative

1

Yield of
sulfox- S/R 

Solvent ide, %  ratio

H,0 >95 4/1

HaO-acetone >95 1/1

H20-acetone >95 1 .4 /1 .0

result of the double bond being more reactive to
ward ozone than the sulfide.8 Hydrogenation of the 
double bond, however, followed by ozonization of 
the dihydrodeacetoxycephalosporins, for example, com
pounds 6 and 7, led to mixtures of the S and R 
sulfoxides with a predominance of the R isomer (see 
Table I).

Further use of ozone in penicillin-cephalosporin 
chemistry is illustrated by the isolation of pure 2-/3- 
acyloxymethylpenicillin derivatives. Morin, et al., 
in their elegant conversion of the penam to the cephem 
system, described the rearrangement of the penicillin 
sulfoxide 8 in refluxing acetic anhydride to give 9, 
10, and 11.10 Separation of the rearrangement products

H20-acetone 70 1/2

HjO-acetone >95 only R

H20-acetone 91 1 /7

H20-acetone >95 1/24

two bulky /3 groups.16 Attempts to prepare the cis-/3 
compound by acylation of 6-APA /3-sulfoxide with 
A-carboethoxyphthalimide gave 6-epiphthalimido /13- 
sulfoxide due to base-catalyzed epimerization of 6-/3- 
phthalimidopenicillanic acid /3-sulfoxide.3

Oxidation of the penicillin sulfoxide to sulfone did 
not occur under these conditions even with a large 
excess of ozone. Although monosulfides are generally 
oxidized to sulfones by excess ozone,7 Bernard has re
ported that the ease of such ozone oxidations is a func
tion of the electron density on sulfur and that sterically 
hindered sulfoxides, for example, diphenyl sulfoxide, 
are resistant to further oxidation by ozone.8

Treatment of 3-cephems,9 for example, 7-amino- 
deacetoxycephalosporanic acid (7-ADCA) or 7-amino- 
cephalosporanic acid (7-ACA), under these conditions 
failed to give the corresponding sulfoxides, as a

10

l.(RCOI,0/lOO°/l7 hr/He
TÖi *

H H CH, 
R'CONH^i ¡ S ! Zn/H*

N___J  CHDCOR
Cf H*  'COX'HXCL,

13
15-20%

H H CH, 
R'CONH. ! I S !

N__ J  CH,OCOR
O' H*  CO,H

14
60-80%

R'
C6H,OCH,
c6h5och2
QHjCH,

R
CH;j

CH(CH,)2
OH,

(6) Since submission of this manuscript we have found that the ozonization 
of 2-a-trideuteriomethyl phthalimidopenicillin sulfide methyl ester leads 
predominately to the a-sulfoxide-a-trideuteriomethyl compound.

(7) H. Bohme and IL Fischer, Chem. Ber., 75, 1310 (1942).
(8) D. Barnard, J. Chem. Soc., 4547 (1957).
(9) R. B. Morin, B. G. Jackson, E. FH.lynn, and R. W. Roeske, J. Amer. 

Chem. Soc., 84, 3400 (1962).

could be accomplished by silica gel chromatography; 
however, basic hydrolysis of the 2-substituted penicillin 
methyl ester 9 to the salt led to extensive degradation.

(10) R. B. Morin, B. G. Jackson, R. A. Mueller, E. R. Lavagnino, W. B.
Scanlon, and S. L. Andrews, ibid., 91, 1401 (1969).
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Utilizing other ester groups, for example, the tri- 
chloroethyl or p-nitrobenzyl, in most cases resulted in 
inseparable mixtures. However, rearrangement of the 
penicillin sulfoxides 12 under milder conditions, followed 
by partial ozonization of the reaction mixture, resulted 
in selective oxidation of the cephem and dihydro- 
cephem compounds. Subsequent silica gel chromatog
raphy gave pure 13, thus providing a route to the 
various 2-/3-acyloxymethylpenicillin derivatives (14).

Experimental Section

The ozone oxidations were run using a Welsbach model T-23 
ozonizer with an output of 1.18 mm 0 3/min or 3.4 g/hr. No 
attempt was made to monitor the uptake of ozone, excess ozone 
being employed, and in general on completion of the reaction the 
solvent was evaporated to give the oxidized product.

6-Aminopenicillanic Acid Sulfoxide.— Into a cooled (5°) slurry 
of 6-APA (2.16 g, 1.0 mmol) in 200 ml of water was bubbled 
ozone for 3.0 hr, complete solution being obtained after 2.5 hr. 
Lyophilization of the aqueous solution gave 2.26 g (98%) of 
pale yellow sulfoxide: ir (mull) 1790 ((3-lactam) and 1025, 1007 
cm“ 1 (S^O ).

Anal. Calcd for CsHJ2N20 4S: C, 41.38; H, 5.21; N, 12.07. 
Found: C, 41.10; H, 5.34; N, 12.27.

Phenoxyacetamidopenicillanic Acid Sulfoxide.— Into a cooled 
(0-5°) solution of phenoxyacetamidopenicillanic acid (3.50 g, 
0.01 mol) in 100 ml of 1/1 acetone-water was bubbled ozone for
2.5 hr. Evaporation of acetone from the slurry gave, after 
filtration, 1.80 g (49.18%) of crystalline (3-sulfoxide: ir
(CHC1;) 1800 (/3-lactam) and 1020, 1035, 1065, 1080 cm“ 1 
(S—>0); nmr (DMSO-d6) 5 1.22 (s, 3, «-M e), 1.62 (s, 3, /3-Me),
4.45 (s, 1, H3), 5.47 (d, 1, /  =  4 Hz, H5), 5.95 (q, 1, /  =  4, 9 
Hz, H6).

Anal. Calcd for Ci6Hi8N206S: C, 52.46; H, 4.95; N, 7.65. 
Found: C, 52.30; H, 5.02; N, 7.64.

Lyophilization of the aqueous solution gave 1.87 g (51.09%) of 
noncrystalline a-sulfoxide: ir (CHC13) 1796 (0-lactam) and 1040, 
1085, 1080 cm-1 (S—»-O); nmr (DMSO-d6) 5 1.25 (s, 3, cr-Me),
1.62 (s, 3, (3-Me), 4.35 (s, 1, H3), 4.77 (d, 1, J  =  4 Hz, H5), 5.50 
(q, l, J  = 4, 9 Hz, H6).

Anal. Calcd for Ci6H18N20 6S: C, 52.46; H, 4.95; N, 7.65. 
Found: C, 52.25; H, 5.02; N, 7.48.

Registry No.—1, 551-16-6; 1 (R  sulfoxide), 33069-
17-9; 1 (S sulfoxide), 33069-18-0; 2, 87-08-1; 2 
(R sulfoxide), 33069-20-4; 2 (S sulfoxide), 33069-
21-5; 3, 4780-24-9; 4, 33122-31-5; 5, 20425-27-8; 
6, 32178-92-0; 7, 33069-25-9.

Synthesis of 2 ',3 '-0 -
Isopropylidene-5,-keto-8,5'-cycloadenosine, 

a Novel Cyclonucleoside1

P e t e r  J. H a r p e r  a n d  A l e x a n d e r  H a m p t o n *

The Institute for Cancer Research,
Fox Chase, Philadelphia, Pennsylvania 19111

Received August 16, 1971

Cyclonucleosides differ from simple nucleosides in 
that a nonanomeric carbon of the ribose moiety is 
linked to the purine or pyrimidine ring. They are

(1) This work was supported by U. S. P. H. S. Grant CA-11196, American
Cancer Society Grant T-490, an award from the Pennsylvania Science and
Engineering Fund, grants to The Institute for Cancer Research, U. S. P. H. S.
Grants CA-06927 and RR-05539 from the National Institutes of Health, and
an appropriation from the Commonwealth of Pennsylvania.

useful synthetic intermediates2 *“ 5 and have been 
valuable as reference compounds in ORD4'6“ 9 and CD 10 
studies of the disposition of the sugar and base moieties 
around the glycosidic linkage of nucleosides in aqueous 
solution.

In cyclonucleosides described hitherto a nonanomeric 
ribose carbon is bonded either directly to a purine 
nitrogen or indirectly to a purine or pyrimidine carbon 
via an oxygen, sulfur, or nitrogen. The cyclonucleo
side described in this communication is possibly unique 
in that it contains a bond from a ribose carbon to a 
purine carbon, although a photolysis product of co
enzyme B12 has been tentatively identified as 5'- 
deoxy-8,5'-cycloadenosine.u The present cyclonu
cleoside contains a keto function at the 5' carbon and 
reduction to the corresponding secondary alcohol fur
nishes a 2',3'-0-isopropylidene derivative of the first 
cyclonucleoside in which all three ribofuranose hy
droxyls are retained.

Treatment of 2',3'-0-isopropylidene adenosine 5'- 
carboxylic acid ( l ) 12 with methyllithium in tetrahydro- 
furan yielded a complex mixture of products under a 
variety of reaction conditions. From this, a pale 
yellow component which fluoresced in ultraviolet light 
was isolated in ca. 5% yield and obtained crystalline 
and homogeneous. The product was identified as 
2', 3 '-O-isopropvlidene-5 '-keto-8,5 '-cycloadenosine (3) 
on the basis of evidence presented below. Elemental 
analysis and the pmr spectrum showed that the crystals 
contained 0.5 mol of tetrahydrofuran. In the mass 
spectrum the most prominent peak (relative intensity 
53) with m/e higher than adenine corresponded to the 
molecular ion of nonsolvated 3. In accord with the 
cyclic structure of 3, the amount of molecular ion rela
tive to adenine ion was ca. 50-fold greater than in the 
case of noncyclic adenine nucleosides.13'14

Retention of an adenine ring system in 3 was indi
cated by uv and ir spectra, by pmr signals assignable 
to the 6-amino group and to either H-2 or H-8 (but not 
to both), and by the substantial mass spectral peak 
of m/e 135 corresponding to adenine.

The presence of a keto group in 3 was shown by the 
formation of an oxime, and by an ir absorption at 1720 
cm“ 1 which disappeared upon reduction of 3 with 
sodium borohydride; furthermore, oxidation of the 
reduction product 5 with chromic acid regenerated 3. 
The product of reduction of 3 showed nmr signals cor
responding to the single 5' proton and one exchangeable 
proton expected in the secondary alcohol 5. In addi
tion, large shifts of H-2', H-3', and H-4' signals sug
gested the removal of the diamagnetically anisotropic

(2) J. J. Fox and I. Wempen, Advan. Carbohyd. Chern., 14, 283 (1959).
(3) A. M. Michelson, “ The Chemistry of Nucleosides and Nucleotides, 

Academic Press, New York, N. Y., 1963, p 15.
(4) M. Ikehara, Accounts Chem. Res., 2, 47 (1969).
(5) J. Nagyvary, Biochemistry, 5, 1316 (1966), and references cited therein.
(6) T. R . Emerson, R. J. Swan, and T. L. V. Ulbricht, ibid., 6, 843 (1967).
(7) A. Hampton and A. W. Niehol, J. Org. Chem., 32, 1688 (1967).
(8) D. W. Miles, R. K. Robins, and H. Eyring, Proc. Nat. Acad. Sci. U. S., 

57, 1138 (1967).
(9) M. Ikehara, M. Kaneko, K. Muneyama, and H. Tanaka, Tetrahedron 

Lett., 3977 (1967).
(10) D. W. Miles, M. J. Robins, R. K. Robins, M. W. Winkley, and H. 

Eyring, J . Amer. Chem. Soc., 91, 831 (1969).
(11) H. P. C. Hogenkamp, J. Biol. Chem., 238, 477 (1963).
(12) P. J. Harper and A. Hampton, J. Org. Chem., 35, 1688 (1970).
(13) K. Biemann and J. A. McCloskey, J. Amer. Chem. Soc., 84, 2005 

(1962).
(14) S. J. Shaw, D. M. Desiderio, K. Tsuboyama, and J. A. McCloskey, 

ibid., 92, 2510 (1970).
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carbonyl group upon conversion of 3 to 5. The spec
trum of 5 showed poorly resolved absorptions for H-4' 
and H-5', as expected, since the product is almost cer
tainly a mixture of stereoisomers at C-5'.

I

5

The direct link of the carbonyl group of 3 to the 
purine ring was indicated by the appearance of an 
additional absorption peak at 337 nm attendant upon 
conversion of 1 to 3. This corresponds to the excita
tion absorption for the blue fluorescence of 3 and sug
gests conjugation of another chromophore with the 
purine ring. In confirmation of this, the borohydride 
reduction product of 3 lacked both the blue fluores
cence and the 337-nm absorption maximum. On the 
other hand, the oxime of 3 retained the blue fluorescence.

With Corey-Pauling Koltun space-filling molecular 
models the 8-6' bond of 3 could be readily assembled 
whereas a 2-5 ' bond was not possible. Furthermore, 
the single pmr signal from the purine ring of 3 did not 
exchange with D>0 under conditions in which H-8 
of adenosine did exchange; it is known that H-8 of 
adenosine exchanges with tritium far more rapidly than 
does H-2.15 In addition, the absorption maximum of 5 
(264 nm at pH 11 and 268 nm at pH 1) is similar to that

(15) K. R. Shelton and J. M. Clark, Biochemistry, 6, 2735 (1967).

of 8-methyladenine (266 nm at pH 11 and 269 nm at pH 
l ) 16 but different from that of 2-methyladenine (271 nm 
at pH 11 and 265.5 nm at pH l ) . ’7

Conversion of 1 to 3 probably proceeds via lithium 
2',3'-0-isopropylidene-8-lithioadenosine 5'-carboxylate 
(2). Nucleophilic attack of C-8 on the carbonyl carbon 
would then give a dilithio intermediate 4 of the type 
considered to mediate the conversion of carboxylic acids 
to ketones with organolithium reagents.18

Experimental Section

Melting point« (uncorrected) were determined by the capil
lary method. Ultraviolet spectra were obtained in buffered 
aqueous solutions with a Cary Model 15 spectrophotometer and 
infrared spectra with a Perkin-Elmer 137 spectrophotometer. 
The pmr spectra were run with Varian XL-100-15 and Jeolco 
MH60 instruments. Thin layer chromatograms were run on 
Merck F-254 silica gel plates in (A) methanol-chloroform (1 :9), 
(B) ethanol-ethyl acetate (1:9), and (C) acetone-diethyl ether 
(1:4). Elemental analyses were by the Spang Microanalytical 
Laboratories, Ann Arbor, Mich.

2' ,3'-O-Isopropylidene-5'-keto-8,5'-cycloadenosine (3).— 2' ,3'- 
O-isopropylidene adenosine 5'-carboxylic acid12 (3.2 g, 
10" 2 mol) was suspended in dry THF (100 ml), and methyl- 
lithium (30 ml of a 1 M  solution in ether) was added over 2 hr. 
The suspension was stirred overnight and ammonium chloride 
(200 ml of a 20% aqueous solution) was added. The upper 
layer was removed, washed with saturated sodium bicarbonate 
(two 100-ml portions), dried (Na-2SO(), and evaporated to dry
ness. The residue (0.85 g) was chromatographed on silica 
(Merck, 85 g) using a linear gradient of chloroform to 20% 
methanol-chloroform in 1 1. Fractions containing 3 were yellow 
and exhibited a strong blue fluorescence when irradiated at 360 
nm. Removal of volatiles and crystallization of the residue 
from methanol gave 3 (0.075 g) as flat yellow plates, mp 232-234°, 
homogeneous upon tic in systems A, B, and C (Ri 0.78, 0.40, 
and 0.35, respectively): ir (Nujol mull) 3200, 3100 (NH2), 
1720 (C = 0 ) ,  1648, 1582 cm “ 1 (C = C , C = N ); uv max (pH 2.5) 
263 nm (c 19,100), (pH 7.0) 337 (4800) and 267 (16.000), (pH 
11.5) 337 (4500) and 267 (16,000); nmr (CDC13, 100 M Hz) S 
8.75 (s, 1, H-2), 8.45 (broad, 2, NH2), 6.97 (s, 1, H -l ') ,  5.47 
(d of d, 2, J =  5 Hz, H-2' and -3 '), 5.42 (s, 1, H -4'), 3.72 
(m, ~ 2 , THF of crystallization), 1.95 and 1.72 (s, 3, isopropyli- 
dene methyls), 1.62 (m, ~ 2 , THF of crystallization); mass 
spectrum (70 eV) m/e (rel intensity) 303 (53), 288 (20), 274
(17), 246 (20), 218 (20), 188 (50), 135 (22), 57 (100).

Anal. Calcd for C13H13N5O4 O.5C4II8O: C, 53.42; H, 
5.06; N, 20.66. Found (for material dried at 78°): C, 53.79; 
H, 5.02; N, 20.86.

The yield of 3 was essentially constant among reactions run 
for the optimum periods of time at temperatures between —40 
and 50°. Substitution of dioxane or ether for THF at room 
temperature reduced the yield by ca. 50%.

A solution of compound 3 in methanol was treated with hy- 
droxylamine hydrochloride (2 mg) and sodium acetate (5 mg). 
After 16 hr a single product was observed on tic with Ri 0.55 
(system A) and an intense dark blue fluorescence at 360 nm.

2',3'-0-Isopropylidene-8,5'-cycloadenosine (5).— Compound 3 
(75 mg) was dissolved in methanol (20 ml), and 0.1 M  aqueous 
sodium borohydride (2.5 ml) was added. After 5 min, tic in 
system A showed complete conversion to material of Ri 0.5 
which no longer fluoresced. The material was purified by pre- 
porative tleon silica gel in chloroform-methanol (8 :1) and crystal
lized from methanol. The purified material showed uv max 
(pH 1) 268 nm (e 13,900), (pH 11), 264 (14,500); the ir spectrum 
(KBr disc) showed absorption at 3300, 3200, 1651, 1585, 1085, 
and 1040 cm-1 but no carbonyl absorption near 1700 cm -1; nmr 
(DMSO-ds, 60 MHz) 5 8.62 (s, 1, H-2), 7.70 (broad, 2, ex
changes with D20 , NH2), 6.56 (s, 1, H -l ') , 5.46 (d, 1, ./ = 
6 Hz, H-2'), 4.98 (d, 1, J =  6 Hz, H -3'), 4.32 (broad, 1, H -4'), 
3.74 (broad, 2, exchanges 1 H with D 20 , H-5' and OH), 1.77 
(s, 3, CH,), 1.58 (broad, 3, CH3).

(16) T. R. Wood and R. K. Robbins, J. Org. Chem., 23, 1457 (1958).
(17) C. J. Baddiley, B. Lythgoe, and A. R. Todd, J. Chem. Soc., 318 

(1944).
(18) M. Jorgenson, Org. React., 18, 1 (1970).
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Anal. Calcd for C13H16N50 4: C, 51.14; H, 5.00; N, 22.61. 
Found [sample dried to constant weight at 100° (0.1 mm) over 
P2Os] : C, 50.80; H, 5.09; N, 22.78.

A portion of the material was dissolved in acetone and treated 
with Jones reagent19 until an orange color persisted for 2 min. 
Tic of this material in systems A, B, and C showed it to be 
identical with 3 in R{ and fluorescence color, and the ultraviolet 
absorption characteristics at acid, neutral, and alkaline pH 
values were likewise indistinguishable from those of 3 .

Registry No. —3, 33066-26-1; 5, 33189-80-9.
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(19) A. Bowers, T. G. Halsell, E. R. H. Jones, and A. J. Lemin, J. Chem. 
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The existence of homoallylic participation in carbo
nium ion chemistry is well established.3 The search for 
analogous participation in free-radical reactions has 
proven fruitless.4 The chemical reactivities6 and 
physical properties6 of these radicals are also consis
tent only with that of equilibrating radicals rather than 
a single delocalized species such as 1.X

r \ . V

A

Results and Discussion

Our interest in this problem arose from the observa
tion that treatment of the tetrachlorides 27 with 2 equiv 
of tributyltin hydride gave only the dichloride 3 with 
no observable amount of the epimer 4 formed.

Subsequently it was shown that under these condi
tions the trichloride 5 reacts with tributyltin hydride to 
give only 3; no 4 is formed.1 The structural assign
ment for 3 is based on elemental analysis and the pro
ton magnetic resonance (pmr) spectrum of 3: a pair of

(1) For a preliminary communication of a portion of this work, see B. B. 
Jarvis and J. B. Yount, III, Chem. Commun., 1405 (1969).

(2) Taken in part from the M.S. Theses of J. B. Y., 1970, and T-H. Y., 
1970.

(3) B. Capon, Quart. Rev., Chem. Soc., 18, 45 (1964).
(4) (a) D. I. Davies and S. J. Cristol in “ Advances in Free Radical Chem

istry,”  Vol. I, G. H. Williams, Ed., Logas Press, London, 1965; (b) D. I. 
Davies in “ Essays on Free-Radical Chemistry,”  Special Publication 24 of the 
Chemical Society, Burlington House, London, 1970, p 201.

(5) (a) G. A. Russell and G. W. Holland, J. Amer. Chem. Soc., 91, 3968 
(1969); (b) S. J. Cristol and A. L. Noreen, ibid., 91, 3969 (1969).

(6) (a) R. W. Fessenden and R. H. Shuler, J. Chem. Phys., 39, 2180 
(1963); (b) P. Bakuzis, J. K. Kochi, and P. J. Krusic, J. Amer. Chem. Soc. 
92, 1434 (1970).

(7) B. B. Jarvis and J. B. Yount, III, J. Org. Chem., 35, 2088 (1970).

2a, exo-C\ 
b, endo-Cl

doublets (1 H each) at t 5.97 and 5.33 (Jis = 2.5 Hz), 
a pair of doublets (1 H each) at r 6.95 and 6.33 (./Kcm-4 
=  17 Hz), and aromatic protons (8 H) at r 2.5-3.0. 
The value of the coupling constant J i8 is consistent 
only with structure 3.8 Since it is the ring anti to the 
C-4 position that has the highest capability for de- 
localization of a charge or unpaired electron at C-8,9 
the nonclassical radical intermediate (if one were to 
exist) should be represented by 6. The dichloride 4

should be the product formed10 from such an interme
diate.

Just what effect the C-5 and C-8 chlorine atoms in 5 
have on the stereochemical course of this reaction was 
not clear. It would be preferable to deal with a radi
cal intermediate that lacked any complicating sub
stituents. For this purpose, the two alkyl bromides 7 
and 8 were prepared as shown in Scheme I.

The starting dibromides 913 and 1014 have been re
ported previously. The conversion of 10 to the ace
tate 11 is analogous to the acetolysis of the correspond
ing trans dichloride.16 Treatment of the bromides 7

(8) (a) S. J. Cristol, J. R. Mohig, and D. E. Plorde, ibid., 30, 1956 (1965)5 
(b) A. R. Katrikzky and B. Vallis, Chem. Ind. {London), 2025 (1964).

(9) (a) S. J. Cristol, J. R. Mohig, F. P. Parungo, D. E. Plorde, and K. 
Schwarzenbach, J. Amer. Chem. Soc., 85, 2675 (1963); (b) G. W. Klumpp, 
G. Ellen, and F. Bickelhaupt, Reel. Trav. Chim. Pays-Bas, 88, 474 (1969).

(10) This assumes that the three-membered ring is opened with inversion. 
Previous workers who have postulated the existence of bridged radicals 
(bromine and sulfur atom bridging)11 have observed products consistent 
with opening of the ring with inversion. However, serious doubts exist as 
to whether there is such a phenomenon as free radical bridging involving 
bromine atoms.12

(11) For example, see W. Thaler, J. Amer. Chem. Soc., 85, 2607 (1963).
(12) D. D. Tanner, D. Darwish, M. W. Mosher, and N. J. Bunce, ibid., 

91, 7398 (1969).
(13) I. G. Ninulescu, M. Avram, Gh. D. Mateescu, and C. D. Nenitzescu, 

Chem. Ind. {London), 2023 (1964).
(14) B. B. Jarvis, J. P. Govoni, and P. J. Zell, J . Amer. Chem. Soc., 93, 

913 (1971).
(15) S. J. Cristol, F. P. Parungo, and D. E. Plorde, ibid., 87, 2870 (1965).
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Br
S c h e m e  I

n-BujSnH

and 8 with tributyltin hydride gave the known16 hy
drocarbon 14.

Br

AgOAc __ 
HOAc >

7 (or 8 ) rc-Bu.,SnH

With tributyltin deuteride, 7 and 8 react to give the 
same deuterated hydrocarbon 15 in which the deute
rium atom is in the C-8 anti position. The position of 
the deuterium atom in 15 is evident from the pmr spec
trum. The benzhydryl proton at C-l appears as a 
slightly broadened singlet, indicating that it is coupled 
only to the syn proton at C-8.8 This result is entirely

7 (or 8) rt-Bu.iSn- n-Bu ,SnD

consistent with that observed in the reduction of 5; 
the stereochemistry of the chain transfer to the radical 
16 appears to be unaffected by the presence of chlorine 
atoms at C-5 and C-8.

It is interesting to note that, although 16 reacts with 
tributyltin hydride (deuteride) in a highly stereoselec
tive manner from the anti side, the difference in re
activity between 7 and 8 is only a factor of two. This 
figure was obtained by allowing 7 and 8 in separate re
action vessels to react with a stock solution of tributyl
tin hydride (deuteride) and benzoyl peroxide in ben
zene. In this manner it was shown that anti-8 reacts 
ca. twice as readily as syn-7 with both tributyltin hy
dride and tributyltin deuteride. However, the overall 
reaction rate is much faster with the tributyltin hy
dride than with the tributyltin deuteride (see Experi
mental Section). The difference in the selectivity be
tween the abstraction step (>Sn- +  BrC < -*■ >Sn- 
Br +  -C < ) and the chain transfer step (>SnH  +  
•C< —► >Sn- +  H C < ) depends upon where the 
transition state lies along the reaction coordinate. The 
difference in bond energies between the tin-bromine 
and carbon-bromine bonds is small (ca. 3 kcal/mol),16 
whereas there is a large difference (ca. 38 kcal/mol)16 
in the bond energies between the strong carbon-hy
drogen bond and the much weaker tin-hydrogen bond. 
The transition state for chain transfer from tributyltin 
hydride (or deuteride) to the radical 16 must come 
very early17 compared with the transition state in the 
bromine atom abstraction step. However, it is the 
latter step (halogen atom abstraction) that is the rate- 
determining step (in part; initiation-termination are 
also involved),18 whereas the former step (chain trans
fer to radical 16) is the product-determining step. 
Clearly, differences in rates between reagents reacting 
from the anti direction vs. syn direction in the dibenzo- 
bicyclo[3.2.1]octadiene system depend rather strongly 
upon the position of the transition state along the re
action coordinate.

We also have tested which is a more important factor 
in the tributyltin hydride reactions in this system: 
bromine vs. chlorine atom abstraction or anti vs. syn 
reactivity. Treatment of tetrahalide 17 with 2 equiv

2n-Bu3SnH

of tributyltin hydride gives only dichloride 3. Clearly, 
in this reaction the increase in reactivity of a bromine 
atom over the chlorine atom19 overrides any rate en
hancement of an anti halogen atom over a syn halogen 
atom.

Chromium(II) chloride in aqueous dimethylform- 
amide (DMF) also reacts with the trichloride 5 to give 
only 3. Arguments have been presented elsewhere1,20

(16) E. Ebsworth, “ Organometallic Compounds of Group IV Elements,” 
Vol. I, A. G. MacDiarmid, Ed., Marcel Dekker, New York, N. Y., 1965, p 
46.

(17) G. S. Hammond, J. Amer. Chem. Soc., 77, 334 (1955).
(18) K. U. Ingold and D. J. Carlsson, ibid., 90, 7049 (1968).
(19) H. G. Kuivila, Accounts Chem. Res., 1, 299 (1968).
(20) B. B. Jarvis and J. P. Govoni, J. Org. Chem., in press.
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which suggest that the reactions at the C-8 position in 
this system are governed by steric control; i.e., reagents 
have a more open approach from the anti side than from 
the syn direction. The data presented here support 
this conclusion.

Experim ental Section21

Solvolysis of T rans Dibrom ide 10 in Acetic A cid .—Five grams 
(13.7 mmol) of 1014 was dissolved in 60 ml of acetic acid which 
contained 2.32 g of silver acetate. The mixture was placed under 
reflux for 1.5 hr. This was poured into 50 ml of water and ex
tracted with ether. The ether layer was washed with saturated 
sodium carbonate solution. The ether was dried over mag
nesium sulfate and the solvent was removed by rotary evapora
tion. The oil, after treatment with charcoal, was crystallized 
from carbon tetrachloride-Skellysolve B to give 3.6 g (78%) of 
product 11, mp 138-140°.

The pmr spectrum of 11 shows three singlets at r 4.90 (1 H), 
5.73 (1 H), and 7.85 (3 H ), a pair of doublets (1 H each) at 4.00 
and 6.17 (Ju = 2.5 Hz), and a multiplet (8 H) at 2.3-3.0.

Anal. Calcd for C18H15Br02: C, 62.95; H, 4.37. Found: 
C, 62.77; H, 4.51.

Acid H ydrolysis of Acetate 11.— One gram (2.91 mmol) of 
the exo acetate 11 was dissolved in 50 ml of dioxane and treated 
with 16 ml of 3 M  hydrochloric acid. The reaction mixture was 
held at reflux for 2.5 hr, after which it was poured into 200 ml of 
water. This was extracted with two 50-ml portions of ether, 
and the ether extracts were washed with saturated sodium car
bonate solution. The ether was dried over magnesium sulfate 
and rotary evaporated. Recrystallization of the residue from 
Skellysolve B gave 0.65 g (74%) of alcohol 12, mp 154.5-155.5°.

The pmr spectrum of 12 shows three singlets (1 H each) at 
t  4.91, 5.81, and 7.42 (-O H ), a pair of doublets (1 H each) at
5.23 and 6.23 (/,5 =  2.5 Hz), and a multiplet (8 H) at 2.4-3.0.

Anal. Calcd for Ci6Hi3BrO: C, 63.81; H, 4.02. Found: 
C, 63.88; H, 4.31.

Reaction of Phosphorus Tribrom ide with an /i-8 -B rom o-4- 
ezo-hydroxydibenzobicyclo [3.2 . 11 octadiene (12).—To a solu
tion of 1.0 g (3.32 mmol) of 12 dissolved in 20 ml of dry methylene 
chloride (distilled from phosphorus pentoxide) was added 3 ml of 
phosphorus tribromide in 2 ml of dry methylene chloride and the 
mixture was held at reflux for 14 hr. This was treated with 
saturated sodium carbonate solution until no more carbon 
dioxide was generated. The resulting solution was extracted 
with two 100-ml portions of ether, and the ether extracts were 
combined and dried over magnesium sulfate. After treatment 
with charcoal, an oily material was obtained which on recrystal
lization from methylene chloride-Skellysolve B gave 0.93 g 
(77%) of the dibromide 13, mp 141.5-143°.

The pmr spectrum of 13 shows two singlets (1 H each) at t  

4.65 and 5.78, a pair of doublets (1 H each) at 4.58 and 5.90 
(Jt5 = 2.5 Hz), and a multiplet (8 H) at 2.4-3.0.

Anal. Calcd for Ci6Hi2Br2: C, 52.75; H, 3.33. Found: C, 
52.50; H, 3.56.

Hydrogenolysis of 9.— One gram (2.75 mmol) of 9,13 0.815 g 
(2.8 mmol) of tri-n-butyltin hydride, and 50 mg of benzoyl 
peroxide were dissolved in 18 ml of dry benzene and held at re
flux for 3 hr. The reaction mixture was concentrated and put 
on a column packed with 50 g of silica gel in Skellysolve B 
The column was first eluted with Skellysolve B to remove the 
tributyltin bromide. Eluent of 2%  benzene in Skellysolve B 
gave more tributyltin bromide, followed by small amount of the 
hydrocarbon 14. Elution with 5%  benzene in Skellysolve B 
gave desired syn bromide 7. Several recrystallizations from 95% 
ethanol gave 0.5 g (64%) of the syn bromide 7, mp 129.5-130.5°.

The pmr spectrum of 7 shows a doublet (1 H) at r 6.05, a 
doublet of doublets (1 H) at 7.33 (/endo-45 = 3.0, Jgem-4 =  18.5 
Hz), a doublet of doublets that appears a a triplet (1 H) at 5.21 
(Jm =  J58 =  4.5 Hz), a multiplet (2 H) at 6.34-6.76, and a 
multiplet (8 H) at 2.6-3.2.

(21) Melting points were determined on a Fisher-Johns apparatus and are 
uncorrected. Proton magnetic resonance spectra were run in carbon tetra
chloride solutions (unless otherwise noted) and measured with a Varian 
A-60D spectrometer with tetramethylsilane (r 10.00) as the internal stan
dard. J values are “ observed” ones. Ir spectra were taken on a Perkin-Elmer 
337 infrared spectrometer in 0.5-mm matched cells with carbon tetrachloride 
as the solvent. Microanalyses were performed by Dr. F. K. Kasler, Uni
versity of Maryland.

Anal. Calcd for Ci6Hi3Br: C, 67.38; H, 4.59. Found: C, 
67.44; H, 4.66.

Reduction of 8-anii-4-endo-D ibrom obenzobicyclo[3.2. 1] octa
diene (13) by Tri-n-butyltin H ydride.— A mixture of 2.0 g 
(5.66 mmol) of 13, 1.7 g (5.7 mmol) of tributyltin hydride, and 
100 mg of benzoyl peroxide in 25 ml of dry benzene was allowed to 
reflux for 3 hr under nitrogen. The solvent was removed, the 
resulting mixture was put on a column packed with 100 g of 
silica gel in Skellysolve B, and the column was eluted with 2% 
benzene in Skellysolve B to elute the tin bromide. On elution 
with 5%  benzene, a trace amount of the completely reduced 
hydrocarbon 14 was obtained, followed by the expected anti 
bromide 8 . Five recrystallizations from 95% ethanol gave 1.12 
g (71%) of 8, mp 140-141°.

The pmr spectrum of 8 shows two singlets (1 H each) at t 5.33 
and 5.93, three doublet of doublets (1 H each) at 6.30 (Jexo-a = 
5, Jendo-45 = 1.8 Hz), 6.63 (/gem-* =  16.5 Hz), and 7.20, and a 
multiplet (8 H) at 2.7-3.2.

Anal. Calcd for CieHi3Br: C, 67.38; H. 4.59. Found: C, 
67.28; H, 4.50.

Synthesis of the Tetrahalide 17.-—To a solution of 0.63 g 
(2.28 mmol) of 7,8-dichlorodibenzobicyclo[2.2.2]octatriene7 in 
20 ml of nitromethane was added 2.0 g of bromine, and the vessel 
was stoppered. The solution was stirred for 3 hr at room tem
perature after which it was shaken with a mixture of 30 ml of 
ether and 30 ml of saturated sodium thiosulfate. The ether 
layer was dried over anhydrous M gS04 and evaporated to dry
ness. Crystallization of the oil from ethanol gave 500 mg of 
17, mp 150-151°. A pmr spectrum of the mother liquor showed 
the presence of a small amount of the endo epimer of 17 (H-4 
located at r 4.03), but no attempt was made to isolate the ma
terial.

A pmr spectrum of 17 shows two singlets at r 4.33 and 5.35 and 
a multiplet (8 H) at 2.3-2.9.

Anal. Calcd for Ci6Hi0Br2Cl2: C, 44.38; H, 2.30. Found: 
C, 44.42; H, 2.38.

Tri-n-butyltin Hydride Reductions.— Reductions of the halides
2 ,7 5 ,7 7 ,7 8 , and 17 were run in the following manner. 
Solutions of the halides (0.05 M ), tri-n-butyltin hydride22 
(0.06 or 0.12 M  if two halogen atoms were to be removed), and 
benzoyl peroxide (0.001 M ) in dry benzene under nitrogen were 
held at reflux for ca. 12 hr. The solutions were concentrated 
and chromatographed over 25 g of silica gel packed in Skelly
solve B. The tin compounds were eluted with 2%  benzene in 
Skellysolve B and the desired products were eluted with 5% 
benzene in Skellysolve B. Products were analyzed by pmr and 
ir spectroscopy. The reductions all occurred in a highly stereo
specific manner to give only one of the possible two epimers in 
each case. The yields were 70-90%.

Reduction of the M onobrom ides 7 and 8 with Tributyltin  
H ydride.—The reductions of the syn and anti bromides 7 and 8 

were carried out in separate reaction flasks. Two 25-ml three- 
neck flasks were each equipped with a condenser and a nitrogen 
inlet. Equal amounts of 7 and 8 (50 mg, 0.17 mmol) were 
placed in the separate flasks. A stock solution was prepared 
which consisted of 0.2042 g (0.70 mmol) of tributyltin hydride, 
30 mg of dibenzyl (internal standard), and 20 mg of benzoyl 
peroxide in 20 ml of dry benzene; 10 ml of this solution was in
jected with a syringe into each flask under nitrogen. The two 
flasks were immersed into a common oil bath maintained at 
50°. At each time interval, a 1-ml aliquot was taken from each 
flask and quenched with 100 ¡A of 1,2-dibromoethane. Each 
fraction was concentrated and injected into a gas chromotograph. 
The column used was a 5-ft stainless steel column packed with 
20% SE-30 on Chromosorb W (column temperature 185°, car
rier gas helium, flow rate 130 ml/min). The amounts of the 
starting bromides and the reduced hydrocarbon were measured 
by a disc integrator in the recorder.

Preparation of anti-8-D euteiiodibenzobicyclo [3.2. l octadiene
(15).— Two hundred milligrams (0.70 mmol) of 7 and 200 mg 
(0.70 mmol) of 8 were placed in separate sealed tubes. A stock 
solution was prepared which consisted of 1.024 g (3.5 mmol) of 
tri-n-butyltin deuteride23 and 150 mg of benzoyl peroxide in 12 
ml of dry benzene. Under a nitrogen atmosphere 5 ml of this 
solution was injected with a syringe into the tube containing 7 
and 5 ml into the tube which contained 8 . The two tubes were

J. Org. Chem., Vol. 87, No. 5, 1972 799

(22) H. G. Kuivila and O. F. Beumel, Jr., J. Amer. Chem. Soc., 83, 1246 
(1961).

(23) L. W. Menapace and H. G. Kuivila, ibid., 86, 3047 (1964).
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heated at 100° in a common oil bath overnight. The reactions 
were found to be complete after 10 hr (incomplete after 2 hr). 
Each reaction mixture was evaporated down to a small volume 
and worked up as usual. The product, IS, from both reactions 
was shown to be identical by prar and ir data.

The relative rates of reaction were determined in the same 
manner as that described for the hydride reduction. Compound 
8 reacts ca. twice as fast as 7.

Chromium(II) Chloride Reduction of 5,8,8-Trichlorodibenzo- 
bicyclo[3.2.1]octadiene (5).— To a 10-ml flask, flushed with 
nitrogen gas, was added 0.60 g (1.94 mmol) of 5 and 5 ml of 
DM F. The flask was capped immediately with a rubber septum. 
Nitrogen gas was bubbled through the solution of 5 for 30 min. 
Six milliliters (12 mmol) of Fisher chromium(II) chloride solution 
{ca. 2 M ) was injected (via syringe) into the solution of 5, and a 
dark green color immediately appeared. The reaction solution 
was diluted with 20 ml of water and extracted twice with 40-ml 
portions of ether. The combined ether layers were washed with 
40 ml of water and dried over anhydrous magnesium sulfate, and 
the ether was removed by rotary evaporation. A pmr spectrum 
indicated complete conversion of starting material to 3. The 
oil was chromatographed over 10 g of alumina and the fractions 
were crystallized from carbon tetrachloride to give 400 mg 
(76% yield) of 3, mp 119-120°.7

Registry N o.—3, 27995-02-4; 7, 33065-89-3; 8,
33065-90-6; 11, 33065-91-7; 12, 33065-92-8; 13,
33065-93-9; 17,33065-94-0.
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As a possible route to 1,2-diphenylcyclopropene (1), 
the reduction of 2,3-diphenylcyclopropenone (2) ap
peared attractive. Breslow and coworkers1’2 have

Cl

shown, however, that LiAlH4 or catalytic reduction 
of 2 gives dibenzyl ketone, presumably through a di- 
phenylcyclopropanone intermediate. Tropone (3), a 
similar ketone, on reduction with LiAlH4 gives some

(1) D. N. Kursanov, M. E. Volpin, and Yu. D. Koreshkov, Zh. Obshch. 
Khim., 30, 3877 (1960).

(2) R. Breslow, T. Eicher, A. Krebs, R. A. Peterson, and J. Posner, J.
Amer. Chem. Soc., 87, 1320 (1965).

cycloheptatriene, but also 3,4-cycloheptadienol and
3,5-cycloheptadienone.3

We have found that treatment of l,2-diphenyl-3- 
chlorocyclopropenium aluminum chloridate (4)4 in a 
M e 0 H H 20  solution (probable in situ formation of 2) 
with trimethylamine-borane furnishes 1 in 63% yield. 
Although isolated 2, when treated with amine-borane, 
fails to react, 1 is produced in 90% yield upon subse
quent treatment of the reduction medium with an
hydrous HC1.

It appears, therefore, that the species being reduced 
in each case is a Lewis acid complex of ketone 2. Since 
3 also forms a molecular complex with HC1,5 its reduc
tion in an acidic medium with amine-borane might 
be expected to produce cycloheptatriene.

Treatment of 3 with dimethylamine-borane and 
anhydrous HC1 under the reaction conditions, however, 
gave 3,5-cycloheptadienol (5) (the product of a 1,8 
conjugate addition)6'6 as the sole nonvolatile product 
in 71% yield.

A possible reason for this difference in the observed 
products from reduction of these vinylogous ketones 
is summarized in Schemes I and II.

S ch em e  I
0  OH OH

5

Sch em e  II

O OH

Scheme II illustrates a reduction route which in
volves dehydration of an intermediate to form a cyclo- 
propenium ion (8) that is easily reduced by amine- 
borane in the acidic medium.7

The difference between the reduction of 2 and 3 
(Schemes I and II) probably lies in the tendency of 
the cyclopropenyl intermediate 7 to dehydrate, whereas

(3) A. P. TerBorg and H. Kloosterziel; Reel. Trav. Chim. Pays-Bas, 82, 
1189 (1963).

(4) S. Tobey and R. West, J. Amer. Chem. Soc., 86, 4215 (1964).
(5) Yu. G. Borod’ko and Ya. K. Syrkin, Dofd. Akad. Nauk SSSR, 136, 223 

(1961).
(6) O. L. Chapman, D. J. Pasto, and A. A. Griswold, J. Amer. Chem. Soc., 

84, 1213 (1962).
(7) W. C. Perkins and D. H. Wadsworth, submitted for publication in 

Int. J. Methods Syn. Org. Chem.
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the corresponding intermediate enol of the tropone 
reduction (formed from a 1,8 conjugate addition of 
the reducing agent6) tends to ketonize and further re
duce.

Amine-boranes are quite stable at low pH and be
come very effective reducing agents for carbonyl groups 
in the presence of Lewis acids.8 However, in the pres
ence of anhydrous HC1, trimethylamine-borane and 
perhaps dimethylamine-borane react to form trimethyl- 
amine-chloroborane. Since both trimethylamine- 
borane and its chlorinated analog will reduce 2 in the 
presence of HC1 but neither will accomplish the reduc
tion in the absence of acid, the actual reducing agent 
in our system is not known.

It is interesting that tropone is reduced only with 
dimethylamine-borane-HCl and does not react with 
trimethylamine-borane-HCl. This seems to indicate 
a difference in reduction potential between the two 
amine-boranes in acidic media.

By successive addition of one-half molar amounts 
of methanolic HC1 it was found that complete reduc
tion of 2 required between one and two molar amounts 
of HC1. Uv analysis immediately after HC1 addition 
indicated complete reduction.

Prolonged treatment with excess anhydrous HC1 
(as described in the Experimental Section) tended to 
decompose product at 0°. However, reduction times 
up to 1 hr with two molar amounts of methanolic HC1 
at 0° appeared to have no ill effects on the yield of 1.

Experimental Section

Reduction of 2,3-Diphenylcyclopropenone (2). Method A. 
In Situ Formation and Reduction of 2.—To a solution of 1,2- 
diphenyl-3-chlorocyclopropenium aluminum chloridate (4, 0.03 
mol) in 50 ml of methanol (2%  H20 )  at 0° was added 2.10 g of 
trimethylamine-borane (0.03 mol) in 5 ml of (CH2C1)2. The 
solution was stirred at 0° for 15 min and the solvent was evap
orated in vacuo at 10°. The residue was suspended in petroleum 
ether and extracted with ice water. The organic layer was de
colorized and cooled on Dry Ice to deposit impurities. The 
supernatant petroleum ether (bp 35-60°) was then decanted and 
removed in vacuo at 10° to give 3.6 g of 1 (63% yield) melting at 
44—47°: nmr (CDC13) t  8.48 (1, sharp s) and 2.1-3.0 (5, m); 
mass spectrum ro/e (rel intensity) 192 (M +, 100) and 191 (95); 
ir (KBr) 1820 cm -'; uv (MeOH) Xmax (log e) 228 (3.99), 234 
(3.94), 308 (4.14), 318 (4.19), and 336 nm (4.09).9

Reduction of Isolated 2. Method B.—To a solution of 1.5 g 
(0.0073 mol) of 2 in 20 ml of methanol at 0° was added 1.1 g 
(0.0146 mol) of trimethylamine-borane in 5 ml of (CH2C1)2. 
This solution was acidified with anhydrous HC1 over a 2-min 
period and stirred at 0° for 15 min, and the solvent was evap
orated in vacuo at 10°. The resulting residue was suspended in 
petroleum ether and extracted with ice water. The organic layer 
was decolorized with carbon and stripped in vacuo at 10° to give
1.3 g of 1 (91% yield) melting at 44—47° (spectral data identical 
with above).

Reduction of Isolated 2. Method C.— To a solution of 1.32 
g (0.0064 mol) of 2 in 20 ml of methanol at 0° was added 1.1 g 
(0.0146 mol) of trimethylamine-borane in 5 ml of methanol. 
This solution was successively acidified with one-half molar 
equivalents of methanolic HC1 (5%  solution). After addition of 
0.115 g of HC1 (0.0032 mol), uv analysis showed partial conver
sion to 1. Subsequent additions of one-half molar amounts of 
methanolic HC1 caused immediate increases in the concentration 
of 1. Upon addition of a total of 2 molar equiv (0.46 g) of 
HC1, uv analysis indicated complete disappearance of 2 and 1 
as the only evident product. The reaction mixture was allowed 
to stir for 1 hr at 0° and the solvent was evaporated in vacuo

(8) W. M. Jones, J. Amer. Chem. Soc., 82, 2528 (1960).
(9) D. T. Longone and D. M. Stehouwer, Tetrahedron Lett., No. 13, 1017 

(1970).

at 10°. The resulting residue was suspended in petroleum ether 
and extracted with ice water. The organic layer was stripped 
in vacuo at 10° to give 1.07 g of 1 (89% yield) melting at 44-49°.

Reduction of Tropone 3.— To a solution of 1.0 g (0.0096 mol) 
of 3 in 10 ml of CH2C12 was added 1.0 g (0.0137 mol) of dimethyl
amine-borane. After treatment with anhydrous HC1 over a 2- 
min period, the solution was stirred at room temperature for 
10 min, then extracted with water. The organic layer was 
separated, dried over molecular sieves, and evaporated in 
vacuo to furnish 0.75 g (71%) of 3,5-eycloheptadienol (5). Spec
tral data (nmr, uv) are consistent with those of Chapman, 
et al.6

Registry No.—1, 24168-52-3; 2, 886-38-4; 3, 539-
80-0.

Asymmetric Reduction of Ketones with 
( + )-Tris[(.S)-2-methylbutyl]aluminum Etherate

R ic h a r d  A. K r e t c h m e r 1

Department of Chemistry, Illinois Institute of Technology, 
Chicago, Illinois 60616

Received August 4, 1971

Hydrogen transfer from chiral reducing agents to 
achiral ketones has been extensively studied in an effort 
to understand the mechanistic details of asymmetric 
reduction and in order to develop synthetically useful 
preparations of optically active secondary carbinols. 
Reducing agents which have been examined include 
diisopinocamphenylborane and chiral Grignard re
agents, metal alkoxides, and metal hydride complexes.2 
Unfortunately, these reducing agents produce optically 
active by-products which are often difficult to remove 
from the desired product. In addition, asymmetric 
Grignard reductions suffer from the fact that product 
yield is frequently very low as a result of competing 
addition and enolization reactions.

In view of the stereospecificity, ease of product iso
lation, and high yield of product on reduction of ke
tones with triisobutylaluminum,3 we have examined 
the utility of (+)-tris[(/S)-2-methylbutyl]ahiminum 
etherate as an asymmetric reducing agent. The re
sults of reaction with a series of achiral ketones are in
dicated in Table I. In each case, the resulting sec
ondary carbinol was obtained easily and in excellent 
yield with an optical purity similar to that obtained 
upon reduction of the corresponding ketone with the 
Grignard reagent derived from (+ ) - (£ ) - l-chloro-2- 
methylbutane.4 The convenience of the experimental 
procedure and the availability of (+)-tris[(<S)-2- 
methylbutyljaluminum etherate combine to make this 
an attractive preparation of optically active secondary 
carbinols.

The preferred transition state, 1, postulated for the 
corresponding asymmetric Grignard reduction of ke-

(1) Illinois Institute of Technology Faculty Research Fellow.
(2) For a review, see J. D. Morrison and H. S. Mosher, “ Asymmetric 

Organic Reactions,”  Prentice-Hall, Englewood Cliffs, N. J., 1971, pp 160- 
218.

(3) (a) H. Haubenstock and E. B. Davidson, J. Org. Chem., 28, 2772 
(1963); (b) K. Ziegler, K. Schneider, and J. Schneider, Justus Liebigs Ann. 
Chem., 623, 9 (1959); (c) K. Ziegler in “ Organometallic Chemistry,”  H. 
Zeiss, Ed., Reinhold, New York, N. Y., 1960, pp 236-238.

(4) (a) R. MacLeod, F. J. Welch, and H. S. Mosher, J. Amer. Chem. Soc., 
82, 876 (1960); (b) W. M. Foley, F. J. Welch, E. M. La Combe, and H. S. 
Mosher, ibid., 81, 2779 (1959).
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T able  I
A symmetric R eduction o p  K etones by  ( + ) - T r is [(iS)-2-m eth ylbutyl]aluminum  Etherate  in B enzene Solution

Isolated Optical
Ketone Product yield, % [aJttD Configuration purity, %

Acetophenone Methylphenylcarbinol 83 — 3.38° s » 8'
Isobutyrophenone Isopropylphenylcarbinol 93 —14. KF S’ 30'
rc-Butyrophenone n-Propylphenylcarbinol 97 -3 .3 9 » S’ 7h
3,3-Dimethyl-2-butanone iert-Butylmethylcarbinol i — 0 .64> Rk 13'

° Determined for the neat liquid. b K. Mislow, J. Amer. Chem. Soc., 73, 3954 (1951). c R. H. Pickard and J. Kenyon, J. Chem. Soc., 
99, 45 (1911). d Determined in ether solution, c 23.76. ’  R. MacLeod, F. J. Welch and H. S. Mosher, J. Amer. Chem. Soc., 82, 876 
(1960). < P. A. Levene and L. A. Mikeska, J. Biol. Chem., 70, 355 (1926). » Determined in benzene solution, c 11.34. A J. Kenyon 
and S. M. Partridge, J. Chem. Soc., 128 (1936). * Product isolated by preparative gas chromatography on a 15 ft X 0.25 in. column 
packed with 10% silicone QF-1 on Chromosorb P; purity >99%  by gas chromatography. ’ Determined in absolute ethanol, c 7.11. 
* J. Jacobus, Z. Majerski, K. Mislow, and P. v. R. Schleyer, J. Amer. Chem. Soc., 91, 1998 (1969). ' R. H. Pickard and J. Kenyon, 
J. Chem. Soc., 105, 1115 (1914).

tones, positions the larger carbonyl substituent, R l, 
opposite the methyl group of the Grignard reagent 
while the smaller carbonyl substituent, R s, is opposite 
the ethyl group.2 A similar transition state, 2, would

1 2

be anticipated to control the product stereochemistry 
in the asymmetric reduction of ketones with (+)-tris- 
[(S)-2-methylbutyl]aluminum etherate.3“ This model 
does, in fact, correctly predict the absolute configura
tion of the predominant enantiomer resulting from re
duction of each alkyl phenyl ketone examined. Sur
prisingly, however, it fails to predict the absolute 
configuration of the principal enantiomer resulting from 
reduction of 3,3-dimethyl-2-butanone. Since only one 
of the three alkyl groups of a trialkylaluminum reagent 
is utilized in the reduction of ketones,3b it appears that 
the asymmetry of the two alkyl groups not participating 
in hydride transfer is capable of exerting a controlling 
influence on the stereochemistry of this reduction.

Experim ental Section5

(+  )-Tris [ (S ) -2-m ethylbutyl] alum inum  E therate .— Conversion 
of 34.006 g (0.319 mol) of ( +  )-(iS)-l-chloro-2-methylbutane, 
[a] 26d  +1.58° (neat), 95% optical purity,6 to the Grignard 
reagent followed by reaction with 9.883 g (0.074 mol) of anhy
drous aluminum chloride according to the procedure of Pino, 
el al.,1 afforded 13.882 g (60%) of ( +  )-tris[(S)-2-methylbutyl]- 
aluminum etherate: bp 111.0-115.0° (3 mm) [lit.7 bp 87- 
89° (0.6 mm)]; [c* ] “ d  +22.04° (c 16.78, hexane).

Reduction of Acetophenone.—The following preparation is 
representative of the general procedure. Under an atmosphere 
of dry nitrogen, 1.191 g (10 mmol) of acetophenone was added 
by syringe to a solution of 3.192 g (10 mmol) of ( +  )-tris[(S)- 
2-methylbutyl] aluminum etherate in 30 ml of benzene. An 
immediate orange coloration developed which faded within 30 
sec. The solution was heated at reflux under nitrogen for 2 hr. 
After cooling to room temperature, the resulting mixture was de
composed with 25 ml of 3 M  HC1 and diluted with an additional 
30 ml of benzene. The benzene layer was separated, washed 
with 25 ml of water, and dried over anhydrous MgSO,. Re
moval of solvent in vacuo followed by distillation afforded 1.008

(5) Optical rotations were measured with an O. C. Rudolph and Sons, 
Inc., Model 200 photoelectric polarimeter equipped with a Model 340 oscillat
ing polarizer.

(6) F. C. Whitmore and J. H. Olewine, J. Amer. Chem. Soc., 60, 2570 
(1938).

(7) P. Pino, L. Lardicci, and G. P. Lorenzi, Ann. Chim. (Rome), 48, 1426
(1958).

g (83%) of methylphenylcarbinol: bp 77.0-78.0° (4.5 mm); 
[a] “ d —3.38° (neat); >99%  pure by gas chromatography on a 
15 ft X 0.25 in. column packed with 10% silicone QF-1 on 
Chromosorb P.

Registry No. — (+ )  -Tris [ (S) -2-methyl butyl ] alumi
num etherate, 18902-57-3; acetophenone, 98-86-2 ; iso- 
butylophenone, 611-70-1; n-butyrophenone, 495-40-9;
3,3-dimethyl-2-butanone, 75-97-8; methylphenylcar
binol, 1445-91-6.
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The chemistry of heterotropilidenes has received con
siderable impetus in recent years due in large part to 
the elegant synthetic contributions of Paquette and 
coworkers.1 In the course of our work on the chemis
try of 1-azirines,2-6 we examined some symmetry- 
allowed thermal [ir4 +  ir2] cycloadditions of the rigid 
C = N  double bond with dienes. We discovered, as 
reported briefly earlier,6 that cyclopentadienones re
acted readily with 1-azirines (1) to furnish in good yields 
azatropilidenes.

When 2-phenyl-1-azirine (la) was treated with 2,5- 
dimethyl-3,4-diphenylcyclopentadienone in benzene at 
reflux temperatures for 4 days, a relatively stable, pale 
yellow, crystalline compound was isolated in 65% yield. 
Mass spectral data and elemental analysis were consis
tent with the molecular formula C26H23N. The in-

(1) L. A. Paquette in “ Nonbenzenoid Aromatics,”  Vol. I, J. P. Snyder, 
Ed., Academic Press, New York, N. Y ., 1969.

(2) V. Nair, J. Org. Chem., 83, 2121 (1968).
(3) G. Smolinsky and C. A. Pryde, ibid., 33, 2411 (1968).
(4) N. J. Leonard and B. Zwanenburg, J. Amer. Chem. Soc., 89, 4456 

(1967).
(5) A. Hassner and F. W. Folwler, ibid., 90, 2869 (1968).
(6) A preliminary report of our results was announced in tbe 15th Annual 

Report of the Petroleum Research Fund, 1970. After this manuscript was 
submitted for publication, a communication on the cycloaddition of azirines 
to cyclopentadineones by D. J. Anderson and A. Hassner appeared in J . 
Amer. Chem. Soc., 93, 4339 (1971).
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la, R, =  Ph; R2 =  H; R3 = H
b, R, =  Ph;R, =CH:l;R:1 = H
c, R, =  Ph; R2 =  Ph; R, =  H

frared spectrum showed no carbonyl or NH absorption. 
The ultraviolet spectrum in CH2C12 exhibited absorp
tion maxima at 302 nm (log e 4.03), 270 (4.21), and 235 
(4.58). The nmr spectrum (CDC13) at room tempera
ture showed singlets at 5 1.77 (3 H) and 2.27 (3 H), 
5.28 (1 H) and 6.94 (1 H), and a complex multiplet 
between 7.05 and 7.36 (15 H). The singlet at 5 2.27 
disappeared within 20 min at 80° on D20  exchange.7 
It could not be hydrogenated easily.8 Attempted 
cycloadditions with tetracyanoethylene and 1,3-diphe- 
nylisobenzofuran were unsuccessful.

The data presented above together with the mech
anistic rationalization suggested below led to the 3H- 
azepine (2a) as a plausible structure.

2a,R, =  R2 =  CHj;R, = H
b, R, =  R2 =  Ph; R3 = H
c, R .-R .-R .-C H ,
d , R, =  R2 =  Ph;R3 = CH3
e, R, =  R2 =  CH3; R, =  Ph
f, R, =  R, =  R3 = Ph

The protons responsible for the rapid deuterium ex
change are those of the 2-methyl group. Thus, when 
the compound was heated with benzaldehyde in the 
presence of pyrrolidine, a smooth condensation to the
2-styryl derivative (3) occurred.

3

The generality of this transformation was established 
by preparation of compounds 2c and 2e from azirines 
lb and lc and 2,5-dimethyl-3,4-diphenylcyclopenta- 
dienone, and 2b, 2d, and 2f from 2,3,4,5-tetraphenyl- 
cyclopentadienone and azirines la, lb, and lc.

A possible mechanism for the formation of the aze- 
pine (Scheme I) assumes a normal Diels-Alder cyclo- 
addition to furnish a strained adduct which undergoes a 
cheletropic fragmentation9’10 to give an azanorcara- 
diene. The symmetry-allowed electrocyclic rearrange-

(7) (a) L. A. Paquette, J. Org. Chem., 28, 3590 (1963); (b) T. J. van 
Bergen and R. M. Kellog, ibid., 36, 978 (1971).

(8) Prolonged hydrogenation in the presence of Pt gave a very complex 
mixture of products which could not be easily handled.

(9) R. B. Woodward and R. Hoffmann, Angew. Chem., Int. Ed. Engl., 8, 
781 (1969).

(10) M. A. Battiste, Chem. Ind. {London), 560 (1961).

Schem e  I
Ph Ph

ment of the azanorcaradiene to its valence tautomer, 
the azacycloheptatriene (or 277-azepine)11 is followed 
by a 1,5-suprafacial sigmatropic shift of the 2 hydrogen 
to give apparently the thermodynamically more stable 
3if-azepine.

Several interesting aspects of the chemistry of these 
azepines need explanation. Their inability to react 
with dienophiles or as dienophiles in the Diels-Alder 
fashion is the result of considerable steric crowding 
from the spatially large phenyl and methyl substitu
ents. The ultraviolet and nmr spectra reflect not 
only differences arising from substituents but also any 
changes in preferred geometry resulting from the 
crowding.

Of particular interest in our informative D20  ex
change experiments was the observation that the aze- 
pine 2c underwent deuterium exchange not only at the 
2-methyl group (20 min at 80°) but also at the 7- 
methyl group, although the latter exchange was very 
slow (24 hr at 80°). In contrast, azepine 2d did not 
show any tendency to exhibit this behavior at the 7- 
methyl group. One possible explanation for this is 
that 2c undergoes this exchange via its valence tautomer 
4, which may be present in very small amounts in 
equilibrium with the azacycloheptatriene 2c. This 
valence tautomerism may not be possible in 2d because 
of steric crowding.

Initial variable-temperature nmr studies ( —100 to 
130°) suggest that these azepines (2a-f) exist predom
inantly in one conformation at room temperature and 
that the energy of activation for the flipping process 
is high.12 Of the two conformations 5 and 6 (for 2a), 
it would be reasonable to suggest that the preferred

(11) G. Maier, Angew. Chem., Int. Ed. Engl., 6, 402 (1967).
(12) A. Mannschreck, G. Rissmann, F. Vogtle, and D. Wild, Chem. Ber., 

100, 335 (1967).
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conformation would be 5, where the bulky phenyl 
group at C-3 occupies the equatorial position.

5 6

Experimental Section

2,5-Dimethyl-3,4,6-triphenyl-3//-azepine (2a).— A solution of 
468 mg (4 mmol) of 2-phenyl-1-azirine ( la )5 in 10 ml of benzene 
was treated with a solution of 520 mg (2 mmol) of 2,5-dimethyl-
3,4-diphenylcyclopentadienone13 in 10 ml of benzene.14 The 
reaction mixture was heated under reflux for 4 days and then 
separated by preparative layer chromatography using silica gel 
PF254 with 50% benzene-pentane as the developing solvent. 
The azepine 2a crystallized slowly from pentane to give 458 
mg of pale yellow plates (65% yield based on the cyclopentadi- 
enone): mp 133-134°; uv X™1°12 235 nm (log e 4.58), 270
(4.21), and 302 sh (4.03); nmr a?£s" 1.77 (s, 3 H i, 2.27 (s, 
3 H), 5.28 (s, 1 H), 6.94 (s, 1 H), 7.05-7.36 (m, 15 H).

Anal. Calcd for C26H23N: C, 88.59; H, 7.43; N, 3.97. 
Found: C, 88.21; H, 7.05; N, 3.93.

5-Methyl-3,4,6-triphenyl-2-styryl-3/7-azepine (3) was formed 
when a solution of the azepine 2c (100 mg) in benzene (10 ml) 
was heated under reflux for 4 days with an excess of a mixture 
of benzaldehyde and pyrrolidine. The solvent and excess 
reagents were removed under reduced pressure and the residue 
was chromatographed on preparative plates using silica gel 
PF254. The styryl derivative 3 crystallized slowly from pen
tane to give 44 mg of bright yellow rods (36%): mp 161—
163°; uv X“ 2012 end absorption, 283 nm (log e 4.51), 315 
(4.26), and 375 (4.16); nmr 6? ^ ls 1.77 (s, 3 H), 5.81 (s, 
1 H ), 6.93 (d, 1 H), 7.17-7.38 (m, 22 H).

Anal. Calcd for C33H27N: C, 90.57; H, 6.22; N, 3.20. 
Found: C, 90.74; H, 5.92; N, 3.35.

2,3,4,5,6-Pentaphenyl-377-azepine (2b) was prepared by re
action of 2-phenyl-l-azirine (la ) and tetraphenylcyclopenta- 
dienone in refluxing mesitylene. The azepine 2b crystallized 
from benzene-hexane as yellow plates (90%): mp 217-218°;
uv X™20'2 235 nm (log c 4.46), 270 (4.52), and 325 (3.99); 
nmr sJSi* 6.45 (s, 1 H), 6.79-7.83 (m, 26 H).

Anal. Calcd for C36H27N: C, 91.30; H, 5.74; N, 2.96. 
Found: C, 90.23; H, 5.21; N, 3.00.

(13) (a) F. W. Graw, J. Chem. Soc., 98, 2131 (1909); (b) C. F. H. Allen 
and J. A. Van Allan, J. Amer. Chem. Soc., 64, 1260 (1942).

(14) A twofold excess of the azirine was used in all runs because of the
instability of the azirines at elevated temperatures.

2.5.7- Trimethyl-3,4,6-triphenyl-3//-azepine (2c) was prepared 
from 3-methyl-2-phenyl-1-azirine ( lb )2 and 2,5-dimethyl-3,4- 
diphenylcyclopentadienone. The azepine 2c crystallized from 
benzene-pentane as pale yellow plates (69%): mp 182-183°; 
uv X™2Cl2 233 nm (log e 4.24), 270 (4.18), and 305 sh (4.03); 
nmr «?£?2 1.51 (s, 3 H), 1.57 (s, 3 H), 2.18 (s, 3 H), 5.16 (s, 
1 H), 6.74-7.39 (m, 15 H).

Anal. Calcd for C2,H25N: C, 89.21; H, 6.93; N . 3.85. 
Found: C, 88.90; H, 6.96; N, 3.79.

7-Methyl-2,3,4,5,6-pentaphenyl-3//-azepine (2d) was prepared 
from 3-methyl-2-phenyl-l-azirine (lb ) and tetraphenylcyclo- 
pentadienone in 84% yield as pale yellow rods: mp 208°; uv
X™20'2 235 nm (log e 4.48), 270 (4.54), 350 (3.89); nmr 

1-80 (s, 3 H), 6.28 (s, 1 H), 6.83-7.83 (m, 25 H).
Anal. Calcd for C^H^N: C, 91.14; H, 6.00; N, 2.86. 

Found: C, 91.85; H, 6.47; N, 2.45.
A minor product of this reaction (< 5 %  yield) was a very 

pale yellow crystalline compound, mp 198-201°, which had the 
molecular formula C37H2SN (microchemical analysis and mass 
spectrometry) and the following spectral characteristics: 
uv X̂ C12 232 nm (log c 4.49), 270 sh (4.33), 292 (4.38), 
and 325 (4.23); nmr S?£?3 2.20 (s, 3 H), 5.61 (s, 1 H), 6.68-7.33 
(m, 25 H ).15

Anal. Calcd for C37H29N: C, 91.14; H, 6.00; N, 2.86. 
Found: C, 91.14; H, 5.79; N, 2.94.

2 ,5-Dim ethyl-3,4,6,7-tetraphenyl-3//-azepine (2e) was pre
pared from 2,3-diphenyl-l-azirine ( l c )6 and 2,5-dimethyl-3,4- 
diphenylcyclopentadienone in 58% yield as pale yellow plates: 
mp 186-188°; uv X™20'2 242 nm (log e 4.16), 270 (4.22), 
and 312 (4.11); nmr 5?jS‘3 1.63 (s, 3 H), 2.26 (s, 3 H ), 5.27 (s, 1 
H), 6.40-7.38 (m, 20 H).

Anal. Calcd for C32H27N: C, 90.31; H, 6.40; N, 3.29. 
Found: C, 90.16; H, 6.90; N, 3.15.

2.3.4.5.6.7- Hexaphenyl-3Z7-azepine (2f) was prepared from
2,3-diphenyl-l-azirine (lc ) and tetraphenyleyelopentadienone 
in 91% yield as pale yellow plates: mp 227°; uv x£"*2Cl2 243
nm (log e 4.42), 270 (4.53), and 350 (4.12); nmr 6.40 (s, 
1 H), 6.74-7.86 (m, 30 H).

Anal. Calcd for C «H 3iN: C, 91.76; H, 5.68; N, 2.56. 
Found: C, 91.78; H, 5.65; N, 2.82.

Registry N o.—2a, 33070-60-9; 2b, 33070-61-0;
2c, 33070-62-1; 2d, 33070-63-2; 2d, 4/7-azepine isomer, 
33070-64-3; 2e, 33070-65-4; 2f, 33070-66-5; 3, 33070-
67-6.

Acknowledgment.—Acknowledgment is made to the 
donors of the Petroleum Research Fund, administered 
by the American Chemical Society (Grant No. 1871- 
G l), for partial support of this research.

(15) This compound is tentatively assigned the 4#-azepine isomer of 2d 
on analytical and spectral evidence. Further support for this structure came 
from D2O exchange studies, which indicated rapid exchange of the methyl 
group.
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T R I P H E N Y L C A R B E N I U M  ( T R I T Y L )  S A L T S  

0 3 C + B F 4_  0 3 C + S b C l 6~  0 3 C + P F 6-
Triphenylcarbenium salts are powerful reagents for hydride abstraction1 and the most 

frequently used salt is the tetrafluoroborate which is safer than the perchlorate. The hex- 
achloroantimonate and the more soluble hexafluorophosphate are now also available.

Tropylium ion2 is readily generated from cycloheptadiene. In some cases the use of trity l salts to effect dehy
drogenations3^  can be superior to NBS or chloranil, e.g. perinaphthanone to perinaphthenone. Alcohols have been 
oxidized5 to ketones by trity l salts which can also abstract hydride ion from acetals® and ketals.7 The regeneration 
of ketones from ethylene ketals which is rapid at room temperature was elegantly applied in the synthesis of tetra
cycline.8 This method is especially applicable when other acid-sensitive groups are present. tert-Methylamines can be 
converted to methylene immonium salts. 9,io Thus dimethyl-t-butylamine, diisopropylmethylamine and dimethylme- 
sitylamine give such salts in high yield to which acetophenone adds to yield Mannich products. Tribenzylamine is 
easily debenzylated6 through the benzylidene immonium salt which is quantitatively cleaved to benzaldehyde. Trityl 
salts have been used as cationic polymerization catalysts11 and in the synthesis13 of pyrylium salts. Ethyl diazoace
tate adds13 to trity l cations with rearrangement to acrylates. However, trity l cation with diphenyldiazomethane acts 
only as a dimerization catalyst to give tetraphenylethylene.

Phenylcarbenium ion salts other than the trity l salts also abstract hydride ions. Tropylium ion was obtained 
with diphenylcarbenium hexachloroantimonate1“1 and the dichlorophenylcarbenium ion [CeH5CCI2] +  and chlorodiphenyl- 
carbenium ion [(CcHs)-CCI]+ have been described.15-1® These new carbenium ion salts offer numerous, yet unex
plored possibilities in synthetic chemistry.

(1) C. D. Nenitzescu in "Carbonium Ions" Eds., G. A. Olah 
and P.V.R. Schleyer, Wiley-lnterscience Publishers, 1970, 
Vol. 2, p. 484.

(2) H. J. Dauben Jr., F. A. Gadecki, K. M. Harmon and D. L. 
Pearson, J. Amer. Chem. Soc., 79, 4557 (1957).

(3) W. Bonthrone and D. H. Reid, J. Chem. Soc., 2773 (1959).
(4) H. Brinzbach, D. Seip, L. Knothe and W. Faisst, Ann., 

698, 34 (1966).
(5) P. D. Bartlett and J. D. McCollum, J. Amer. Chem. Soc., 

78, 1441 (1956).
(6) H. Meerwein, V. Henerick, H. Morschel and K. Wunder

lich, Ann., 635, 1 (1960).
(7) D. H. R. Barton, P. D. Magnus, G. Smith and D. Zurr, 

Chem. Comm., 861 (1971)

(8) D. H. R. Barton, D. L. J. Clive, P. D. Magnus and G. 
Smith, J. Chem. Soc. (C), 1971, 2193.

(9) R. Damico and C. D. Broaddus, J. Org. Chem., 31, 1607 
(1966).

(10) H. Volz and H. H. Kiltz, Tetrahedron Letters, 1917 (1970).
(11) C. E. H. Bawn, C. Fitzsimmons and A. Ledtwidth, Proc. 

Chem. Soc., 391 (1964).
(12) M. Siemiatycki and R. Fugnitto, Bull. soc. chim. France,

538 (1961).
(13) H. W. Whitlock, Jr., J. Amer. Chem. Soc., 84, 2807 (1962).
(14) H. Volz, Angew. Chem., 75, 921 (1963).
(15) G. A. Olah and M. B. Comisarow, J. Amer. Chem. Soc.,

91, 2955 (1969).
Synthesis, in press.(16) G. A. Olah and J. J. Svoboda, 

The following ion salts are specially prepared for Aldrich by Cationics, Inc.
16.455- 0 Triphenylcarbenium (trity l) hexachloroantimonate
16.456- 9 Triphenylcarbenium (trity l) hexafluorophosphate
16.457- 7 Triphenylcarbenium (trity l) tetrafluoroborate
16.458- 5 Dichlorophenylcarbenium hexachloroantimonate
16.459- 3 Chlorodiphenylcarbenium hexachloroantimonate
16.460- 7 Tropylium hexachloroantimonate
16.461- 5 Tropylium hexafluorophosphate
16.462- 3 Tropylium tetrafluoroborate
16.463- 1 Pentachloroallyl hexachloroantimonate
16.465- 8 Trimethyloxonium hexachloroantimonate
16.466- 6 Trimethyloxonium hexafluorophosphate
16.467- 4 Triethyloxonium hexachloroantimonate
16.468- 2 Triethyloxonium hexafluorophosphate
16.469- 0 Methyloxocarbenium (acetyl) hexachloroantimonate
16.470- 4 Benzoyl chloride-antimony pentachloride complex

(benzoyl hexachloroantimonate)
16.471- 2 Phenyloxocarbenium (benzoyl) hexafluoroantimonate
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