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Earl V. Anderson, C&EN
Dec. 1, 1969, 16 pp. 504
Some people hold the unshakable belief that 
chemical companies are m isfits when it 
comes to m arketing products d irectly to  the 
consumer. However, chemical companies 
have a better track record in the consumer 
market than they are given for. In the 
hodgepodge world of consumer chemical spe
cialties, a misnomer tha t means different 
things to different people, the examples are 
fewer, but they are there. 01219

C h e m i c a l  M u t a g e n s

Howard J. Sanders, C&EN
May 19, 1969 & June 2, 1969, 36 pp.

754
Geneticists, physicians, chemists, and grow
ing segments of the public at large are be
com ing intensely aware o f the possibility 
tha t drugs of all sorts, as well as pesticides, 
food ingredients and additives, industrial 
chemicals, and other substances, may be 
causing genetic damage in human general- 
body cells (somatic cells) and in germinal 
(sex cells). 05199

P o l l u t i o n
C a u s e s ,  C o s t s ,  C o n t r o l s

Arnold Levitt, C&EN
June 9, 1969, 20 pp. 504
No one has to make a case anymore fo r the 
need fo r pollution control or fo r the related 
concept of environmental management. Open 
the window, go boating, drive along the high
way— tha t should provide recognition enough 
tha t a real pollution problem exists. 00699

C a r b e n e  C h e m i s t r y

Dr. Robert A. Moss 
Rutgers State University 
New Brunswick, N.J.

June 16, 1969 & June 30, 1969, 20 pp.
754

Carbenes are im portant in the synthesis of 
cyclopropanes and fa r more highly strained 
small ring compounds and, in fact, there’s 
hardly a substrate, from  steroids to  elemental 
nitrogen, tha t hasn’t  been “ h it”  w ith a car
bene. 06169

P r o c e s s  I n s t r u m e n t s

Howard J. Sanders, C&EN
Oct. 13, 1969, 24 pp. 50<f
Today, instrum ent companies foresee a con
tinua lly  expanding market fo r th e ir prod
ucts. Among the main reasons is th a t the 
industries they serve are also growing, and 
the spending of these industries fo r new 
plants and equipment— including process con
tro l equipment— is likewise growing. 10139

T h e  F u t u r e s  B u s i n e s s

David M. Kiefer, C&EN
August 11, 1969, 16 pp. 50tf
The vogue of long-range forecasting is spread
ing from  the th ink tanks into the executive 
suite as more companies and government 
agencies, in planning th e ir operations, try  to  
assess the fu ture— or several futures— be
yond tom orrow. 08119

F o o d :
P r o t e i n s  f o r  h u m a n s

Aaron M. Altschul
U. S. Department of Agriculture
Washington, D.C.
Nov. 24, 1969, 16 pp. 50<f
Worldwide, the overriding problem is poverty, 
thus economic problems m ust be solved in 
addition to im proving natural foodstuffs and 
developing new ones. 11249

P e t r o c h e m i c a l  F e e d s t o c k

Earl V. Anderson, C&EN
June 15, 1970, 12 pp. 504
Twenty-five petrochemical companies tha t had 
been aligned into two different grouos have 
joined to endorse a single, unified plan tha t 
w ill enable the petrochemical industry to 
break the shackles o f the Mandatory Oil Im 
port Program and to  reap the economic bene
fits  tha t w ill come from  greater access to low- 
priced, foreign feedstocks. 61570

A i r  P o l l u t i o n

Dermot A. O’Sullivan, C&EN
June 8, 1970, 12 pp. 500
The subject of a ir pollution has became an 
ln-thing at every level o f society. Too, a spe
cial set of problems are associated w ith air 
pollution. Unlike rivers, lakes, and oceans, 
a ir masses don't respect such man-made 
boundaries as state lines, or international 
borders. Indeed, there are so many ram ifica
tions to atmospheric pollution tha t considera
tion of it  in all its aspects can be bewilder
ing. 06870

F a c t s  &  F i g u r e s ,  1 9 7 0

C&EN, September 7, 1970 
A Separate Issue $1.00
C&EN’s annual review of the chemical indus
try, including financial data on 130 com
panies. 09770

I n d u s t r i a l  R e s e a r c h  
C a r e e r s

Howard Reiss 
University of California 
Los Angeles
June 29, 1970, 12 pp. 504
A major concern o f those beginning careers in 
science is, o f course, where to  cariy  out th e ir 
careers— in a university, private industry, a 
foundation, or wherever. An industrial re
search career can be a rewarding one, both 
professionally and financially. 62970

C h e m i c a l  O r i g i n  o f  C e l l s

Sidney W. Fox and Dr. Kaoru Harada, 
University of Miami; Dr. Gottfried 
Krampitz, University of Bonn; and Dr. 
George Mueller, University of 
Concepcion, Chile
June 22, 1970, 16 pp. 500
We now have chemical and geological rea
sons to believe molecules evolved to prim itive 
life like systems through rugged reactions, 
simply, quickly, often, and in many terrestria l 
locations. The answers so fa r available are 
sim pler than those generally anticipated. 
The research has shown th a t the problem can 
be approached through chemical discipline; it 
need no longer be regarded as imponderable.
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Cleaning Our 
Environment 
The Chemical Basis 
For Action

A Report *
1 Improrratat, Coronili« on C
' American Chemical
SOCIG ty  WASHINGTON. Dû

1969

Cleaning Our Environment— The Chemical Basis for Action is the highly 
acclaimed 249-page report based on a three-year study by  the Subcommittee 
on Environmental Improvement o f the ACS Committee on Chemistry and Public 
Affairs. Leading experts from the fields o f chemistry, biochemistry, 
chemical engineering, biology, entomology, and other disciplines 
comprised the Task Force on Environmental Improvement which conducted 
the study, one o f the most comprehensive o f its kind.
The report divides the problem o f environmental improvement into four 
parts: air environment, water environment, solid wastes, and pesticides.
It clearly shows where extensive fundamental research is required to provide 
a better working understanding o f the environmental system. Focusing 
strongly on chemistry, chemical engineering, and related disciplines, 
the report concludes that the U.S. possesses enough technical know-how  
to take enormous strides now  toward a cleaner environment.
Included in the report are 73 recommendations for action on such 
topics as:

• flow, dispersion, and degradation of water and air pollutants
• short- and long-range effects of water and air pollutants
• municipal and industrial waste water treatment
• advanced treatment processes
• eutrophication
• air quality criteria
• air monitoring systems
• emission control on motor vehicles
• abatement of pollutants from  pow er plants
• municipal and industria l solid wastes
• mining and processing wastes
• pesticides and human health
•  pesticides and w ild life
• methods of pest control

Although the ACS report is directed primarily at technical and nontechnical 
administrators in the environmental field, research managers, 
legislators and others working in this area, the nature o f the subject 
makes it required reading for all scientists interested in environmental 
problems and their solutions.
The report is available from the ACS Special Issues Sales. Price: $2.75.

American Chemical Society 
Special Issues Sales 
1155 Sixteenth Street, N.W.
Washington, D.C. 20036

Please send me the ACS Report "Cleaning Our Environment—  
The Chemical Basis fo r Action."

Name------------------------

Address--------------------

City--------------------------

Number of copies

I  e n c l o s e --------------

Please b ill m e___

State------------------------------------------zip-

.. (Payable to the American Chemical Society.) 

$2.75 a copy.
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Acetolysis of the methanesulfonate derivative of 7a-hydroxymethyl-5,6,7,7a-tetrahydroindan (5) proceeds 
smoothly to give the expected hydroazulenic homoallylic acetate 6. Stereoselective methods for the synthesis 
of methyl-substituted homologs of carbinol 4 are discussed. One of these entails ozonolysis of the benzyl ether 
of 10-hydroxymethyl-l,9-octalin (29) followed by aldol cyclization of the resulting keto aldehyde. Reductive 
deconjugation of this aldol product proceeds stereoselectively to give the hydrindanol derivative 31 in which the 
angular carbinyl and the newly introduced carbinyl center are eis related. This point was established by cycliza
tion of the corresponding diol to the tricyclic ether 34 via the monomesylate derivative.

The sesquiterpene alcohol guaiol was one of the first 
authentic naturally occurring hydroazulenes to be 
structurally elucidated.2 It also represents the struc
tural prototype of the guaiane family of sesquiter
penes.3 Despite its apparent simplicity, guaiol pre
sents a number of difficult synthesis problems. Fore
most of these is the general need for stereochemically 
unambiguous routes to asymmetrically substituted 
hydroazulenes. In this report we present some pre
liminary studies relating to this problem which serve 
to define guidelines for future synthetic work.

The synthetic route that we chose to explore in these 
studies is based on the work of Tadanier4 who found 
that C-19 functionalized A5 steroids of the type de
picted below undergo the indicated rearrangement upon

acetolysis in a buffered medium. Our initial goal was 
to examine this rearrangement-solvolysis reaction in 
the hydrindan system 5 in order to determine its ap
plicability to hydroazulene synthesis. Chart I sum
marizes our findings.

C h a r t  I

(CHgSH),
BF,

CH,OR
1. AcOH, Ac20

KUO, 
ZLiAlH,

4 , R =  H 1 CHjSOjCi
5, R =  CH3SO2

RO
6 , R  =  A c

7, R =  H
8,  R=CH 3S0 2

LCr03 
2. base

LO3
2.NaI
aNaOH

(1) National Institutes of Health Predoctoral Fellow, Institute of General 
Medical Sciences, 1967-1970.

(2) H. Minato, Tetrahedron Lett., 280 (1961).
(3) Cf. T. Nozoe and S. Itó in "Fortschritte der Chemie Organischer 

Naturstoffe," L. Zechmeister, Ed., Springer-Verlag, Vienna, 1961, pp 52- 
61; P. de Mayo, ‘Mono and Sesquiterpenoids,” Interscience, New York, 
N. Y ., 1959, pp 244-262.

(4) J. Tadanier, J. Org. Chem., 31, 3204 (1966).

10,1,7 double bond 
11,12  double bond

2035
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The hydrindanone 1 was prepared via base-catalyzed 
annelation of the commercially available mixture of 
the methyl and ethyl esters of cyclopentanone-2-car- 
boxylate5 with methyl vinyl ketone. Desulfurization 
of the thioketal derivative 2 with W -2 Raney nickel 
afforded the unsaturated ester mixture 3. The exper
imental conditions for this step had to be carefully 
defined as prolonged heating effected reduction of the 
double bond, and insufficient Raney nickel or shorter 
reaction times led to recovery of starting material. Re
duction with lithium aluminum hydride yielded the 
alcohol 4, an easily purified substance, in 7 8%  overall 
yield. Solvolysis of the methanesulfonate derivative 
5 under the conditions of Tadanier4 gave the hydro- 
azulenic acetate 6 in nearly 8 0%  yield. The structure 
of this product was ascertained through its conversion 
to the hydrocarbon 9 via hydrogenolysis of the methane- 
sulfonate derivative 8 with lithium in ammonia and 
subsequent ozonolysis, followed by aldol cyclization of 
the resulting 1,5-cyclodecanedione to the known octa- 
lone 12.6 This sequence establishes the hydroazulenic 
carbon skeleton and places the double bond. The loca
tion of the acetoxyl group was confirmed by oxidation of 
the corresponding alcohol 7 with Collins’ bispyridine- 
chromium(VI) oxide reagent7 to an unsaturated cyclo- 
heptanone 10 which yielded the conjugated isomer 11 
upon treatment with base or acid.

Having established the feasibility of the hydrindan 
rearrangement route (5 — 6) to hydroazulenes, we next 
turned our attention to the synthesis of a suitable inter
mediate for subsequent conversion to guaiol along 
those lines. It should be noted at this point that one 
intrinsic advantage of the above hydrindan rearrange
ment route is the opportunity for stereochemical control 
through the use of conformationally defined cyclohexane 
derivatives as intermediates with subsequent conversion 
to the conformationally ambiguous hydroazulene sys
tem8 being effected under nonequilibrating conditions.

Since our synthetic approach called for the final con
version of the acetoxyl substituent in the solvolysis 
product 6 to the isopropylol substituent of guaiol, we 
ultimately required a hydrindan such as I for our in
tended synthesis. The important feature of this inter
mediate is a cis relationship between the two methyl 
substituents. At this point we were not concerned with 
the relative stereochemistry of the angular carbinyl

(5) Secured fron the Aldrich Chemical Co., Milwaukee, Wis.
(6) A. L. Wilds and N. A. Nelson, J. Amer. Chem. Soc., 75, 5360 (1953).
(7) J. C. Collins, W. W. Hess, and F. J. Frank, Tetrahedron Lett., 3363 

(1968).
(8) Cf. J. B. Hendrickson, Tetrahedron, 19, 1387 (1963); M. Hanack, 

“ Conformation Theory,”  Academie Press, New York, N. Y., 1965, p 158 ff; 
E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison, “ Conformational
Analysis,”  Interscience, New York, N. Y., 1965, p 206 ff.

grouping, as this center becomes trigonal in the rear
rangement product II. Of course, the relative stereo
chemistry of the carbinyl carbon (C-7) in acetate II 
would be determined by the angular carbinyl orientation 
in I, and this relationship could determine our eventual 
choice of methodology for introduction of the isopropylol 
substituent.

In preliminary experiments we were able to establish 
that the addition of lithium dimethylcopper to the 
dienone ester III proceeds in a highly selective fashion 
to give the enone IV with trans-related methyl and 
carboxyl groups.9 In light of this finding we directed 
our attention to the synthesis of the intermediate V

c d2r

m ,R = C H 3,C2H5

ch3 
\ c o2r

Li(CH3)2Cu

0
i v , r = c h 3,c2h 5

(R =  CH 3). Our initial efforts in this direction (Chart 
II) were carried out on the demethyl analog 1 of enone
IV.

C h a r t  II

1. NaBH,
Et OH

2. CH3S02C1

u n h3 
Et OH

14, R =  H;R' =  CH3,C2H5
15, R =  CH3S02 ; R' =  CH3, C2H5

c h 2o h

AtCOjH

16

CH2OR

Ò'
17

c h 2o r

18, R =  H
19, R =  CH A R,

1. CeHsCHjBr, 
NaH

ZCHjMgBr

CH;OR

OH CH3
20, R = C R C iR
21, R —H
22, R =  Ac

CHAAc
1. Na, NH,. EtOH
2. Ac/),CSHSN 
aSOCIj.CjHjN

CH3
23

1.03 
2. Nal 
ATsOH

CH2OAc

24
(9) A. E. Greene, unpublished results.
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Reduction of the enol acetate derivative 13 (mixture 
of ethyl and methyl esters) of enone 1 with sodium boro- 
hydride afforded the homoallylic alcohol 14. Hydro- 
genolysis of the derived methanesulfonate 15 with 
lithium in ammonia-ethanol proceeded with concom
itant reduction of the ester grouping to give the un- 
saturated alcohol 16. We expected the hydroxyl func
tion of this intermediate to exert a cis-directing effect 
on the epoxidation of olefin 16 under appropriate con
ditions10 to afford the cis isomer 18. In fact this was 
found to be the case when the reaction was carried out 
at low temperature in chloroform or chloroform-methyl
ene chloride (Table I). Under comparable conditions

uct of various dehydration attempts. The structure 
of this material was confirmed through its conversion, 
via ozonolysis and acid-catalyzed aldol cyclization, to 
the known acetoxy enone 24.12

In view of the foregoing results we decided to abandon 
our efforts to prepare the alcohol V (R =  CH 3) and 
study instead the synthesis of the all-cis isomer VIII  
along the general lines depicted below. The stereo-

C 02CH3

T a b l e  I

E p o x id a t io n  o f  H o m o a ll y lic  A lc o h o l  16 
w it h  m -C lC sH Æ C hH

Solvent
Temp,

”C ß (18)/a (17)'

TH F-H 20 0 - 15/85
d m e - h 2o 0 25/75
Ether 25 33/67
Acetonitrile 0 50/50
Cyclohexane 12 67/33
Chloroform 0 75/25

- 2 0 80/20
Chloroform-methylene

chloride - 7 8 85/15
Chloroform' 0 30/70

° The ratio was determined by gas chromatography. b Brf- 
fered with K2H P 04. '  Epoxidation of the acetate m 1j .

the acetate derivative of alcohol 16 afforded mainly 
(see Table I) the trans epoxy acetate derivative 17 
(R =  Ac).9 Interestingly, the epoxidation of unsat
urated alcohol 16 showed a marked solvent dependence 
even with aprotic solvents.

The requisite trans methyl grouping was introduced 
via treatment of the benzyl ether derivative 19 of ep
oxide 18 with méthylmagnésium bromide in refluxing 
tetrahydrofuran to give the alcohol 20. When the 
epoxy alcohol 18 was similarly treated, a fragmentation 
reaction took place leading to the alcohol V I .9 The

cr

V III

chemical groundwork for the C -4/C -10 relationship in 
VII (and thus the C -7/C -7a relationship in VIII) had 
been established by some of our earlier work.13 We 
therefore needed only to devise a method for intro
ducing the second as-methyl group. For studies on 
this point (Chart III) we employed as a model com-

C h a r t  I I I

C 02R

ch2= chcoch,
NaOCH]

*0 
25

r = c h 3, c2h 5

c o 2r

1. Ni(Ra), Et OH
2. LiAIH,
3. NaH, 

C«H5CH2Br
27

c h 2o r

28, R =  H
29, R =  CH2C6H5

1.O3_________
2. Zn, HOAc
3. Na,CO„EtOH

V I

same alcohol was produced upon similar treatment of 
the trans epoxy acetate 17 (R =  Ac).9

At this point our projected synthesis of the trans 
alcohol V  (R =  H) took an unexpected turn. We had 
hoped that the hydroxy acetate 22, secured from alcohol 
20 via hydrogenolysis with sodium in ammonia-ethanol 
followed by selective acetylation of the resulting diol 
21, would undergo a specific trans dehydration leading 
to the desired trisubstituted olefin.11 However, our 
efforts to effect this conversion were to no avail. The 
tetrasubstituted olefin 23 was the only detectable prod-

(10) H. B. Henbest, Proc. Chem. Soc., 159 (1963).
(11) Cf. J. A. Marshall, N. Cohen, and A. R. Hochstetler, J. Amer.

Chem. Soc., 88, 3408 (1966); J. A. Marshall and A. R. Hochstetler, ibid., 91,
684 (1969).

1. (C6H,)3CLi
2. NaBH„Et0H

CH2OCH2C6H 5

Li, NHS, hrt-BuOH

CH,OH

31

c h 2o h

c h 2o h

32

1. CH(SO/’l I.CHjSOjCI
2. Li, NH„ EtOH 2. NaH

(12) T. M. Warne, Jr., unpublished results.
(13) T. Warne, Jr., Ph.D. Dissertation, Northwestern University, 1970.
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pound the methyl vinyl ketone adduct 26 of the com
mercially available mixture of methyl and ethyl esters 
of cyclohexanone-2-carboxylate (25).5 Our projected 
guaiol synthesis would of course require the afore
mentioned methyl propenyl ketone Michael-aldol ad
duct V II as the starting material.

The known homoallylic alcohol 28u was prepared 
via desulfurization of the thioketal derivative 27 and 
reduction of the resulting mixture of methyl and ethyl 
esters. The benzyl ether derivative 29, obtained 
through treatment of alcohol 28 with sodium hydride 
and benzyl bromide, was subjected to ozonolysis fol
lowed by a reductive work-up. The resulting keto 
aldehyde cyclized upon stirring with ethanolic sodium 
carbonate to give the unsaturated aldehyde 30. Con
version to the homoallylic alcohol 31 was effected by 
addition of the enolate, secured via treatment of alde
hyde 30 with triphenylmethyllithium, to ethanolic 
sodium borohydride. The indicated stereochemical 
outcome was predicted on the assumption that protona
tion of the enolate 30a by ethanol would occur from the 
less hindered face of the trigonal a position to give the 
(3,7-unsaturated aldehyde 30b, which would then be 
reduced by sodium borohydride before epimerization 
could take place. In fact, a 9 :1  mixture of alcohol 33 
and its presumed epimer was obtained from this 
sequence. The stereochemistry of alcohol 31 was con
firmed through hydrogenolysis of the benzyl ether 
using lithium in ammonia-ierf-BuOH and cyclization 
of the resulting diol 32 to the tricyclic ether 34 via 
basic treatment of the monomesylate derivative. The 
desired methyl compound 33 was secured from alcohol 
31 by hydrogenolysis of the methanesulfonate deriva
tive with lithium in ammonia-ethanol.

In considering the applicability of the hydrindanyl- 
carbinol rearrangement to a synthesis of guaiol we had 
to provide for some means of introducing the isopro- 
pylol substituent at the appropriate cycloheptane ring 
position. Our initial plan was to conduct the sol
volysis-rearrangement reaction (e.g., 5 —► 6) in liquid 
H C N  containing K C N  as a buffer, whereupon the 
cyano counterpart of the hydroazulenic acetate 6 
might have been formed directly. Unfortunately 
initial experiments along these lines looked unprom
ising.9 Likewise, attempts to prepare organometallic 
derivatives18 and efforts to effect displacement reac-

(14) J. W. Rowe, A. Melera, D. Arigoni, O. Jeger, and L. Ruzicka, Helv. 
Chim. Acta, 40, 1 (1957).

(15) Cf. (a) C. H. Heathcock and T. R. Kelly, Tetrahedron, 24, 1801 
(1968); (b) L. F. Fieser and M. Fieser, "Reagents for Organic Synthesis,” 
Wiley, New York, N. Y., 1967, pp 618-619, 711-712.

tions16 on the appropriate halo compound proved unsuc
cessful. We were thus forced to consider less direct 
routes to the requisite isopropylol compound {e.g., 39). 
A successful scheme which evolved from our prelim
inary studies is outlined in Chart IV.

C h a r t  IV

L H g C W H A  

CH,CN 
2. Ac/IH*"

The d, y-unsaturated ketone 10 condensed with the 
lithio derivative of 2-methyl-l,3-dithiane17 to give 
alcohol 35. This product could not be obtained free of 
starting material despite the use of excess organo- 
lithium reagent (enolate formation?). Fortunately 
the crude product contained none of 'he conjugated 
ketone 11 and the mixture could thus be recycled. 
Hydrolysis of the thioketal 35 proceeded smoothly to 
give the ketol 36. Acetylation followed by hydro
genolysis with calcium in ammonia afforded the ketone 
38, provided the excess calcium was destroyed with 
bromobenzene18 before work-up. Otherwise, further 
reduction of ketone 38 to the corresponding alcohol 
took place. Treatment of this ketone with methyl- 
lithium gave the desired alcohol 39.

The work described in this report provides a reason
able basis for a potential synthesis of guaiol. Further 
work toward the end is in progress.

Experimental Section19

7a-Hydroxymethyl-5,6,7,7a-tetrahydroindan (4).— A solution 
of 5.28 g (ca. 26 mmol) of keto ester 1 (methyl, ethyl mixture),
5.8 ml (68.9 mmol) of 1,2-ethanedithiol, and 1.4 ml (11.0 
mmol) of boron trifluoride etherate in 12 ml of acetic acid was 
stirred at 0° for 2 hr and stored at 5° for 8 hr. The product was 
isolated with ether and the residual ethanedithiol was removed 
under high vacuum affording 7.36 g of thioketal 2 (methyl, ethyl

(16) Cf. H. Normant, Bull. Soc. Chim. Fr., 791 (1938); Angew. Chem., 
Int. Ed. Engl., 6, 1046 (1967); ref 15b, pp 297-298, 696.

(17) E. J. Corey and D. Seebach, Angew. Chem., Int. Ed. Engl., 4, 1075 
(1965); E. J. Corey and D. Crouse, J. Org. Chem., 33, 298 (1968); D. See
bach, N. R. Jones, and E. J. Corey, ibid., 33, 300 (1968).

(18) E. S. Rothman and M. E. Wall, J. Amer. Chem. Soc., 79, 3228 
(1957).

(19) Reactions were carried out under an atmosphere of nitrogen. The 
isolation procedure involved adding the reaction mixture to water or satu
rated brine followed by thorough extraction with the specified solvent. An
hydrous magnesium sulfate or potassium carbonate was used to dry the 
combined extracts and the solvent was subsequently removed on a rotary 
evaporator under reduced pressure. Microanalyses were performed by 
Microtech Inc., Skokie, 111.
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mixture): X*1” 5.80, 6.90, 7.82, 8.00, 8.45, 9.28, 9.73, 11.45, and 
11.72 Mm.

The above material was stirred with 120 ml (co. 72 g) of W-2 
Raney nickel in 1.7 1. of ethanol at reflux for 55 min. The cooled 
mixture was filtered and concentrated by distillation and the 
product was isolated with ether, affording 4.21 g of ester 3 
(methyl, ethyl mixture): A^" 5.81, 6.90, 7.69, 8.08, 8.55, 9.25, 
9.72, 10.50, and 11.55 Min. Longer reflux periods afforded 
material contaminated with the product of double bond reduction.

The above ester mixture in 50 ml of ether was added to a 
solution of 2.50 g (65.8 mmol) of lithium aluminum hydride in 
300 ml of ether. The mixture was stirred for 8 hr and treated 
with 5 ml of water and 4 ml of 10% aqueous NaOH. After 1 hr 
of continued stirring a small amount of anhydrous magnesium 
sulfate was added and the mixture was filtered, concentrated 
under reduced pressure, and distilled, affording 3.12 g (ca. 78% 
overall yield) of alcohol 4, bp 110° (bath temperature) at 0.1 
mm: Aii" 3.00, 3.29, 6.85, 9.20, 9.60, 9.75, 10.38, 11.25, and
12.32 /tm; 5™s 5.38 (broad, H-4), and 3.35 ppm (broad, CH2- 
OH). The analytical sample, mp 35.5-37°, was prepared by 
preparative gas chromatography20 and short-path distillation.

Anal. Calcd for Ci0H16O: C, 78.90; H, 10.59. Found: C, 
78.8; H, 10.3.

Bicyclo[5.3.0]dec-l(7)-en-3-yl Acetate (6).—A stirred solution 
of 1.30 g (8.6 mmol) of alcohol 4 in 9 ml of pyridine was treated 
dropwise with 3.9 ml (51.5 mmol) of methanesulfonyl chloride 
at 0°. After 20 mi l the mixture was slowly poured into a solution 
containing 75 ml cf pyridine and 10 ml of water at 0°, and the 
product was isolated with ether, affording 1.88 g (96%) of mesyl
ate 5: X“'™ 3.30, 6.87, 7.38, 8.50, 10.25, 10.58, 11.85, and 12.37 
am; S??,sCDCl5 5.65 (broad, H-4), 4.05 (CH20 , AB, J =  10 Hz, 
Ai/ =  11 Hz), and 3.04 ppm (CH3SO3).

The above product in 130 ml of a solution prepared from 250 
ml of acetic acid, 5 ml of acetic anhydride, and 3.50 g of potas
sium carbonate (previously heated at reflux overnight) was 
stirred at reflux for 5 hr.4 The product was isolated with ether 
and distilled, affording 1.32 g (83%) of acetate 6, bp 85° (bath 
temperature) at 0.1 mm {ca. 90% pure according to gas chro
matography21): X l" 5.77, 6.91, 7.30, 8.03, 9.74, 10.22, and
10.59 Min; 6™.' ^.75 (broad, H-3), 2.40 and 2.28 (broad, allylic 
H ’s), and 1.94 ppm (CH3CO).

The analytical sample was prepared via preparative gas chro
matography20 and short-path distillation.

Anal. Calcd for CisHigO»: C, 74.19; H, 9.34. Found: C, 
74.1; H, 9.5.

Bicyclo[5.3.0]dec-l(7)-en-3-ol (7).— A solution of 1.32 g (6.8 
mmol) of acetate 5 in 25 ml of ether was added dropwise with 
stirring to a solution of 1.50 g (39.5 mmol) of lithium aluminum 
hydride in 225 ml of ether. After 3 hr, 3 ml of water and 2.4 ml 
of 10% aqueous NaOH were added and stirring was continued 
for 1 hr. A small amount of anhydrous magnesium sulfate was 
added and the mixture was filtered and distilled, affording 1.02 g 
(99%) of alcohol 7, bp 80° (bath temperature) at 0.4 mm (90% 
pure according to gas chromatography21): x£!„" 3.00, 6.91, 9.58,
9.77, 9.95, and 10.75 « £ £  3.65 (broad, H-3), 2.38, and 2.25
ppm (allylic H ’s). The analytical sample, mp 47.5-49.5°, was 
secured via preparatuve gas chromatography,20 followed by short- 
path distillation and sublimation (25° at 0.2 mm).

Anal. Calcd for CioH!60 :  C, 78.90; H, 10.59. Found: C, 
79.1; H, 10.6.

Bicyclo[5.3.0]dec-l(7)-ene (9).— A stirred solution of 0.38 g 
(2.5 mmol) of alcohol 7 in 2.7 ml of pyridine of 0° was treated 
dropwise with 1.17 ml (15.4 mmol) of methanesulfonyl chloride. 
After 20 min the mixture was slowly added to a solution of 5 ml 
of water in 20 ml of pyridine at 0° and the product was isolated 
with ether, affordi ig 0.33 g (57% ) of mesylate 8 : A™™ 6.91,7.37,
8.34, 8.49, 10.25, 10.55, 10.95, 11.93, and 13.15 Mm; S?ms' CDCI1
2.99 ppm (CILSOj).

The above mesylate in 1.7 ml of ethanol was added dropwise to 
a stirred solution of 0.41 g (59 mg-atoms) of lithium in 30 ml of 
ammonia at —78°. After 1 hr at —78° and 0.5 hr at —33° 
(reflux) ethanol was added dropwise to discharge the blue color, 
followed by solid ammonium chloride. The ammonia was 
allowed to evaporate through a mercury bubbler and the product 
was isolated with ether, affording 0.18 g of olefin 9 (55% pure

(20) A 13.5 ft X 0.5 in. column of 9% FFAP on 70-80 mesh Chromosorb 
G was used.

(21) A 22 ft X 0.12 in. column of 4% FFAP on 70-80 mesh Chromosorb 
G was used.

according to gas chromatography22): A*1"  6.91, 7.65, 7.82, 8.12, 
and 9.35 (im: Stms'! 2.38 and 2.27 ppm (allylic H ’s).

The analytical sample, bp 70° (bath temperatuie) at 20 mm, 
was secured via preparative gas chromatography23 followed by 
short-path distillation.

Anal. Calcd for C i„H16: C, 88.16; H, 11.84. Found: C, 
88.1; H, 12.1.

Bicyclo[5.3.0]dec-l(7)-en-3-one ( 10).— A stirred solution of 64 
mg (0.42 mmol) of alcohol 7 in 10 ml of methylene chloride was 
treated with 640 mg (2.48 mmol) of Collins bispyridinechro- 
mium(VI) oxide reagent.7 After 1 hr ether was added and the 
mixture was washed with aqueous sodium bicarbonate, water, 
and 10% aqueous HC1, dried over anhydrous potassium carbon
ate, and distilled, affording 53 mg (84% ) of ketone 10, bp 70° 
(bath temperature) at 0.05 mm (90% pure according to gas 
chromatography21): xl'." 5.86, 6.00, 6.97, 7.11, 7.49, 7.58, 7.78, 
7.99, 8.21, 9.43, 9.80, and 10.08 Mm.

The analytical sample was secured via preparative gas chro
matography,23 followed by short-path distillation.

Anal. Calcd for C ioHhO: C, 79.96; H, 9.39. Found: C, 
79.7; H, 9.2.

Bicyclo[5.3.0]dec-l-en-3-one (11).— A stirred mixture con
taining 120 mg of ketone 10, comparable to that described above, 
and 0.25 g of sodium carbonate in 20 ml of methanol and 2 ml of 
water was heated at reflux for 3.75 hr. The product was isolated 
with ether, affording material shown by gas chromatography24 25 to 
contain 65% of starring /3,7-unsaturated ketone 10 and 30% of 
conjugated ketone 11. The latter component was isolated via 
preparative gas chromatography23 and short-path distillation (80° 
at 0.05 mm): A™ 3.32, 6.03, 6.90, 7.39, 7.98, 8.48, 9.53, 11.47, 
and 12.05 Mm: 5.89 ppm (H-2).

Anal. Calcd for CioHuO: C, 79.96; H, 9.39. Found: C, 
79.7; H, 9.5.

Treatment of the /3,7-unsaturated ketone 10 with ethanolic 
oxalic acid (15 mg/ml of 95% ethanol) at 66° for 15.5 hr afforded 
a mixture containing 51% of starting ketone 10 and 34% of 
conjugated ketone 11.

9-Octal-l-one .12).— A solution of 100 mg of crude olefin 9 in
2.5 ml of pentane was treated at —78° with a stream of ozonized 
oxygen until the appearance of a blue coloration. The excess 
ozone was allowed to evaporate and the mixture was added to a 
stirred solution cf 0.6 g of N al and 0.7 ml of acetic acid in 1 ml 
of methanol at 0°. After 15 min at 0° and 1.5 hr at room tem
perature the mixture was shaken with aqueous sodium bisulfite 
and the product was isolated with ether.

The resulting dione (X™™ 5.87 Mm) was stirred with 5 ml of 10% 
aqueous NaOH at 70° for 1.5 hr. The product was isolated with 
ether and purified via preparative gas chromatography,20 affording 
the enone 12: A61"  6.02, 6.12, 6 .88, 6.97, 7.20, 7.39, 7.56,
7.78, 7.91, 8.36, 8 .86, 8.99, 9.62, 10.96, and 11.80 Mm. This 
material was identified by spectral and gc comparison with an 
independently prepared sample.6

7a-Hydroxymethyl-2,4,5,6,7,7a-hexahydroindene (16).— A 
solution of 10.0 g {ca. 50 mmol) of keto ester 1“  (methyl, ethyl 
mixture) in 927 ml of ethyl acetate containing 185 m! of 70% 
perchloric acid and 89 ml of acetic anhydride26 was allowed to 
stand for 8 min. The solution was washed with aqueous sodium 
bicarbonate and the product was isolated with ethyl acetate and 
distilled, affording 10.8 g (co. 90% ) of enol acetate 13, bp 100° 
(0.05 mm): X „" 5.67, 5.80, 6.00, 6.10, 6.94, 7.32, 8.30, 8.95,
9.30, 9.85, and 10.85 Mm.

The above product in 250 ml of ethanol was added dropwise to 
a stirred solution containing 29 g of sodium borohydride in 1.21 
1. of ethanol and 188 ml of water at 0°. After 45 min at 0° the 
mixture was stored at 5° for 35 hr and poured into 200 ml of 10% 
aqueous NaOH. The product was isolated with ether-benzene, 
affording 8.6 g (ca. 95% ) of alcohol 14: X ^  3.00, 3.26, 5.80, 
5.98, 6.90, 8.45, 9.35, and 9.69 Mm.

An 8.0-g sample of the above alcohol in 25 ml of pyridine was 
stirred at 0° during the addition of 8.3 ml (109 mmol) of methane
sulfonyl chloride. After 6 hr at room temperature the stirred

(22) A 22 ft X 3.12 in. column of 1% Carbowax 20M on 80-100 mesh 
Chromosorb G was used.

(23) A 13.5 ft X 0.5 in. column of 9% Dow Corning silicone oil 550 on 
70-80 mesh Chromosorb G was used.

(24) A 15 ft X 0.12 in. column of 4%  Dow Corning silicone oil 550 on 
60-70 mesh Chromosorb G was used.

(25) W. G. Dauben, J. W. McFarland, and J. B. Rogan, J. Org. Chem., 
26, 297 (1961).

(26) B. E. Edwards and P. N. Rao, ibid., 31, 324 (1966).
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mixture was cooled to 0° and small chips of ice were added to 
destroy the excess acid chloride. The product was isolated with 
ether, affording 8.7 g (co. 80% ) of semisolid mesylate IS: xjj,'," 
3.29, 5.80, 5.98, 6.90, 7.40, 7.92, 8.20, 8.50, 9.10, 9.69, 10.10, 
10.35, 11.92, and 13.16 /un.

The above product in 91 ml of ethanol and 48 ml of tetrahydro- 
furan was added with stirring to a solution of 16.1 g (2.31 g- 
atoms) of lithium in 1.35 1. of ammonia at —78°. After 1 hr at 
— 78° and 1.5 hr at —33° (reflux) ethanol was added to discharge 
the blue color and solid ammonium chloride was added to destroy 
the basic alkoxides. The ammonia was allowed to evaporate 
through a mercury bubbler and the product was isolated with 
ether and distilled twice, affording 3.01 g (ca. 65% ) of alcohol 
16, bp 90° (bath temperature) at 0.07 mm (95% pure according 
to gas chromatography27): xjj£ 2.98, 3.28, 6.00, 6.90, 9.57, 9.80, 
and 12.60 /mi; ¿tms CDCi3 5.45 (broad, vinylic H ) and 3.50 ppm 
(CH2OH).

Anal. Calcd for CioHisO: C, 78.90; H, 10.59. Found: C, 
79.2; H, 10.7.

Epoxidation of Unsaturated Alcohol 16.— A stirred solution of 
0.80 g (5.26 mmol) of olefin 16 in 370 ml of chloroform and 75 
ml of methylene chloride at —78° was treated with 4.0 g (17.9 
mmol) of ?n-chloroperoxybenzoic acid (77% peroxy acid by titra
tion). After 108 hr at —78° the mixture was poured into 
10% aqueous NaOH and the product was isolated with chloro
form and distilled, affording 0.71 g (80%) of oil, bp 120° (bath 
temperature) at 0.15 mm, shown to be an 85:15 mixture of the 
/3-epoxide 18 and the «-epoxide 17 by gas chromatography:27 
X"”  2.90, 6.92, 8.98, 9.52, 9.67, 10.82, 11.68, and 12.60 Mm; 
4tms 3-65 (CH2OH) and 3.40 and 3.20 ppm (carbinyl H ’s of the 
a and /3-epoxides, respectively).

Anal. Calcd for CioH^Ch: C, 71.39; H, 9.59. Found: C, 
71.2; H, 9.5.

/rans-3-Methyl-7a-acetoxymethyl-3a,4,5,6,7,7a-hexahydro-cfs- 
indan-3a-ol (22).— A solution of 100 mg (0.60 mmol) of alcohol 
18 (15% 17) in 3 ml of dioxane was added to hexane-washed NaH 
[from 50 mg (1.2 mmol) of 57% oil dispersion] and the mixture 
was stirred at reflux for 1 hr. The cooled solution was treated 
with 0.14 g (0.82 mmol) of benzyl bromide in 2 ml of dioxane and 
reflux was resumed for 12 hr. The product was isolated with 
ether and distilled, affording 112 mg (73%) of ether 19, bp 140° 
(bath temperature) at 0.1 mm: X™™ 3.30, 6.87, 7.31, 9.05, 11.59, 
13.55, and 14.31 /im; 4?Ss 7.34 (aromatic H ’s), 4.55 (benzylic 
H ’s), 3.55 (CH20 , AB, J  =  9, Av =  26.5 Hz), and 3.09 ppm 
(carbinyl H).

To 330 mg (1.28 mmol) of epoxide 19, comparable to that 
described above, in 18 ml of tetrahydrofuran (THF) was added 
a solution of methylmagnesium bromide (from 6.6 g of Mg in 60 
ml of TH F) and the mixture was stirred at reflux for 66 hr. The 
product was isolated with ether-ethyl acetate and distilled, af
fording 362 mg of crude alcohol 20, bp 130° (bath temperature) 
at 1.5 mm: x"'”  2.95, 3.31, 6 .88, 7.31, 9.28, 9.74, 13.55, and
14.30 /im; Stms 7-20 (aromatic H ’s), 4.40 (benzylic H ’s), 3.60 
(-C H 2O - multiple!), and 0.85 ppm (CH3 doublet, J  =  6 Hz).

To a 100-mg sample of the above alcohol in 1 ml of ether and 15 
ml of ammonia at —33° (reflux) was added 120 mg of Na. 
After 1 hr ammonium chloride was added, the ammonia was 
allowed to evaporate through a mercury bubbler, and the product 
was isolated with ethyl acetate, affording 70 mg of diol 21 (70% 
pure according to gas chromatography27): X*1”  2.99, 6.85, 7.26, 
9.45, and 9.78 /im.

A 400-mg sample of diol 21 comparable to that described above 
was stirred at room temperature overnight with 14 ml of pyridine 
and 10 ml of acetic anhydride. The product was isolated with 
ethyl acetate and distilled, affording 414 mg of white solid, bp 
120° (bath temperature) at 0.05 mm. Crystallization from 
chloroform-hexane afforded 110 mg (24%) of acetate 22, white 
needles, mp 104.5-107°: X“ 1 2.87, 5.84, 6.85, 7.18, 7.30, 7.88, 
9.60, 9.88, and 10.18 ¿on; «™ s“CDCIs 4.07 (carbinyl CH2), 2.05 
(CH3CO), and 0.90 ppm (CH3 doublet, J  =  6 Hz).

A second crop of 54 mg (12% ) was obtained.
Anal. Calcd for C i3H220 3: C, 68.99; H, 9.80. Found: C, 

69.0; H, 10.0.
Dehydration of Alcohol 22.—A solution of 46 mg (0.20 mmol) 

of alcohol 22 in 1.35 ml of pyridine was stirred at 0° and 0.12 ml 
of thionyl chloride was added dropwise. After 25 min, the solu
tion was poured onto crushed ice and the product was isolated

(27) A 6 ft X 0.12 in. column of 10% UCON W-98 on 80-100 mesh Diato-
port-S was used.

with ether and distilled, affording 37 mg (87% ) of acetate 23 
(98% pure according to gas chromatography),22,27 bp 80° (bath 
temperature) at 0.03 mm: xl'a™ 5.75, 6 .88, 7.25, 8.08, and 9.60 
/um; 4?ms 3.97 (carbinyl CH2), 1.97 (CH3CO), and 1.60 ppm 
(vinylic CH3).

The same results were obtained when the dehydration was 
carried out for 1 hr at —30 to —40°.

Anal. Calcd for Ci3H2o02: C, 74.96; H, 9.68. Found: C, 
74.8; H, 9.8.

10-Acetoxymethyl-l(9)-octal-2-one (24).— A solution of 37 mg 
of olefin 23, comparable to that described above, in 2.5 ml of 
pentane at —78° was treated with a stream of ozonized oxygen 
until the solution became blue. The excess ozone w7as allowed to 
evaporate and the precipitated ozonide was added to a stirred 
solution containing 0.3 g of Nal and 0.35 ml of acetic acid in 1 ml 
of methanol at 0°. After 1 hr at 0° and 1 hr a: room temperature, 
the mixture was shaken with aqueous sodium bisulfite and the 
product was isolated with ethyl acetate and distilled, affording 30 
mg of dione, bp 150° (bath temperature) at 0.1 mm (80%  pure 
according to gas chromatography27): x“ ™ 5.74, 5.84, 6.90, 7.27,
7.35, 8 .1C, and 9.63 Mm.

The above sample was refluxed with 18 mg of p-toluenesulfonic 
acid monohydrate in 12 ml of benzene for 17.5 hr, with removal 
of water tia a Dean-Stark trap. The product was isolated with 
ethyl acetate and distilled (short path), affording 21 mg of enone 
24 (85% pure according to gas chromatography27): X̂ 1»”  3.30, 
5.75, 5.98, 6.16, 6.89, 7.29, 8.10, 9.55, 11.53, and 12.92 Mm; 
5tms 5.75 (vinylic H), 4.25 (carbinyl CH2, AB, J  =  12, Av =  13 
Hz), and 2.00 ppm (CH3CO).

The spectral properties and gas chromatographic behavior of 
this material were indistinguishable from those of an authentic 
sample.12

10-Hydroxymethyl-l(9)-octalin (28).— To a solution of 55.39 g 
(ca. 0.34 mol) of keto ester 25 (methyl, ethyl mixture) in 108 ml 
of 0.074 M  sodium methoxide at —5 to —15° was added drop- 
wise over a period of 3 hr a solution of 23.4 g (0.339 mol) of 
methyl vinyl ketone in 75 ml of methanol. After addition was 
complete 10 ml of 1 M  sodium methoxide was added and the 
mixture was allowed to reach room temperature. An additional 
250 ml of 1 M  methoxide was then added and, after 12 hr, acetic 
acid was added to neutralize the base and the product was 
isolated with benzene and distilled, affording 50.3 g (ca. 83% ) of 
keto ester 26, bp 110-125° at 0.25 mm: X ^  3.31, 5.79, 5.98, 
6.15, 6.92, 7.00, 7.52, 7.75, 7.96, 8.14, 8.27, 8.50, 9.20, 9.72,
9.88, 10.25, 10.67, and 11.65 Mm.

A 5.68-g sample of the above keto ester, 5.8 ml of 1,2-ethane- 
dithiol, and 1.4 ml of boron trifluoride etherate in 12 ml of 
acetic acid was stirred at 0° for 2 hr and kept at 5° for 9 hr. The 
product was isolated with ether and freed of excess ethanedithiol 
under vacuum, affording 7.60 g of thioketal 27: X*1”  3.27, 5.80, 
6.95, 7.02, 7.78, 8.00, 8.20, 8.45, 8.89, 9.21, 9.90, 10.15, and
11.62 //m.

The above-described thioketal in 500 ml of ethanol was stirred 
at reflux with 75 ml (45 g) of W-2 Raney nickel for 2 hr. The 
cooled mixture was filtered and concentrated by distillation, and 
the product was isolated with ether and distilled, affording 4.26 
g (ca. 80% ) of ester, bp 90° (bath temperature) at 0.06 mm: 
X‘ ‘” 3.29, £.78, 6.92, 7.72, 7.91, 8.21, 8.61, 8.81, 9.18, 9.75, 9.98, 
and 12.35 um.

The above sample in 50 ml of ether was added to 2.50 g of 
lithium aluminum hydride in 300 ml of ether with stirring. After 
12 hr, 5 ml of water and 4 ml of 10% aqueous NaOH were added 
and the mixture was stirred for 1 hr, treated with anhydrous 
magnesium sulfate, and filtered. Distillation afforded 3.49 g 
(99% ) of alcohol 28, bp 100° (bath temperature) at 0.02 mm, 
mp 67-68° (lit.14 mp 69.5-70°): X*®r 3.00, 3.29, 6.90, 7.30,
7.88, 8.00, 8.73, 9.54, 9.67, 10.01, 10.18, 10.99, 11.25, 11.50,
11.87, 12.28, and 12.67 ppm; i™ s'CDC" 5.55 (vinylic H) and 
3.60 ppm (CH2OH).

7a-Benzyloxymethyl-2,4,5,6,7,7a-hexahydroindene-3-carbox- 
aldehyde (30).— A solution of 3.33 g (20.1 mmol) of alcohol 28 
in 170 ml of dioxane was added to heptane-washed NaH (from
1.93 g of 57% oil dispersion) and the mixture was stirred at re
flux for 2 hr. The cooled solution was treated with 3.48 ml 
(5.00 g, 29.2 mmol) of benzyl bromide and refluxing was con
tinued for 16 hr whereupon the product was isolated with ether 
and distilled, affording 5.83 g of ether 29 contaminated with 
benzyl bromide, bp 140° (bath temperature) at 0.01 mm: X"!D
3.30, 6.71, 6.91, 7.39, 8.35, 9.15, 9.78, 11.02, 11.52, 13.68, and
14.41 //m; 5xms 7.20 (aromatic H ’s), 5.35 (vinylic H ), 4.40
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(benzylic H ’s), and 3.40 ppm (carbinyl CH2, AB, J  =  9, Av =  12 
Hz). The analytical sample was obtained by two successive 
short-path distillations.

Anal. Calcd for Ci8H240 :  C, 84.32; H, 9.44. Found: C, 
84.4; H, 9.6.

A 240-mg sample of the above olefin in 16 ml of methylene 
chloride at —78° was treated with a stream of ozonized oxygen 
until the solution became blue. The excess ozone was allowed 
to evaporate and 1.6 ml of acetic acid followed by 0.8 g of zinc 
powder were added with stirring at —78°. The mixture was 
allowed to reach room temperature, stirred for 10 min, and 
filtered. The product was isolated with ether, affording 242 mg 
of crude keto aldehyde: xJl" 3.30, 3.69, 5.80, 5.86, 6.71, 6.91,
7.35, 7.91, 8.33, 9.11, 9.76, 13.62, and 14.38 nm; Sjmb 9-58 
(CHO triplet, J  =  2 Hz), 7.20 (aromatic H ’s), 4.42 (benzylic 
H ’s), and 3.47 ppm (carbinyl CH2, AB, J  =  9, Av =  11 Hz).

The above material was stirred at 60° with 240 mg of sodium 
carbonate and 2 ml of water in 40 ml of ethanol for 22 hr. The 
product was isolated with ether-benzene and chromatographed 
on silica gel to give 120 mg (54% ) of unsaturated aldehyde 30: 
X*1”  3.28, 3.65, 5.98, 6.10, 6 .68, 6 .88, 7.38, 7.89, 8.28, 9.12, 
9.72, 11.81, 13.60, and 14.35 Mm; i?£s 9.88 (aldehyde CH), 7.20 
aromatic H ’s), 4.43 (benzylic H ’s), and 3.37 ppm (carbinyl 
CH2).

3,7a-Bishydroxymethyl-5,6,7,7a-tetrahydroindan (32).— To a 
solution of triphenylmethyllithium28 (from 1.54 g of triphenyl- 
methane and 3.8 ml of 1.5 M  methyllithium) in 1,2-dimethoxy- 
ethane (7 ml) was added 0.400 g of aldehyde 30, comparable to 
that described above, in 7 ml of 1,2-dimethoxyethane dropwise 
with stirring over a 0.5-hr period. After 1 hr the solution was 
added to a well-stirred solution containing 20 g of sodium boro- 
hydride and 20 ml of water in 152 ml of ethanol. The solution 
was stirred for 3.5 hr and poured into 10% aqueous NaOH, 
and the product was isolated with ether-benzene. The triphenyl- 
methane was removed by precipitation from cold pentane and 
filtration through a column of silica gel, affording 233 mg of 
alcohol 31 contaminated with the isomeric allylic alcohol: Xl‘am,
2.92, 3.31, 6.70, 6.91, 7.38, 8.32, 9.15, 9.33, 9.72, 11.26, 13.62, 
and 14.35 ¿im; S?ms 7.15 (aromatic H ’s), 5.40 (vinylic H ), 4.35 
(benzylic H ’s), 3.4-3.2 (C-3 carbinyl CH2), and 3.11 ppm (C-7a 
carbinyl CH2). The analytical sample was prepared by prepara
tive layer chromatography (silica) followed by short-path distilla
tion (120° at 0.03 mm).

Anal. Calcd for Ci8H240 2: C, 79.37; H, 8 .88. Found: C, 
79.7; H, 9.1.

To a stirred solution of 0.37 g of Li wire in 70 ml of ammonia at 
— 78° was added 0.23 g of alcohol 31, comparable to that de
scribed above, in 3 ml of tetrahydrofuran and 2 ml of icri-butyl 
alcohol. After 1 hr at —78° and 2 hr at —33° (reflux) ethanol 
was slowly added to discharge the blue color and the ammonia 
was allowed to evaporate. The product was isolated with ethyl 
acetate, purified by preparative layer chromatography (silica), 
and distilled to g.ve 0.11 g (41% based on aldehyde 30) of diol 32, 
bp 160° (bath temperature) at 0.10 mm: X̂ '”  3.00, 5.98, 6 .88,
8.00, 8.65, 9.75, 10.45, and 11.33 Mm; «5Sr°DC's 5.53 (vinylic H) 
and 3.8-3.3 ppm (-CH 2OH multiplet).

Anal. Calcd for CnHi80 2: C, 72.49; H, 9.95. Found: C, 
72.4; H, 10.2.

3-Methyl-7a-hydroxymethyl-5,6,7,7a-tetrahydroindan (33).— 
To a stirred solution of 82 mg (0.30 mmol) of alcohol 31, com
parable to that described above, in 0.7 ml of pyridine at 0° was 
added 0.135 ml (1.78 mmol) of methanesulfonyl chloride. 
After 0.5 hr at 0° and 2 hr at room temperature, the mixture was 
cooled to 0° and was added slowly to a solution containing 2 ml 
of water in 5 ml of pyridine at 0°. The product was isolated with 
ether, affording 79 mg of mesylate: X ^  3.28, 6.90, 7.40, 8.52, 
9.15, 9.75, 10.30, 10.63, 11.24, 12.00, 13.45, and 14.36 /im; 
i ?ms 7.20 (aromatic H ’s), 5.55 (vinylic H), 4.42 (benzylic H ’s),
4.02 and 3.92 (CH2OMs, two doublets, J  =  1-2 Hz), 3.17 (C-7a 
carbinyl CH2), and 2.75 ppm (CH3S03).

The above mesylate in 0.67 ml of ethanol and 0.35 ml of 
tetrahydrofuran was added dropwise to a stirred solution of 0.124 
g of lithium in 10 ml of ammonia at —78°. After 1.5 hr at —78° 
and 1 hr at —33° (reflux) ammonium chloride was added, the 
ammonia was allowed to evaporate through a mercury bubbler, 
and the product was isolated with ether and distilled, affording 
35 mg of alcohol 33, bp 95° (bath temperature) at 0.04 mm (87% 
pure according to gas chromatography22): X™™ 2.96, 3.29, 6.89,

(28) H. O. House and B. M. Trost, J. Org. Chem., 30, 1341 (1965).

7.31, 8.00, 9.76, 10.33, 10.43, 10.71, 11.04, 11.35, 11.61, and 
12.95 ^m; Stks 5.50 (vinylic H ), 3.40 (carbinyl CH2), and 1.04 
ppm (CH3 doublet, J =  7 Hz). The anaytical sample, mp 27- 
33°, was prepared by preparative layer chromatography (silica) 
and two successive short-path distillations.

Anal. Calcd for CnH,80 :  C, 79.46; H, 10.91. Found: C, 
79.6; H, 10.9.

Cyclization of Diol 32 to Ether 34.— A stirred solution of 0.103 
g of diol 32 in 2 ml of pyridine at —40° was treated dropwise with 
47 Ail (71 mg) of methanesulfonyl chloride. After 4 hr at —10° 
and 6 hr at room temperature the mixture was cooled to 0° and 
ice chips were slowly added. The product was isolated with ether, 
affording 0.128 g of crude hvdroxy mesylate: X*1"  2.94, 3.31,
6.87, 7.45, 8.53, 9.72, 10.27, 10.65, and 11.95 Mm; 5™ rCDCIJ 5.68 
(vinylic H) and 3.00 ppm (CH3S03).

The above material in 35 ml of dioxane was treated with 
pentane-washed NaH (from 0.35 g of 57%  mineral oil dispersion) 
and the mixture was stirred at room temperature for 2 hr, at 
70° for 1 hr, and at reflux for 3 hr. The cooled mixture was poured 
onto ice and the product was isolated with pentane and distilled, 
affording 35 mg of ether 34, bp 90° (bath temperature) at 20 
mm: x '1." 6.90, 7.84, 8.28, 8.73, 9.03, 9.28, 10.02, 10.16, 10.28,
10.43, 11.14, 11.82, 12.07, and 12.48 Am; «5ms 5.35 (vinylic H, 
unresolved triplet) and 3.6-3.3 ppm (-C H 20 -  multiplet). The 
analytical sample was obtained by preparative layer chromatog
raphy (silica) and short-path distillation.

Anal. Calcd for C „H ,60 :  C, 80.44; H, 9.82. Found: C, 
80.2; H, 10.0.

3-Acetylbicyclo[5.3.0]dec-l(7)-en-3-ol (36).— The method of 
Corey was employed.17 A solution of 1.8 g of 1,3-dithiane in 60 
ml of tetrahydrofuran was cooled to —30° and 5.4 ml of 2.8 M  
butyllithium was added with stirring. After 1.5 hr, the solution 
was allowed to reach —5° and 2.26 g of methyl iodide was added 
dropwise. The mixture was kept at —5° for 20 hr and a20-ml 
aliquot was removed, cooled to —30°, and treated with 2 ml of
2.8 M  butyllithium with stirring. After 2.25 hr, a solution of 
0.59 g of ketone 10 in 5 ml of tetrahydrofuran was added. After 
36 hr at —5° the reaction mixture was concentrated under 
reduced pressure and the product was isolated with ether, 
affording 1.15 g of crude alcohol 35 whose infrared spectrum 
showed unreacted ketone 10. Accordingly the mixture was 
subjected to the above procedure (54 hr at —5°) whereupon 1.3 
g of alcohol 35 was obtained nearly free of ketone 10 but con
taminated with 2-methyl-l,3-dithiane: xL1,”  2.88, 5.88 (trace), 
6.95, 7.08, 7.32, 7.89, 8.10, 8.42, 9.49, 9.93, and 11.02 Mm; 
Stms 3.0-2.6 (-SCHo- multiplet) and 1.60 ppm (CH3).

The above thioketal alcohol in 56 ml of acetonitrile and 2.9 ml 
of water containing 3.3 g of mercuric chloride and 1.96 g of 
cadmium carbonate was stirred at 55° for 11 hr.17 An additional 
0.3 g of mercuric chloride and 0.2 g of cadmium carbonate were 
then added (an aliquot showed the presence of starting material) 
and heating was continued for 3 hr. The mixture was filtered 
and the product was isolated with ether and distilled, affording 
0.49 g of keto alcohol 36, bp 120° (bath temperature) at 0.05 
mm: x",'”  2.90, 5.86, 6.97, 7.44, 8.50, 9.10, and 9.85 Mm; S?ms 
2.35 (allylic H ’s) and 2.16 ppm (CH3CO). The analytical 
sample was prepared by preparative layer chromatography 
(silica) and short-path distillation.

Anal. Calcd for C,2H180 2: C, 74.19; H, 9.34. Found: C, 
74.0; H, 9.4.

3-Acetylbicyclo[5.3.0]dec-l(7)-en-3-yl Acetate (37).— The 
procedure of Saucy was employed.29 A 0.19-g sample of the 
crude keto alcohol 36 was stirred with 0.59 ml of acetic anhydride 
and 5.5 /d of phosphoric acid for 0.5 hr. The product was iso
lated with ether and partially purified by preparative layer 
chromatography (silica) and distillation, affording 0.11 g of 
material, bp 120° (bath temperature) at 0.2 mm, which contained 
80% of acetoxy ketone 37 and 18% of ketone 10 according to the 
gas chromatogram:27 X*'„”  5.74, 5.81, 6.97, 7.32, 7.42, 8.01, 
8.11, 8.41, 9.26, and 9.83 The analytical sample was pre
pared from comparable material by preparative layer chromatog
raph}' (silica) and two successive short-path distillations.

Anal. Calcd for C14H20O3: C, 71.16; H, 8.53. Found: C, 
71.2; H, 8.5.

3-Acetylbicyclo [5.3.0) dec-1 (7)-ene (38).—'To a stirred solution 
of 1.48 g of Ca turnings in 150 ml of ammonia at —78° was 
added 110 mg of 80% pure (see above) acetoxy ketone 37 dis
solved in 6 ml of tetrahydrofuran. After 10 min sufficient bromo-

(29) G. Saucy, Helv. Chim. Acta, 42, 1945 (1959).



benzene was added dropwise to discharge the blue color and excess 
ammonium chloride was added. The ammonia was allowed to 
evaporate and the product was isolated with ether and purified 
by short-path distillation, preparative layer chromatography 
(silica), and short-path distillation (100° at 0.15 mm) to give 
49 mg (74% ) of ketone 38: A*1”  5.83, 6.94, 7.42, 8.18, 8.33, and
9.61 *?SrCDCI* 2.05 ppm (CH3CO).

Anal. Calcd for Ci2H180 :  C, 80.85; H, 10.18. Found: C, 
80.8; H, 10.2 .

2-(3-Bicyclo[5.3.0]dec-l(7)-enyl)-2-propanol (39).— To a 
stirred solution containing 34 mg of ketone 38 in 3 ml of ether at 
0° was added 1.0 ml of 1.5 M  methyllithium. After 3.5 hr at 
room temperature, the mixture was poured onto ice and the 
product was isolated with ether. The material thus secured still 
contained 15% of ketone 38.27 The above procedure was thus 
repeated and the product distilled, affording 35 mg (94%) of 
alcohol 39, bp 85° (bath temperature) at 0.2 mm, shown to be 
85% pure by gas chromatography:27 Xm« 2.97, 6.95, 7.32, 7.67,
8.87, 10.50, 11.02, 11.32, and 11.61 Mm; J ? m s  1.10 ppm (CHS). 
The analytical sample secured by preparative layer chromatog
raphy (silica) and distillation exhibited mp 54-55.5° after sub
limation at 25° (0.04 mm).

Anal. Calcd for C ,,H j,0 : C, 80.35; H, 11.41. Found: C, 
80.4; H, 11.4.

Registry No.—2 methyl ester, 29494-06-2; 2 ethyl 
ester, 29494-34-6; 3 methyl ester, 29494-07-3; 3
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ethyl ester, 29494-35-7; 4, 29494-08-4; 5, 29494-09-5; 
6, 29494-10-8; 7, 29494-11-9; 8, 29494-12-0; 9, 7125- 
60-2; 10,29494-14-2; 11,29494-15-3; 13 methyl ester, 
29494-16-4; 13 ethyl ester, 29494-36-8; 14 methyl 
ester, 29^94-17-5; 14 ethyl ester, 29576-49-6; 15
methyl ester, 29494-18-6; 15 ethyl ester, 29494-37-9; 
16, 29494-19-7; 17, 29478-14-6; 18, 29478-15-7; 19, 
29478-16-8; 20, 29478-17-9; 21, 29478-18-0; 22,
29478-19-1; 23, 29494-20-0; 26 methyl ester, 29494-
21-1; 26 ethyl ester, 7478-39-9; 27 methyl ester, 
29494-22-2; 27 ethyl ester, 2088-98-4; desulfurized 27 
methyl es~er, 29494-24-4; desulfurized 27 ethyl ester, 
29494-25-5; 29,29494-26-6; 30,29494-27-7; 31 ,29478-
20-4; 31 mesylate, 29576-48-5; 32, 29478-21-5; 32 
mono mesylate, 29472-24-0; 33,29478-22-6; 3 4 ,29494 -
28-8; 35, 29494-29-9; 36, 29494-30-2; 37, 29494-31-3; 
38, 29494-32-4; 39,29494-33-5.
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The acid-catalyzed reactions of o-, to-, and p-cymene with isobutylene, diisobutylene, and triisobutylene give 
complex mixtures of hydrocarbon products. o-Cymene forms only alkylation products, whereas p-cymene gives 
predominantly cyclialkylation products, with only one case of alkylation. TO-Cymene occupies an intermediate 
position, providing both alkylation and cyclialkylation products. The reactions of to- and p-cymene with these 
olefins afford indans and tetralins as cyclialkylation products. In the cyclialkylation products from TO-cymene, 
the point of ring closure (ortho or para position to the methyl group) is strongly influenced by an alkyl group at 
the 5 position of m-cymene. Several acidic materials were used to catalyze the reactions of p-cymene with 
isobutylene, diisobutylene, and triisobutylene, and their effectiveness is compared. Some new hydrocarbons 
were isolated and identified. These are obtained from alkylation and cyclialkylation of the starting olefin or 
result from olefins produced in the reaction system via polymerization, rearrangement, and fragmentation.

Cyclialkylation reactions initiated by hydride ion 
abstraction were discovered by Pines and coworkers.2a 
They found that aromatic hydrocarbons having a ter
tiary hydrogens may undergo hydride ion abstraction 
by carbonium ions generated in the reaction medium. 
Their mechanism2a is shown in Scheme I using isobutyl-

(1) (a) D. E. Boone, E. J. Eisenbraun, P. W. Flanagan, and R. D. Grigsby,
Amer. Chem. Soc., Div. Petrol. Chem., Prepr., 15, 77 (1970). (b) American
Petroleum Institute Graduate Research Assistant, 1967-1969.

(2) (a) V. N. Ipatieff, H. Pines, and R. C. Olberg, J. Amer. Chem. Soc., 
70, 2123 (1948); (b) M. J. Schlatter, "Symposium on Petrochemicals in 
the Postwar Years," 124th National Meeting of the American Chemical 
Society, Chicago, 111., 1953, p 79; (c) L. R. C. Barclay, "Friedel—Crafts and 
Related Reactions,” Vol. 2, part 2, G. A. Olah, Ed., Interscience, New 
York, N. Y., 1964, p 785; (d) S. H. Weber, J. Stofberg, D. B. Spoelstra, and 
R. J. C. Kleipool, Peel. Trav. Chim. Pays-Bas, 75, 1433 (1956); (e) L. R. C. 
Barclay, J. W. Hilchie, A. H. Gray, and N. D. Hall, Can. J. Chem., 38, 94 
(1960) ; (f) H. Pines, D. R. Strehlau, and V. N. Ipatieff, J. Amer. Chem. Soc., 
72, 5521 (1950); (g) Queries regarding samples of hydrocarbons 2, 8, and 
10 should be directed to A. J. Streiff, American Petroleum Institute, Car- 
negie-Mellon University, Pittsburgh, Pa. 15213.

ene as the olefin to give 1,1,3,3,5-pentamethylindan
(2), first identified by Schlatter.2b As pointed out by 
Barclay,20 alkylation competes with cyclialkylation. 
Alkylation will predominate unless the aromatic hydro
carbons used are substituted so as to sterically hinder 
alkylation reactions. In addition, branched olefins 
(or compounds such as branched-chain alcohols which 
can generate such olefins in acidic media) seem neces
sary since straight-chain alcohols have been reported2c'd 
to react with p-cymene to give only alkylation products.

A  variety of substituted indans, hydrindacenes, and 
tetralins have been prepared20 with p-cymene, whereas 
Barclay2*5 used 1,3,5-triisopropylbenzene and diisobutyl
ene to prepare a neopentylindan. Most of the work 
has been with p-cymene, m- and o-cymene2°’f having 
been used in only a few cases, and no previous studies 
have dealt extensively with minor products.
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Figure 1.— Gas chromatograms of o-, m-, and p-cymene-isobutylene reaction products.

Sc h e m e  I  

i

The cyclialkylation reaction has been a valuable 
source of hydrocarbons for us.28 In the current work, 
p-cymene (1) and isobutylene, as well as diisobutylene, 
provided 1,1,3,3,5-pentamethylindan (2) 2b and 1,3,3,6- 
tetramethyl-l-neopentylindan (8) in quantity28 as 
shown in Scheme I. The variety of products found in 
these reactions and not previously reported prompted 
us to reexamine the p-cymene-isobutylene reaction and 
to extend the study to other olefins and other cymenes. 
The cymenes were selected for study since they include 
the necessary variation in alkyl substitution which per
mits both extremes of alkylation and cyclialkylation. 
As previously mentioned, in the absence of steric effects 
(three or more vicinal hydrogens present), alkylation

is the predominant reaction. Actually, as shown in 
Figure 1 for the alkylation of o-cymene, there were no 
products due to cyclialkylation. The requirement for 
cyclialkylation includes a tertiary benzylic hydrogen 
and an unsubstituted adjacent position on an aromatic 
ring. With p-cymene, eight components were identi
fied as cyclialkylation products but only one, 3, a minor 
product, is due to alkylation. As expected, ra-cymene 
occupies an intermediate position in regard to these 
reactions and both effects may be symmarized as 
follows : for alkylation, o- >  m- »  p-cymene, and for 
cyclialkylation, o- <5C m- <  p-cymene.

The formation of all hydrocarbons identified in this 
study may be rationalized through application of exist
ing carbonium ion theories.3’4 The formation of all 
the products shown accompanying the top and middle 
glc curves of Figure 1 except 4, 5, 6, and 14 may be ex
plained by using the mechanism of Scheme I and/or an 
added alkylation step.2a_f’3 These four anomalous hy
drocarbons cannot be formed directly from isobutylene 
or diisobutylene and require an olefin fragmentation 
and/or rearrangement3*1’4 to 2-methyl-l-butene and 2- 
methyl-2-butene as well as 2,3-dimethyl-l-butene to 
explain their formation. It should be noted that hydro
carbons 4, 5, 6, and 14 and those unidentified ones 
having empirical formulas which could not arise from 
isobutylene or its condensation products also could not 
arise from impurities in the starting materials since glc

(3) (a) L. Schmerling, ref 2c, p 1075; (b) H. Pines and N. E. Hoffman 
ref 2c, p 1211.

(4) (a) A. Schneider, J. Amer. Chem. S o c ., 174, 2553 (1952); (b) J. E. 
Hofmann, J. Org. Chem., 29, 3627 (1964); (c) G. J. Karabatsos, F. M. 
Vane, and S. Meyerson, J. Amer. Chem. S o c ., 85, 733 (1963).

te 4
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analyses ruled out significant amounts of impurities.68. 
In addition, p-cymene and diisobutylene were carefully 
purified by preparative glc6b and these purified samples 
were subjected to sulfuric acid catalyzed condensation. 
No significant differences in the products from this and 
conventional runs were observed. While structure 9 
represents a Cm hydrocarbon, its formation cannot be 
rationalized from diisobutylene except through skeletal 
rearrangement to 2,3,4-trimethylpentenes and subse
quent reaction with p-cymene to form the tetralin 9 
rather than an indan in a reaction analogous to that 
described by W ood .6

For the most part, the products of the isobutylene 
and diisobutylene reactions are comparable, although 
there there is some variation in ratios. A  notable ex
ception is that diisobutylene and m-cymene provide
I, 3,3,7-tetramethyl-l-neopentylindan (27), which ap
pears to be absent in the reaction products when iso
butylene is used. The glc retention time of 27 is the 
same as that of F in Figure 1; however, 27 and F are 
not the same. The formation of 27 is of interest be
cause it could be expected to predominate over 16 by

27 28 29
analogy with the fact that in a similar reaction 1,3,3,7- 
tetramethyl-l-m-tolylindan (28) and 1,3,3,5-tetra- 
methyl-l-m-tolylindan (29) were found in a 2 :1  ratio.78. 
However, when a,m-dimethylstyrene is treated with 
diisobutylene, the ratio of 16: (17 +  27) is 1.4. Since 
the neopentyl group is bulkier than the m-tolyl group, 
a steric effect may cause the formation of more 16 rela
tive to 17 +  27. The formation of 17 from 27 is to be 
expected since position 5 of 27 is unhindered for tertiary 
butylation. Thus the absence of 27 in the m-cymene- 
isobutylene reaction products is not surprising. The 
5 position is also unhindered for other reactions, such as 
sulfonation, which could influence the combined yield 
of 17 and 27. It is of interest that m-cymene is readily 
alkylated by isobutylene to give 12, which corresponds 
to reaction at C-5. It would also be expected that di
isobutylene should react with m-cymene in an analogous 
manner to form the homolog with an octyl (CgHn) 
group at this same position. Our glc and mass spectral 
data failed to give evidence for its formation and hence 
initial alkylation is not prerequisite to cyclialkylation 
when diisobutylene is used.

Cyclialkylation is the more important reaction for 
p-cymene. m-Cymene may undergo alkylation2c,f to 
12 followed by cyclialkylation to 15 and 17. Formation 
of 15 and 17 may also be explained by cyclialkylation 
of m-cymene with ring closure ortho to the methyl 
group followed by alkylation at position 5 as discussed 
above for 27. 5 6 7

(5) (a) We thank Mr. E. Smith, Analytical Research Section, Continental 
Oil Co., Ponca City, for helpful assistance with these capillary glc studies, 
(b) We thank R. E. Laramy, Analytical Research Section, Continental Oil 
Co., for these separations.

(6) T. F. Wood, W. M. Easter, Jr., M. S. Carpenter, and J. T. Angiolini,
J. Org. Chem., 28, 2248 (1963).

(7) (a) J. C. Petropoulos and J. J. Fisher, J . Amer. Chem. Soc., 80, 1938 
(1958); (b) M. J. Schlatter, U. S. Patent 2,768,982 (1956).

Scheme II shows the products of several experiments 
devised to probe alkylation vs. cyclialkylation. It is

Sch em e  I I

of interest that 3 with isobutylene not only underwent 
cyclialkylation to form 7 but also suffered de tertiary 
butylation to form the conventional cyclialkylation 
product 2. The sterically and thermodynamically 
more stable 12 underwent cyclialkylation with no ob
servable dealkylation to give 15 and 17 on treatment 
with isobutylene and H2S 0 4. Significantly, no reaction 
was observed for a mixture of 19 and 20 on treatment 
with isobutylene and H2S 0 4. It would be expected 
that 20 would not undergo cyclialkylation because of 
the steric influence of the teri-butyl group. However, 
it might be expected that 19 could undergo cyclialkyla
tion with isobutylene to form 15. The lack of reac
tivity of 19 becomes apparent upon examination of a 
molecular model which shows the tertiary hydrogen of 
19 to be less available for abstraction than the tertiary 
hydrogens of m- or p-cymene since the approach of a 
cation to this site is effectively blocked by the sur
rounding methyl groups. This argument applies to
o-cymene and explains the absence of cyclialkylation 
products.

Several minor or trace products from the cymene- 
olefin reactions were isolated by preparative glc and 
analyzed by mass and nmr spectroscopy. However, 
some of these were contaminated by polymeric hydro
carbons that obscured interpretation of the spectra and 
consequently their structures remain unknown at this 
time. These hydrocarbon samples are designated by 
letters; the available data are presented in Figure 1 as 
well as in the Experimental Section.

The products obtained are the same whether isobutyl
ene, diisobutylene, triisobutylene, or tetraisobutylene 
is combined with p-cymene. However, the olefin used 
does affect the product ratios, which are shown in Table 
I.

When sulfuric acid was used, the best results were 
obtained with a reaction temperature below 10° (runs 
la, lb, 5a-c). As the temperature was increased (runs
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T a b l e  I

A cid -C a t a l y z e d  R e actio n s  o f  t h e  C ym e n e s  a n d  O l e f in s

Run6 °c Acid
------ M oles-----

Cymene Olefin 2C 8
—Glc ratios o 

B
1 major ! 

8
hydrocarbons®—

9 10

l a 1* 5* 1.14 ' 12.9» 6* 41 0.15 0.03 0.09
l b 5* 0 .19 ' 0.25» 3* 42 0.09 0.01 0.10
2a 10« 0.071 0.50» 9* 2 0.32 0.53
2b 115 0.26! 0.34» 6.4* 43 0.03 0.04 0.02 0.02
3a 25* 7’ 0.50» 24* 1 2.00 0.71
3b 85 5 .5 ' 0.25» 48* 15 0.10 0.03
3c 130 3 .5 ' 0.25» 39* 33 0.06 0.07 0.05
4 5« 1.4* 1.07» 2* 12 0.02 0.32 0.03 0.03
5a 5 0.19 ' 0.25» 0.50' 9 0.24 0.06 5.04 0.61 0.52
5b 5 0.76 ' 0.25» 0.501 7 0.18 0.08 7.53 1.05 1.46
5cd 5 0.74 ' 8 .20» 13.2' 7 0.19 0.05 7.40 0.74 0.13
5d 25 0 . 11' 0.25» 0.50' 8 2.40 0.41 0.14
5e 25 0.19 ' 0.25» 0.50' 17 0.07 0.06 2.76 0.53 0.43
5f 25 0 .39 ' 0.25» 0.50' 10 0.08 0.0 2.22 0.50 0.42
5g 65 0 . 10' 0.50» 1.0' 2 1.40 0.47
6a" 70 0.19* 0.25» 0.50' 25 0.12 0.07 0.39 0.19
6b 70 0 . 10' 0.09» 0.19' 27 0.15 0.07 0.31 0.16 0.03
6c 115 0.25' 0.33» 0.67' 43 0.05 0.08 0.05 0.09
6d 140 0.19' 0.25» 0.50' 35 0.12 0.05 0.19
7 100 69' 0.29» 0 .88' 12 1.20 0.54 0.11
8a 5 1 .0* 0.25» 0.54' 15 0.12 0 .0 2.05 0.18 0.04
8b 5 2.5* 0.25» 0.54' 23 0.15 0.06 1.19 0.16
9a 5 0 . 12" 0.25» 0.25' Trace 0.04 50°
9b" 70 0 . 12" 0.50» 0.50' 13 2 .7 0.17

10 5 0 . 10' 0 .20» 0.14» 18 0.11 0.108 0.74 0.06 0.13
11 5 0.07" 0 .20» 0.18» 5 0.48 10.2 1.06
12 5 0 . 10' 0.50» 0 .20» 1 .0* 4.6 0.3
13a" 5 0 .03 ' 1 .00» 0 . 10* 1.0* 0.5
13b 5 0 . 10' 0.50» 0.25» 1 .0* 0.5 6.4 12.5 3.5
13c 5 0 .03 ' 0.06» 0.13* 1 .0* 0.6 1.3 2 .0 0.2

6 12 13 +  14 15 16 17

14 10* 0 .07 ' 0.50“ 4* 0.01 1.00 0.09 0.21 0.07 0.12
15 5 0 .02'  • 0.07“ 0 .22' 0 .0 1.00 0.97 0.25 2.53 1.14

19 +  20 21 +  22 23 24 25 +  26

16 10* 0 .07 ' 0.50» 6 .0* 1.0 0.02 0.002 0.001 0.01
17 5 0.06 ' 0.15» 0.30' 1.0 1.06 0.21 0.00 0.00
18 5 0.06 ' 0.15» 0.16» 1.0 0.23 0.11 0.03 0.08

“ Product normalized to 2 = 1.00. * Magnetic stirring except where noted. c Values given are per cent yield of 2 based on p-cymene 
except as noted. d Vibromixer E-2. * °C controlled by flow of isobutylene. '  H2S04. » p-Cymene. * Hours isobutylene flow.
’ Methanesulfonic acid. ' Amberlyst-15 in grams. * HF. ' Diisobutylene. "  Motor-driven turbine stirrer. " A1C13. ° Peak ratios
are compared to 8 =  1.00; the value for 8 is per cent yield. » Triisobutylene. » 2-Methyl-2-butene. * Ratio only, not a per cent 
yield. * 2,3,4-Tr:methyl-2-pentene. ' Glc ratio of major hydrocarbons normalized to 12 =  1.00. “ m-Cymene. * Glc ratio of hydro
carbons normalized to 19 +  20 =  1.00. “ o-Cymene.

5a-f), the yield of low-molecular-weight polyisobutyl- 
en.es increased until, at 65° (run 5g), only a few per 
cent of the products resulted from cyclialkylation re
actions, and the major product observed on glc was 
tetraisobutylene.

Within limits, the quantity of sulfuric acid used had 
little effect on the products formed. When a low molar 
concentration of sulfuric acid (acid to p-cymene ratio 
of 1: 10, run la) was used, more tetraisobutylene and 
other olefinic polymers resulted. Large amounts of 
sulfuric acid, i.e., acid to p-cymene ratio of 2:1 or 
greater, resulted in loss of material due to sulfonation 
and consequent emulsion formation during isolation 
(run 5b).

Anhydrous hydrogen fluoride (runs 4, 8a, and 8b) 
was effective in catalyzing the cyclialkylation reaction.7b 
In run 4, the isobutylene introduced into the reaction 
did not approach the stoichiometric amount; therefore, 
the 12%  yield of 2 formed is not a true indication of

this acid’s ability to catalyze the reaction. With hy
drogen fluoride, the diisobutylene reaction (runs 8a 
and 8b) gave much less of the cyclialkylation product 
8 than with sulfuric acid (runs 5a and 5b) and more 
fragmentation of diisobutylene occurred. An increased 
concentration of hydrogen fluoride produced larger 
yields of fragmentation products.

Methanesulfonic acid (run 2a) gave only olefin polym
erization at temperatures below 30°. This catalyst 
at 70° (runs 6a and 6b) still caused formation of reac
tion products that were badly contaminated by poly
meric material, but it did then yield cyclialkylation 
products. When the reaction temperature was 115° 
and above (runs 2b, 6c, and 6d), the amount of poly
meric material decreased. The yields of 2 increased 
while little 8 was formed, indicating that considerable 
fragmentation of diisobutylene was occurring.

When Amberlyst-15 was the catalyst, it was neces
sary to use temperatures in excess of 100° (runs 3a-c)
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T a b l e  II

I n st r u m e n t a l  D a t a  f o r  H y d r o c a r b o n s  D e r iv e d  fro m  o-, m-, an d  p -C y m e n e

2° B p 42° (0.5mm) [lit.* 153.6° (100m m)]; irS loand
878 cm -1 ; nmr 8 1.24 (s, 12, -C H 3/3 to aromatic 
ring), 1.86 (s, 2, CH2), 2.27 (s, 3, Ar CH3), 6.81- 
6.87 (m, 3, Ar H). Anal. Calcd for CuHM: 
C,89.29; H, 10.71. Found: 0,89.27; H, 10.56.

3“ Ir 812 (s) and 881 cm -1 (m); nmr 8 1.15 and 1.25 
[d, CII(CH3)2], 1.38 [s, 9, C(CH3)3], 2.43 (s, 3, 
Ar CH3), 2.73 (m, 1, CH), 6.80-7.11 (m, 3, Ar 
H ); mass spectrum M  =  190, 175 (M  — 15) 
loss of methyl group, 147 (M  — 43) loss of C3, 
133 (M  — 57) loss of C4; see lit.2b for preparation.

46 Ir 815 (s) and 878 cm -1 (m); nmr 8 0.80 (t), 1.02 
(s), 1.22 (s), 1.25 (s), 1.58 (m), 1.81 (m), 2.29 
(s, 3, Ar CH3), 6.74-6.86 (m, 3, Ar H ); mass 
spectrum M  =  202, 187 (M  — 15) and 173 
(M  — 29) loss of methyl and ethyl groups; see 
lit.1 for preparation.

5h Ir 815 (s) and 879 cm” 1 (m); nmr 8 0.91 (this is 
half of a doublet CIICH3 and corresponds to 1.5 
protons; the other half is hidden by the 1.04 
peak), 1.04 (s, 7.5, geminate dimethyl protons, 
hides half of the previously listed doublet), 1.26 
(s, 6, geminate dimethyl protons), 1.75 (q, 1, 
CH), 2.30 (s, 3, Ar CH3)', 6.83-6.89 (m, 3, Ar H); 
mass spectrum M  =  202, 187 (M  — 15) loss of 
methyl group; see lit.1 for preparation.

6e M p 64-66° (lit.6 mp 66-67.5°); mass spectrum 
M  =  216, 201 (M  — 15) loss of methyl group. 
Ir, mass, and nmr spectra all agree with those of 
the known compound.”

7“ Mp 81-82°; ir (CS2) 880 (s, appears as a shoulder 
on the next peak) and 887 cm -1 (s); mass 
spectrum M =  244, 229 (M  — 15) loss of 
methyl group;" nmr 8 1.26 (s, 12, geminate 
CH3), 1.40 [s, 9, C(CH3)3], 1.86 (s, 2, CH2), 2.49 
(s, 3, Ar CH3), 6.70 (s, 1, Ar H), and 6.96 (s, 1, 
Ar H). Anal. Calcd for C , ^ :  C, 88.45; H, 
11.55. Found: C, 88.57; H, 11.63.

8d Bp 84-85° (0.5 mm); ir 815 (s) and 878 cm -1 
(m); mass spectrum M =  244, 173 (M  — 71) 
loss of C5 group; nmr 8 1.03 [s, 9, C(CH3)3], 
1.24, 1.28, 1.32 (three s, 3 protons each, CH3 0 
to benzene ring), 1.65 (center of AB quartet, 2, 
CH2), 2.03 (center of AB quartet, 2, CH2), 2.27 
(s, 3, Ar CH3), and 6.81-6.87 (m, 3, Ar H). 
Anal. Calcd for Ci8H28: C, 88.45; H, 11.55. 
Found: C, 88.63; H, 11.39.

9* Bp 87-88° (0.5 mm); ir 758 (w), 816 (s), 887 (m), 
and 895 (w) appears as a shoulder on the 887 
cm “ 1 peak; mass spectrum M  =  244, 201 (M 
— 43) loss of C3 group(s); nmr 8 0.71, 0.82, 
0.91, 1.01 (the four preceding peaks account for 
18 protons), 1.44 and 1.54 (2 protons), 2.03 
(m, 2 protons), 2.22 (s, 3, Ar CH3), 6.73-7.16 
(m, 3, Ar H). Anal. Calcd for CigH®: C, 
88.45; H, 11.55. Found: C, 88.24; H, 11.56. 

10° Mp 40-41° (lit.7® 37-38°, 40°); ir agrees with 
published2“ spectrum; nmr 8 1.03, 1.30, 1.62 
(three s, 3 protons each, CH3 0 to the aromatic 
ring), 2.21 (center of part ially hidden AB quartet, 
2, CH2), 2.21, 2.28 (two s, 3 protons each, Ar 
CH3), and 6.71-7.10 (m, 7, Ar H).°

12f Ir 711 (s), 815 (w), 857 (s), and 882 cm -1 (w);
mass spectrum M  =  190, 175 (M  — 15) loss of 
methyl group (mass spectral analysis shows a 
second component with M =  188); intensity 
ratio of 190 to 188 is 10:1; nmr 8 1.17 [3 H, one-

half of doublet from CH (CH 3)2], 1.28 [s, 12, 
C(CH3)3, also covers the other half of isopropyl 
doublet], 2.29 (s, 3, Ar CH3), 2.81 (m, 1, Ar H),
6.72 (s, 1, Ar H), and 6.88 (s, 2, Ar H). Compari
sons of glc retention times and ir and mass spec
tra indicate that the minor component is 2.

Ir 712 (m), 823 (s), 857 (m), and 880 cm “ 1 (m); 
mass spectrum, mixture, M  =  190 and 204 (in
tensity ratio ca . 5:1), 175 (M  — 15 or M  — 29) 
loss of methyl or ethyl group; nmr 8 1.14 (s), 
1.25 (m), 2.37 (s), 2.28 (two s, Ar CH3) in a 1:2 
ratio), and 6.70-7.20 (m, Ar H). Comparisons 
of ir and mass spectra indicate that the major 
component is 13 and the minor component is 14.

14» Ir 711 (s) and 858 cm “ 1 (s); mass spectrum M = 
204, 175 (M — 29) loss of ethyl group (s); nmr 
8 (no integration values are given since the sam
ple was contaminated with polymeric material) 
1.17, 1.23, 1.27 (CCH3), 1.40-1.80 (m, CH2),
2.38 (s, Ar CH3), 2.45-2.90 (m, Ar CH), 6.70-
6.89 (m, Ar H).

15-7 Ir 655 (m), 770 (m), and 872 cm -1 (s); mass spec
trum M  =  244, 229 (M  — 15) loss of methyl 
group; nmr 8 1.26 (s, 6, unhindered geminate 
dimethyl group), 1.28 [s, 9, C(CH3)3], 1.37 (s, 6, 
hindered geminate dimethyl group), 1.86 (s, 2, 
CH2), 2.34 (s, 3, Ar CH3), and 6.82 (s, 2, Ar H).

16A Ir 815 (s) and 878 cm “ 1 (m); mass spectrum M  = 
244, 173 (M — 71) loss of C-, group; nmr 8 
(this sample was contaminated with polymeric 
material, thus the integration values are not in
cluded) 1.00 [s, C(CH3)3], 1.25 and 1.28 (two s, 
the latter being stronger and having a shoulder), 
2.37-2.33 (m, two overlapping AB quartets from 
two nonequivalent CH2 groups), 2.28 (s, Ar 
CH3), and 6.7.5-6.88 (m, Ar H).

17' Ir 653 (m), 774 (w), and 870 cm “ 1 (s); mass spec
trum M  =  300, 229 (M  — 71) loss of C3 group; 
nmr 8 1.03 [s, 9, C(CH3)3], 1.24 (s, 3, a geminate 
methyl group), 1.28 [s, 12, Ar C(CII; )3 and a 
geminate methyl group], 1.46 (s, 3, methyl group 
geminate to the neopentyl group), 1.50-2.50 (m, 
4, two nonequivalent CH2 appearing as two over
lapping AB quartets), 2.37 (s, 3, Ar CH3), and 
6.75-6.90 (m, 2, Ar H).

19* or 20’ Ir 645 (w), 733 (m), 816 (s), 862 (w), and 888 
cm “ 1 (m); nmr 8 1.16 [3, half of doublet result
ing from the isopropyl methyls, CH (CH 3)2; 
the other half is covered by the next peak men
tioned], 1.29 [s, 12, C(CH3)3 and three protons 
from CH(CH3)2], 2.25 (s, 3, A rCH 3), 3.08 (m, 1, 
Ar CH), 6.94 (m, 2, Ar H), 7.14 (m, 1, Ar II).

19* or 20* Ir 825 (s) and 881 cm “ 1 (m); nmr 8 1.14 [3, half of 
the doublet from CH(CH3)2], 1.27 [s, 12, C(CH 3)3 
and three protons from CH(CH3)2], 2.29 (s, 3, 
Ar CH3), 3.07 (m, 1, Ar CH), 7.03 (m, 3, Ar H).

21 Mass spectrum M  =  246, 175 (M — 71) loss of C3
group.

22 Mass spectrum M  =  246, 175 (M — 71) loss of C5
group.

23 Mass spectrum M =  246, 175 (M — 71) loss of C 3
group.

24 Mass spectrum (mixture) M  = 218, 246, 260; in
tensity ratio c a . 3.3:2.2:1.0.

25 Mass spectrum M  =  302, 175 (M  — 127) loss of C 9
group.

26 Mass spectrum M =  302, 175 (M — 127) loss of C9
group.

13/
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27'

A“

B»

Table II
(Continued)

Ir 729 (m), 746 (s), and 788 cm -1 (s); nmr S 1.01 
[s, 9, C(CH3)3], 1.21 (s, 3, geminate CH3), 1.30 
(s, 3, geminate CH3), 1.47 (s, 3, CH3 geminate to 
the neopentyl group), 1.50-2.50 (m, 4, two over
lapping AB pattern groups), 2.39 (s, 3, Ar CH3),
6.65-7.0 (m, 3, Ar H ); mass spectrum M  =
244.2192 (calcd for CI8H28, 244.2191), 229 (M  -  
15) loss of methyl group, 187 (M  — 57) loss of 
C4, 173 (M  -  71) loss of C6.

Ir spectrum was identical with that of a known 
sample of 1-isopropyl-1,3,3,6-tetramethylindan;m 
mass spectrum AI =  216, 173 (M  — 43) loss of 
C; group, in agreement with this structure.

Ir 8-4 (s) and 878 cm -1 (m); mass spectrum M  =
2S0, 173 (M — 57) loss of C4 group (s); nmr 5 
0.75-1.25 (m), 1.30 (s, 9, CH3 0 to benzene ring), 
1.34-2.25 (m), 2.29 (s, 3, Ar CH3), 6.75-6.95

D

E

F-

G*

(m, 3, Ar H) (integration values are given only 
when the contaminants did not interfere). This 
hydrocarbon is thought to be 1-sec-butyl-1,3,3,6- 
tetramethylindan.

Mass spectrum =  258, 173 (M — 85) loss of C6 
group(s).

Mass spectrum M  =  300, 229 (M — 71) loss of C5 
group(s).

Mass spectrum M  =  300, 201 (M  — 99) loss of C7 
group (s).

Ir 655 (w), 765 (s), 790 (m), 815 (w), and 870 cm “ 1 
(s); mass spectrum M  =  258, 229 (M  — 29) 
and 173 (M  — 85) loss of ethyl and C6 groups, 
respectively.

Ir 653 (m), 769 (m), and 870 cm -1 (s); mass spec
trum M  =  258, 243 (M  -  15) and 229 (M  -  29) 
loss of methyl and ethyl groups.

Preferred starting materials for synthesis of the above hydrocarbons: “ p-cymene and isobutylene; 6 p-eymene and 2-methyl-2-bu- 
tene; c p-cymene and 2,3-dimethyl-l-butene; d p-cymene and diisobutylene; '  p-cymene and 2,3,4-trimethyl-l-pentene; ! m-cymene 
and isobutylene; 17 m-cymene and 2-methyl-2-butene; '“m-cymene and diisobutylene; *o-cymene and isobutylene; ' a,m-dimethylstyrene 
and diisobutylene. k M. J. Schlatter, Amer. Chem. Soc., Div. Petrol. Chern., Prepr., 1, no. 2, 77 (1956). 1 D. B. Spoelstra, S. H. Weber, 
and R. J. C. Kleipool, Red. Trav. Chim. Pays-Bas, 82, 1100 (1963). ™ We thank Mr. T. F. Wood, Givaudan Corp., for kindly supply
ing references samples of 6 and l-isopropyl-l,3,3,6-tetramethylindan. " We thank M. C. Hamming, Analytical Research Section, 
Continental Oil Co., for the mass spectrum of 7. ° We thank Dr. R. J. Lee and Amoco Chemicals Corp. for a generous sample 
of TO-eymene and hydrocarbon 10.

to minimize the polyisobutylene formation. Compar
ison of run 6a with run 7 shows that while the yield of 
2 is doubled in comparing methanesulfonic acid to 
Amberlyst-15, the ratio 8:2 is increased in the latter 
reaction. This shows that even at a higher tempera
ture, Amberlyst-15 gives more intact cyclialkylation 
products than methanesulfonic acid.

Aluminum chloride (run 9a) at 5° gave essentially 
no products resulting from cleavage of diisobutylene. 
A trace of 2 and a large yield of 8 was obtained. When 
the reaction temperature was increased to 70° (run 9b), 
indan 2 was formed, but 8 was still the major product. 
With triisobutylene and aluminum chloride (run 11), 
a large amount of 8, but no significant amounts of 
higher molecular-weight cyclialkylation products, was 
observed.

The ir bands in the regions 815 and 880 cm -1 cor
responding to 1,2,4 trisubstitution on a benzene ring 
were observed.8 There were no significant deviations 
due to structure, e.g., 2 (a 5-methylindan), 3 (a tri- 
alkylbenzene), and 9 (a 6-methyltetralin) gave the ap
propriate bands. In addition, correlations with model 
hydrocarbons were made as follows: 7 at 880 and 887 
cm -1 with 1,2,4,5-tetramethylbenzene (CS2); 12 at 711 
and 857 cm-1 and 14 at 712 and 857 cm-1 with 1,3,5- 
trimethylbenzene (neat liquids); 15 at 655, 770, and 
872 cm“ 1 and 17 at 653, 774, and 870 cm“ 1 with an au
thentic sample of 6-ferf-butyl-4-ethyl-l,l-dimethylin- 
dan (1,2,3,5 tetrasubstitution) at 647, 768, and 872 
cm-1 ; and 27 at 729, 764, and 788 cm -1 with 1,2,3-tri- 
methylbenzene (see Table II).

Experimental Section9

Samples for instrumental analyses were obt ained by preparative 
gas-liquid chromatography (glc) with an F & M Model 700 gas

(8) R. T. Conley, “ Infrared Spectroscopy,”  Allyn & Bacon, Boston, 
Mass., 1966.

(9) Mass spectra were obtained with a Consolidated Electrodynamics 
Model 21-110B high-resolution mass spectrometer which was operated under 
low-resolution conditions using electron energy of 70 eV. Nmr spectra 
were obtained with a Varían HR-60 and A-60 spectrometers. Peak positions

chromatograph equipped with dual thermal conductivity detec
tors. A 13 ft X 0.25 in. column containing 5%  silicone rubber 
UCW-98 on 80-100 mesh, dimethyldichlorosilane- (DMCS) 
treated, acid-washed Chromosorb G was used with helium as 
carrier gas.

Hydrocarbons 2 and 8 were purified by preparative glc using an 
F & M  Model 776 gas chromatograph fitted with hydrogen flame 
detectors. An 8 ft X  4 in. column containing Carbowax 20M 
on 80-100 mesh, acid-washed Gas Pac was used with nitrogen as 
carrier gas.

Qualitative glc analyses were obtained with an F & M Model 
5754B apparatus fitted with dual thermal conductivity and 
hydrogen flame detectors using helium as carrier gas. A 12 ft X 
! / g in. column containing 10% silicone rubber UCW-98 on 80-100 
mesh, DMCS-treated, acid-washed Chromosorb W was used. 
These data were generally obtained by temperature programming 
from 130 to 300° at 4 ° /min.

The sulfuric acid used was 97%. The Amberlyst-15 was a 
gift from the Rohm and Haas Co.

Acid-Catalyzed Reactions of p-Cymene and Isobutylene. 
Run lb .— A 250-ml three-necked Morton flask was equipped with 
a gas inlet tube, a magnetic bar, and a thermometer and cooled 
in an ice bath. In the flask were placed 33.5 g (0.25 mol) of 
p-cymene and 19.0 g of II2S04. After cooling the reaction vessel 
to 5°, isobutylene was bubbled into the stirred and cooled re
action mixture for 3 hr at a rate which kept the temperature 10°. 
The H2S04 layer was separated and the organic layer was poured 
over solid Na2C 03, filtered, washed with saturated Na2C 03 
solution, and dried (M gS04) to give 71.4 g of reaction products.

Hydrogen Fluoride Catalyzed Reaction of p-Cymene with Iso
butylene. Run 4.— The polyethylene equipment consisted of a 
500-ml wide-mouth bottle fitted with a three-holed lid having a 
sintered gas dispersion tube, a gas exit tube, and a stainless steel 
sheathed thermocouple. In the bottle were placed 144 g (1.07 mol) 
of p-cymene, and after cooling to 5°, 28 g (1.4 mol) of anhydrous 
HF were introduced. Isobutylene was bubbled into the mag
netically stirred reaction mixture for 2 hr at a rate which kept 
the reaction temperature below 10°.

The reaction mixture was poured over ice, and a solution of 
40% NaOH was added. The organic layer was separated and 
dried (CaCl2) yielding 165 g of reaction products. The aqueous 
layer was extracted twice with ether, and after drying (CaCl2),

are reported as 8 parts per million (ppm) downfield from internal tetra- 
methylsilane standard in carbon tetrachloride solvent. Ir spectra were 
obtained with a Beckman IR-5A spectrometer as films on sodium chloride 
plates unless otherwise stated. Melting points were measured in degrees 
centigrade, taken in capillary melting point tubes using a Thomas-Hoover 
apparatus and are corrected.
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the extract was concentrated to yield 10 g more of organic 
material.

The other reactions catalyzed with HF were run in the same 
apparatus, with the olefin being added from a polyethylene 
dropping funnel instead of the gas inlet tube.

Acid-Catalyzed Reactions of p-Cymene with Diisobutylene. 
Run 5a.— This run was like run lb  except that the olefin (56 g, 
0.50 mol) was added from a pressure-equalizing funnel over a 
1-hr period. The yield of products was 77.6 g. The above 
description, modified as given in Table I, is typical of all the 
reactions using di-, tri-, and tetraisobutylene.

Preparation of 1,3 ,3,6-Tetramethyl-l-neopentylindan (8) from 
p  Cymene and Diisobutylene. Run 5c.— In a 5-1. Morton flask 
equipped with a 2-1. dropping funnel and a thermocouple were 
placed 1100 g (8.2 mol) of p-cymene. This was cooled to 5° and 
sulfuric acid, 72 g, was introduced. Diisobutylene, 1480 g 
(13.2 mol), was added dropwise to the reaction mixture, which 
was stirred with a large Vibromixer. The temperature was 
kept below 10° throughout the 2.5 hr required to add the olefin 
and during the additional 3 hr the mixture was stirred. The 
mixture was worked up as in run lb . Glc analysis showed a 43% 
yield of 8.

A distillation fraction [bp 82-88° (0.5 mm)] from run 5c in 
which 8 was concentrated was subjected to preparative glc at 
150° using the apparatus previously described. The material 
collected was distilled and then passed through a column of silica 
gel and acidic and basic alumina to give 92 g of 8 (see Table II).

Registry N o.— 1, 99-87-6; 2 ,81-03-8; 3,29577-13-7; 
4,29641-87-0; 5,4834-28-0; 7,29577-15-9; 8,29577-16- 
0; 9, 29577-17-1; 10, 1153-36-2; 12, 29577-19-3; 13, 
29577-20-6; 14, 29577-21-7; 15, 29577-22-8; 16,
29641-88-1; 17, 29577-23-9; 19, 29577-24-0; 20,
29577-25-1; isobutylene, 115-11-7; o-cymene, 527-84- 
4; ??t-cymene, 535-77-3.
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Acid-Catalyzed Reactions of Propiolophenone 
and 2-Ethynyl-2-phenyl-l,3-dioxolane with Ethylene Glycol1
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An attempt to prepare 2-ethynyl-2-phenyl-l,3-dioxolane (la) from propiolophenone (2), p-toluenesulfonic 
acid, and excess ethylene glycol resulted instead in the formation of 2-phenyl-2,2'-methylenebis-l,3-dicxolane
(3) and/or 2-methyl-2-phenyl-l,3-dioxolane (lb). With a small amount of p-toluenesulfonic acid the former 
product predominated, but with equimolar propiolophenone and acid only the latter was formed. It was found 
that 3 could be converted to lb  with equimolar p-toluenesulfonic acid. A synthesis of la from 2-(l-bromoethyl)-
2- phenyl-l,3-dioxolane (5) is described. Compound la  was found to be stable to the conditions which converted 
2 to 3. This observation and certain spectroscopic evidence indicate that 3 is formed from 2 via 1-oxo-l-phenyl-
3- (l,3-dioxolane)propane (4).

An attempt to prepare 2-ethynyl-2-phenyl-l,3- 
dioxolane (la) from propiolophenone (2), a small 
amount of anhydrous p-toluenesulfonic acid, and excess 
ethylene glycol in refluxing benzene with constant re
moval of benzene-water azeotrope yielded instead 
2-phenyl-2,2'-methylenebis-l,3-dioxolane (3) (84% ).
The acetylenic proton of la  was not observed in the nmr 
spectrum of the crude product from this reaction, but 
this spectrum did exhibit a singlet with a chemical 
shift identical with that of the methyl group of 2-meth
yl-2-phenyl-l,3-dioxolane (lb). Integration revealed 
that the 3 :1b  ratio was 13:1. When an equivalent

V O
0  0  
v _ y A

la ,R = -C = C H 2
b, R — CH3

amount of 2 and anhydrous p-toluenesulfonic acid and 
excess ethylene glycol were similarly reacted, lb  was 
the only product that could be isolated (52% ). The 
nmr spectrum of the crude product from this reaction 
revealed the absence of la and 3. Finally, when an 
equivalent amount of 3 and anhydrous p-toluenesul
fonic acid and excess ethylene glycol were similarly re-

(1) Presented in part at the 161st National Meeting of the American 
Chemical Society, Los Angles, Calif., April 1971.

acted, lb again was the only product that could be iso
lated (35% ).

When equivalent amounts of 2 and ethylene glycol 
and a catalytic quantity of anhydrous p-toluenesul
fonic acid were refluxed in benzene, the product was a 
multicomponent oil. Its nmr spectrum contained a 
large multiplet, the chemical shift of which was roughly 
the same as that previously found for the 0 C H 2CH20  
systems of 3 and lb. This spectrum also contained the 
characteristic doublet (r 7.79) and triplet (r 5.18) of 3, 
a second doublet ( r  6.76) and triplet ( t 4.67), and a sig
nal in the. aromatic region. Two components, one an 
oil and the other a solid, resulted when this mixture was 
subjected to pic. Nmr analysis revealed the solid to be
2. It was not detected in the nmr of the original oil 
since its acetylenic proton falls in the same region as the 
dioxolane ring protons. The new oil exhibited a car
bonyl absorption at 5.84 p .  Further attempts to sep
arate it by pic resulted in small amounts of pure 3, but 
the carbonyl-containing substituent could not be iso
lated. Toe nmr of this oil again exhibited a pair of 
doublets and a pair of triplets, and aromatic plus dioxo
lane ring protons. The areas under the signals due to 
the aromatic and dioxolane ring protons were greater 
than would be predicted were they to have arisen from 
3 alone, but what one would predict if the second com
ponent possessed one phenyl group and one dioxolane 
ring. We feel the spectroscopic evidence strongly im
plies that the third component was l-oxo-l-phenyl-3-
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(l,3-dioxolane)propane ( 4 ) .  The three yields follow: 
2  (30% ), 3  (34% ), and 4  (14% ).

S c h e m e  II

The sequence of steps finally employed for the syn
thesis of la is virtually identical with that used by Feu- 
geas and Giusti for their synthesis of 2-ethynyl-2-meth- 
yl-1,3-dioxolane from 2-(l-bromoethyl)-2-methyl-l,3- 
dioxolane.2 The only facet of our work worthy of men
tion is the preparation of 2-(l-bromoethyl)-2-phenyl-
1,3-dioxolane (5). The analogous compound in the

Br

W
5

French workers’ series was prepared via ketalization of 
the appropriate a-bromo ketone, but in our case the re
quisite a-bromo ketone cannot be easily obtained.3 
However, we have found that Eaton’s conditions4 pro
duce a good yield of 5 from 2-ethyl-2-phenyl-l,3-diox
olane.

When la was subjected to the conditions which con
verted 2 to 3 nmr analysis of the crude product revealed 
that no reaction had occurred.5 This fact and the ob
servation that, la is not seen during the conversion 2

3 show that if la is ever formed during this conver
sion it is present in minute quantities, and if present it 
obviously does not react directly with p-toluenesulfonic 
acid-ethylene glycol to form 3. Consideration of these 
data and the fact that an intermediate with spectral 
properties strongly suggestive of 4  is observed during 
the conversion 2 —► 3 causes us to assume that 4  is the 
prime intermediate in this conversion.

The facile formation of 3 from 2 and the fact that 3 
yields lb when treated with anhydrous p-toluenesulfonic 
acid suggest the conversion 2 -*■ lb proceeds at least in 
part via fragmentation of 3 (Scheme I). This frag-

S C H E M E  I

o
Ph-'f'O

OH

lb

mentation is similar to one discovered by Kraus (Scheme
H ).6

Our inability to isolate pure 4  has so far precluded 
experiments which would ascertain whether or not any 
product is formed via its fragmentation.

(2) C. Feugeas and G. Giusti, C. R. Acad. Sci., Ser. C, 264, 1772 (1967).
(3) F. Krohnke and H. Timmler, Chem. Ber., 69, 614 (1936).
(4) P. E. Eaton, J. Amer. Chem. Soc., 84, 2344 (1962). We acknowledge 

a fruitful discussion with Professor R. E. Lehr.
(5) The conditions must be strictly anhydrous since la  is readily hy

drolyzed to 2 in the presence of even trace quantities of hydronium ion.
(6) W. Kraus and C. Chassin, Justus Liebigs Ann. Chem., 735, 198 (1970).

Experimental Section

Melting points were obtained on an Arthur H. Thomas Co. 
Unimelt apparatus and are uncorrected. Microanalyses were 
carried out by Chemalytics, Inc., Tempe, Ariz. Infrared spectra 
were obtained using a Beckman IR -8 recording spectrophotom
eter. Nuclear magnetic resonance (nmr) spectra were recorded 
on a Varian A-60 spectrometer. In all cases carbon tetrachloride 
was employed as solvent and tetramethylsilane (r 0.00 ppm) as 
internal reference. Mass spectra (80 eV) were obtained by 
Professor R . E. Lehr, Mr. J. M . Wilson, and Mr. R . W. Allen 
using a Hitachi Perkin-Elmer Model RMU-7 double-focusing 
mass spectrometer equipped with a direct inlet system. Analyt
ical scale thin layer chromatography (tic) and preparative layer 
chromatography (pic) plates were prepared using silica gel 
PF-254 366 (E. Merck AG).

Unless otherwise noted the following standard work-up pro
cedure was employed. The crude reaction mixture was poured 
into 100 ml of ether and extracted with three 30-ml portions of 
10% potassium hydroxide and one 30-ml portion of saturated 
sodium chloride. After drying the organic phase with anhydrous 
magnesium sulfate, the solvent was removed at reduced pressure 
with the aid of a rotary evaporator and steam bath.

Propiolophenone (2).— The method of Bowden, Heilbron, 
Jones, and Weedon7 was used to prepare propiolophenone, mp 
49-50° (lit.7 mp 50-51°).

2-Methyl-2-phenyl-l,3-dioxolane (lb) and 2-Ethyl-2-phenyl-
1.3- dioxolane.— The method of Salmi, Tamminen, and Louhen- 
kuru8 was used to prepare authentic samples of 2-methyl-2- 
phenyl-1,3-dioxolane, mp 58-59° (lit.8 mp 60-61°), and 2-ethyl- 
2-phenyl-l,3-dioxolane, bp 65° (1.8 mm) [lit.8 bp 87.7° (3 m m )].

2-(l-Bromoethyl)-2-phenyl-l,3-dioxolane (5).— A solution of 
2-ethyl-2-phenyl-l,3-dioxolane (19.0 g, 0.11 mol) in 70 ml of 
tetrahydrofuran was cooled to 0° and 35.2 g (0.11 mol) of pyri- 
dinium bromide perbromide was added in one portion.4 The re
sulting mixture was stirred at 0° for 3 hr and 25° for 4 hr and 
filtered into a separatory funnel. The standard work-up pro
cedure was used but the potassium hydroxide extractions were 
preceded by one with 40 ml of dilute sodium thiosulfate. Short- 
path distillation of the resulting oil afforded a forerun, bp 58-66° 
(0.2 mm), which was discarded and a main fraction, bp 79-89° 
(0.2 mm), which weighed 23.0 g (84% ). It was sufficiently pure 
for use in the next step of the sequence. The analytical sample 
was a center cut from a second distillation (12-mm Vigreux 
column): bp 112° (0.7 mm); ir (neat) 9.27, 9.76, 14.18 
nmr t 2.36-2.85 (m, 5 H), 5.48-5.85 (q, partially superimposed on 
the 0C H 2CH20  multiplet), 5.72-6.40 (m), 8.44 (d, 3 H, J =  6.9 
Hz). The mass spectrum of this material showed a parent doublet 
at m/e 256 and 258 and a base peak at m/e 149.

Anal. Calcd for CnH130 2Br: C, 51.37; H, 5.11. Found: C, 
51.52; H, 5.06.

2-Ethenyl-2-phenyl-l,3-dioxolane.— Potassium ierf-butoxide 
(12.0 g, 0.11 mol, Alfa Inorganics-Ventron, Beverly, Mass.) 
was added to dimethyl sulfoxide (100 ml), and after the solution 
was cooled to 0° 20.9 g (0.08 mol) of 2-(l-bromoethyl)-2-phenyl-
1.3- dioxolane was added over a 1.5-hr period. The mixture was 
stirred for 1.5 hr at 0° and 20 hr at 25°. Standard work-up 
procedure gave an oil, short-path distillation of which produced 
a liquid: bp 59-68° (0.3 mm); 13.5 g (95% ); ir (neat) 9.39,
9.84, 14.29 m; nmr r 2.42-2.92 (m, 5 H), 3.79-5.05 (m, 3 H), 
5.92-6.42 (m, 4 H). The mass spectrum of this material showed 
a parent ion at m/e 176 and a base peak at m/e 149.

Anal. Calcd for CnH120 2: C, 74.96; H, 6.87. Found: C, 
75.12; H, 6.78.

(7) K. Bowden, I. M. Heilbron, E. R. H. Jones, and B. C. L. Weedon,
J. Chem. Soc., 39 (1946).

(8) E. J. Salmi, U. Tamminen, and P. Louhenkuru, Suom. Kemistilehti, 
B, 20, 1 (1947).
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2-(l,2-Dibromoethyl)-2-phenyl-l,3-dioxolane.— 2-Ethenyl-2- 
phenyl-l,3-dioxolane (17.2 g, 0.098 mol) was dissolved in 100 ml 
of carbon tetrachloride and cooled to 0°. Bromine was added 
dropwise until the color was no longer discharged. The standard 
work-up procedure was used but the potassium hydroxide ex
tractions were preceded by one with 50 ml of dilute sodium thio
sulfate. A slightly yellow solid resulted, mp 80-83°. Four 
crystallizations from methanol provided the analytical sample: 
white microprisms; mp 81.5-83°; ir (KBr) 8.23, 9.50, 10.03, 
10.48, 14.22 M; nmr r 2.37-2.82 (m, 5 H), 5.50-6.82 (m, 7 H). 
The mass spectrum of this materal did not exhibit a parent ion. 
The base peak was at m/e 149 and there was a low intensity 
triplet at m/e 257, 259, 261.

Anal. Calcd for CnH120 2Br2: C, 39.31; 11,3.60. Found: C, 
39.17; H, 3.58.

2-Ethynyl-2-phenyl-l,3-dioxolane (la ).— A suspension of so- 
damide in 150 ml of liquid ammonia was prepared from 10.6 g 
(0.46 g-atom) of sodium.9 To this stirred solution 27.2 g (0.081 
mol) of 2-(l,2-dibromoethyl)-2-phenyl-l,3-dioxolane was added 
over 30 min (no solvent). After an additional 1.5 hr 21 g of 
ammonium chloride was added followed by 400 ml of ether. The 
yellow oil which remained after the standard work-up procedure 
was distilled, bp 92-96° (0.6 mm), giving 11.3 g (80%) of a 
colorless liquid. Silica gel pic (29% ether-hexane) gave the 
analytical sample: ir (neat) 3.03, 4.73, 9.32, 9.74 n; nmr r 2.19- 
2.87 (m, 5 H), 5.70-6.24 (m, 4 H), 8.39 (s, 1 H). The mass 
spectrum of this material showed a parent ion at m/e 174 and 
base peak at m/e 97.

Anal. Calcd for CnHio02: C, 75.84; H, 5.79. Found: C, 
75.90; H, 5.90.

2-Methyl-2-phenyl-l,3-dioxolane (lb ) from Propiolophenone
(2).— p-Toluenesulfonie acid monohydrate (2.25 g, 12 mmol), 4 
ml of ethylene glycol, and 50 ml of benzene were refluxed for 1 hr 
with azeotropic removal of water. This solution was cooled to 
room temperature and 1.44 g (11 mmol) of propiolophenone was 
added in one portion. Reflux was resumed for 16.5 hr after 
which the solution was worked up in the standard fashion. 
Sublimation [50-60° (2 mm)] of the resulting oil afforded 0.95 g 
(52%) of a white crystalline solid, mp 58-61° (lit.6 mp 60-61°). 
The infrared and nmr spectra obtained were identical with those 
of an authentic sample of 2-methyl-2-phenyl-l,3-dioxolane.

2-Phenyl-2,2'-methylenebis-l,3-dioxolane (3).— p-Toluene- 
sulfonic acid monohydrate (0.025 g, 0.13 mmol), 4 ml of ethylene 
glycol, and 20 ml of benzene were refluxed for 10 min with 
azeotropic removal of water. The solution was cooled to room 
temperature and 0.63 g (4.8 mmol) of propiolophenone was 
added. The new mixture was refluxed for 4 hr with azeotropic 
removal of water and cooled to room temperature. Standard 
work-up gave 1.06 g of oil which appeared (nmr) to be a mixture 
of 2 and lb  (13:1). Trituration with ether-hexane gave 0.95 g 
(84%) of a white prismatic solid which melted at 53-54.5° after 
three crystallizations from ether-hexane: ir (KBr) 9.62, 13.99 
/x; nmr r 2.46-2.93 (m, 5 H), 5.08-5.28 (t, 1 H, J  =  7.8 Hz), 
5.89-6.47 (m, 8 H), 7.72-7.85 (d, 2 H, J  =  7.8 Hz). The mass 
spectrum of this material did not exhibit a parent ion. The base 
peak appeared at m/e 149. There were also sizable ions at m/e

(9) L. F. Fieser and M. Fieser, “ Reagents for Organic Synthesis,”  Wiley,
New York, N. Y., 1967, p 1034.

73 and 105. The mass spectrum of a similar molecule is in the 
literature.10

Anal. Calcd for Ci3H160 4: C, 66.09; H, 6.83. Found: C, 
66.17; H, 6.78.

Reaction of Propiolophenone (2) with 1 Equiv of Ethylene 
Glycol.— A mixture of 0.697 g (11 mmol) of ethylene glycol, 
0.032 g (0.17 mmol) of p-toluenesulfonic acid monohydrate, and 
20 ml of benzene was refluxed with azeotropic removal of water 
for 15 min. The mixture was cooled to room temperature and 
1.47 g (11 mmol) of propiolophenone was added. This mixture 
was refluxed for 3 hr with azeotropic removal of water and cooled 
to room temperature. Standard work-up procedure gave 2.00 g 
of oil; nmr analysis indicated the presence of 2-phenyl-2,2 '- 
methylenebis-l,3-dioxolane (3) andasecond compound which ex
hibited a triplet (t 4.56-4.78, J  =  8.1 Hz) and doublet (t 6.69- 
6.83, J =  8.1 Hz). Two bands resulted from pic (successive 
developments with 15, 28, and 52%  ether-hexane). The ma
terial isolated from the band with the greatest R[ proved to be 
2 (0.43 g, 30% ). The material isolated from the second band was 
an oil (1.12 g) which exhibited the characteristic nmr peaks of 3 
and the unknown doublet and triplet. Also, nmr integration 
revealed the phenyl and 0C H 2CH20  regions contained more 
protons than would result from 3 alone. The ir of this oil showed 
a carbonyl absorption at 5.84 ¡i. The spectral data strongly 
suggest that the third component of the mixture was 1-oxo-l- 
phenyl-3-(l,3-dioxolane)propane (4); based on this assumption 
the yields of the three compounds were as follows: 2 (30% ), 3
(34%), and 4 (14%).

Attempted Reaction of 2-Ethynyl-2-phenyl-l,3-dioxolane (la ) 
with Ethylene Glycol.— p-Toluenesulfonic acid monohydrate 
(0.07 g, 0.37 mmol), ethylene glycol (0.07 g, 1.2 mmol), and 30 
ml of benzene were refluxed with azeotropic removal of water for 
15 min. This solution was cooled to room temperature and 0.10 
g (0.59 mmol) of propiolophenone was added. The new mixture 
was refluxed for 4.3 hr with azeotropic removal cf water and with 
a calcium chloride drying tube affixed to the condenser and then 
cooled to room temperature. Standard work-up procedure left 
0.10 g of an oil. Nmr analysis showed this to be mainly la; the 
characteristic peaks of lb , 3, and 4 were missing.

Reaction cf 2-Phenyl-2,2'-methylenebis-l,3-dioxolane (3) with 
Equimolar p-Toluenesulfonic Acid.— p-Toluenesulfonic acid 
monohydrate (0.40 g, 2.1 mmol), 1.2 ml of ethylene glycol, and 
20 ml of benzene were refluxed with azeotropic removal of water 
for 10 min. This solution was cooled to room temperature and 
0.58 g (2.4 mmol) of 2-phenyl-2,2'-methylene bis-l,3-dioxolane 
was added. The new mixture was refluxed for 47 hr and cooled to 
room temperature. Standard work-up procedure gave 0.68 g of 
oil; sublimation [50-60° (2 mm)] afforded 0.14 g (35%) of a 
white crystalline solid, mp 58-61° (lit.8 mp 60-61°). Theinfrared 
and nmr spe ctra were identical with those of an authentic sample 
of 2-methy 1-2-phenyl-1,3-dioxolane.

Registry N o .— la, 29568-62-5; 2, 3623-15-2; 3, 
29568-64-7; 5, 29568-65-8; ethylene glycol, 107-21-1; 
2-ethenyl-2-phenyl-l,3-dioxolane, 29568-66-9; 2-(1,2- 
dibromoethyl)-2-phenyl-l,3-dioxolane, 29568-67-0.

(10) G. A. Russell and L. A. Ochrymowycz, J. Org. Chem.., 34, 3618 
(1969).
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The heats of formation of the isomeric perhydroanthracenes (gas phase, 25°) have been calculated by a force- 
field method described previously to be — 57.68, trans-syn-trans; —55.06, cis-trans; 51.82, trans-anti-trans; 
— 52.04, cis-anti-cis; —49.74 kcal/mol, cis-syn-cis. These relative values are consistent with equilibration 
experiments.

There are five stereoisomers possible for perhydro- 
anthracene, all of which have previously been described 
in the literature.1 2 3 Because this basic ring system is 
simple and of wide occurrence in nature, the relative 
stabilities of the possible stereoisomers are of interest. 
The conformational analysis of these compounds was 
carried out at an early date,4 and the pertinent con
formations are shown. The heats of formation (via 
heats of combustion) (gas phase) have been reported 
for two of the isomers.5 W e now have available a 
force field which has been developed6 for studying sim
ilar molecules, and it seemed advantageous to reexam
ine the conformational calculations with the aid of 
molecular mechanics. In addition, it was deemed de
sirable to actually bring the isomers to equilibrium and 
determine the percentage composition of the mixture. 
Further, by determining the composition as a function 
of temperature, it is possible to obtain the enthalpies 
and entropies for the isomerization for each of the equi
libria under consideration. The methods and proce
dures follow' generally along the lines discussed pre
viously for the perhydrophenanthrenes7 and related 
compounds.8

Previous equilibration studies of the perhydroanthra
cenes have been carried out.30’'1 They employed alu
minum bromide as catalyst, which usually leads to 
skeletal rearrangements as well as epimerizations. The 
results showed that the free energy difference between 
the two most stable isomers was similar to that pre
dicted by Johnson. The other isomers were not de
tected at the lew temperatures (0-25°) used.

Experimental Section

Perhydroanthracene (a mixture containing 69.7% esc, 26.5% 
ct, 2.9%  cac, and 0.9%  tst) was obtained by hydrogenation of 
anthracene in ethanol with the aid of reduced platinum oxide 
catalyst and a trace of hydrochloric acid. The reaction was 
carried out at 2-3-atm pressure at 85°, two replacements of the 
catalyst being necessary to bring the reaction to completion.

(1) Paper L X X II: N. L. Allinger, C. L. Neumann, and H. Suglyama,
J. Org. Chem., 36, 1360 (1971).

(2) Supported in part by Grant No. AM-5836 from the National Institute 
of Arthritis and Metabolic Diseases.

(3) (a) R. L. Clarre, J. Amer. Chem. Soc., 83, 965 (1961); (b) J. W. Cook, 
N. A. McGinnis, and S. Mitchell, J. Chem. Soc., 286 (1944); (c) R. K. Hill, 
J. G. Martin, and W. H. Stouch, J. Amer. Chem. Soc., 83, 4006 (1961); 
(d) A. Schneider, R. W. Warren, and E. J. Janoski, J. Org. Chem., 31, 1617 
(1966).

(4) W. H. Johnsen, J. Amer. Chem. Soc., 75, 1498 (1953).
(5) J. L. Margrave, M. A. Frisch, R. G. Bautista, R. L. Clarke, and W. S. 

Johnson, ibid., 85 , 546 (1963).
(6) N. L. Allinger, M. T. Tribble, M. A. Miller, and D. Wertz, ibid., 93, 

1637 (1971).
(7) N. L. Allinger, B. J. Görden, I. J. Tyminski, and M. T. Wuesthoff, 

J. Org. Chem., 36, 739 (1971).
(8) N. L. Allinge- and J. L. Coke, J. Amer. Chem. Soc., 82, 2553 (1960).

Equilibrations were then carried out on the neat material at 200- 
350° in sealed glass tubes in the presence of 10% P d /C  catalyst. 
The equilibrated solid was dissolved in hexane and analyzed by 
vpc. The individual isomers were identified by comparison with 
known samples, three of which were provided by Dr. R . L. Clarke 
(tat, tst, and cac). The remaining two samples (esc and ct) 
were isolated from the hydrogenation mixture by preparative 
vpc. They were identified by comparing their physical prop
erties with those described in the literature.

trans-syn-trans (tst) cis-trans (ct)
meso, a =  2 dl, a — 1

trans-anti-trans (tat) cis-anti-cis (cac)
dl, <r =  2 dl, a =  1

cis-syn-cis (esc) (chair) 
meso, c  =  1

esc (boat) 
dl, c  — 2

Synthetic mixtures of isomers were prepared and used to cali
brate the vpc analyses. The product ratios were determined in 
each case in duplicate by planimetry of the vpc traces. Small 
amounts of side products, probably from dehydrogenation, were 
noted, but none of these interfered significantly with the analyses. 
These side products did not appear to change in amount with 
time after the main products had reached equilibrium, and thus 
they were at equilibrium too. The possibility that we are looking 
at steady states rather than equilibria can therefore be dis
counted.

To be certain that equilibrium had been reached at a given 
temperature, samples equilibrated for increasing lengths of time 
were analyzed, and the isomer ratios eventually became constant. 
At least three vpc traces were obtained for all samples near 
equilibrium.

Results

The percentage of each isomer in the equilibrium 
mixture at each temperature was recorded as an average 
of several determinations, and these numbers are sum
marized in Table I. The relative percentages of the 
two major isomers can be easily determined, but the 
other three isomers are present in rather small amounts, 
and the errer in their determination is considerable.
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T a b l e  I

PERHYDRO ANTHRACENE IsOMER DISTRIBUTIONS
a t  E q u il ib r iu m

------- Percentage compositions—
/----------- Temp, CC (times, hr)----

Isomer Registry no.
198.5
(1634)

244.4°
(195)

293.1
(93)

348.7
(665)

tst 1755-19-7 85.7 83.1 79.4 73.5
tat 30008-95-8 0.5 0 .7 0 .8 1.3
ct 29863-90-9 13.4 15.7 19.0 23.7
CSC 19128-78-0 0.1 0.1 0.2 0.5
cac 29863-91-0 0.3 0.4 0.7 1.0

° Equilibrium may not have been reached. 6 Equilibrium was 
reached in less than 20 hr.

The experimental enthalpies and entropies were de
termined from a least-squares plot of l /T  vs. In K, 
where K  is the equilibrium constant between a given 
isomer and the most stable (tst) isomer. The results 
are summarized in Table II.

T a b l e  II

E x p e r im e n t a l  an d  T h e o r e t ic a l  T h e r m o d y n a m ic  
P a r a m e t e r s  for  th e  P e r h y d r o a n th r a c e n f .s

Isomer
Aff°ex Ptl.“ '6 
keal/mol

A/7°ca]cd.5,c
keal/mol

AS°exptI,
eu

A.S theor.' 
eu

tst 0 0 0 0
ct 2.76 ±  0.28 2.62 + 2 .1  ±  0 .6 +  2.8
tat 4.15 ±  0.81 5.86 - 1 . 6  ±  1.5 0
cac 5.58 ±  0.28 5.56 + 0 .3  ±  0.4 +  1.4
CSC 8.74 ±  0.61 8.13“ + 4 .0  ±  1.2 +  2 .2 '
° The errors given are standard deviations. b The estimates 

made by Johnson from elementary ideas of conformational analy
sis are in very good agreement with these values. He estimated 
AH ° as follows: tst, 0: ct, 2.4; cac, 4.8; tat, 5.6; esc, 6.4. 
The last value is based on a guess (a good one) by Pitzer regarding 
1,3-dimethylcyclphexane: C. W. Beckett, K. S. Pitzer, and It. 
Spitzer, J . Amer. Chem- Soc., 69, 2488 (1947). e Calculated as 
described in text. d Entropy calculated from symmetry and 
mixing only (see Table III). * Contains 0.27 keal/mol addi
tional owing to the boat form. '  Contains an additional 0.8-eu 
entropy pf mixing from the boat form.

Conformational Calculations.— Using our force field 
and previously described methodology, the relative 
enthalpy (at 25°) of each isomeric perhydroanthracene 
was calculated, and the relative entropies were cal
culated by considering the symmetry numbers and the

T a b l e  III

T h e o r e t ic a l  E n t r o p ie s  o f  Sy m m e t r y  an d  M ix in g  
fo r  th e  P e r h y d r o a n t h r a c e n e s

Isomer
Symmetry

no.
ASfgymm,

eu
AiSmixing,

eu
AStotsl,

eu
ASrel,

eu
tst 2 (meso) - 1 . 4 0 - 1 . 4 0
ct 1 (d l) 0 +  1.4 +  1.4 +  2.8
tat 4 (dl) - 2 .8 +  1.4 - 1 . 4 0
cac 1 (meso) 0 0 0 +  1.4
C S C 1 (meso) 0 0 0 +  1.4

meso or dl nature of the product. These quantities 
are summarized in Tables II and III. The heats of

formation were calculated and are compared with the 
available experimental values in Table IV.

T a b l e  IV

C a lc u l a t e d  (F o rce  F ie l d ) H e a t s  o f  F o r m a t io n  
fo r  th e  P e r h y d r o a n t h r a c e n e s  (G as  P h a se , 25°)

Isomer Caled Experimental

tst -5 7 .6 8 -5 8 .1 3  ±  1.39
et -5 5 .0 6
tat -5 1 .8 2 -5 2 .7 4  ±  1.47
cac -5 2 .0 4
CSC -4 9 .7 4 “

° Corrected for the presence of the boat conformation.

The entropies and enthalpies calculated and those 
measured experimentally are in reasonable agreement 
with one another. The errors listed in the tables are 
the standard deviations and measure cnly the scatter 
of the pcints, not the true probable errors which are 
probably twice as large.

Features of interest are as follows. The trans-syn- 
trans isomer is the most stable; the calculated and 
experimental heats of formation5 (gas phase) are re
spectively — 57.68 and —58.13 ±  1.39 keal/mol; so the 
agreement is excellent. The cis-trans is the next most 
stable isomer, and one which exists in fairly large 
amount in the equilibrium mixture. The relative 
thermodynamic quantities can therefore be measured 
fairly accurately for this isomer, and the agreement 
between the calculations and experiment is fair (note 
the calculations are for the gas phase, while the equi
librium is measured in the liquid). The tat isomer 
necessarily has the center ring in a boat (twist) form, 
and the calculated and (gas phase) heats of formation 
are again in good agreement. In analogy to other 
boat forms,9 it might be thought the entropy would be 
larger than indicated by symmetry considerations, but 
this does not prove to be the case. The fusion of the 
boat between two chairs restricts its mobility somewhat, 
which may be the reason.

The cis-anti-cis isomer has a calculated enthalpy 
which is in good agreement with experiment. The 
agreement between the entropies is marginal.

The cis-syn-cis isomer is perhaps the most interesting, 
because the experimental enthalpy has not been pre
viously known; Johnson’s value is only an estimate. 
The calculated and experimental values are in good 
agreement. The experimental entropy is larger than 
expected from the single stable chair conformation, 
which has a bad syn diaxial interaction that can be re
lieved if the center ring assumes a boat form. The 
calculated energy of this form is 2.07 keal/mol above 
that of the chair. It is therefore in equilibrium with 
the chair to the extent of 13%  at 271°. The presence of 
the boat form raises the enthalpy of the compound 
somewhat (0.27 keal/mol), and raises the entropy ap
preciably (0.8 eu). It may be that smaller amounts of 
other conformations of higher energy increase both the 
enthalpy and the entropy of the compound at these 
elevated temperatures, but we have not investigated 
this possibility.

We believe the calculated heats of formation and the

(9) N. L. Allinger and L. A. Freiberg, J. Amer. Chem. S o c ., 82, 2393 
(1960).
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T able V
T he T hermodynamic Quantities for the Perhydroanthracenes

Isomer AR°exn A$°exp
tst 0 0
ct + 2 .7 6 + 2.1
tat + 4 .1 5 - 1.6
cac +  5.58 + 0 .3
CSC

° 544 ° K
+ 8 .7 4 + 4 .0

T AS°exp AG°exp“ AH°calcd
0 0 0

+  1 .1 4 +  1 .6 2 2 .6 2
- 0 . 8 7 + 5 .0 2 5 .8 6
+ 0 .1 6 +  5 .4 2 5 .5 6
+ 2 .1 8 + 6 .5 6 8 .1 3

AS°calcd TAS° AO'clod“
0 0 0

+ 2 . 8 +  1 .5 2 +  1 .1 0
0 0 + 5 .8 6

+  1 .4 + 0 .7 6 + 4 .8 0
+ 2 . 2 +  1 .2 0 +  6 .9 3

differences between them are accurate to better than 
1 kcal/mol, and the experimental results are in accord 
with this. Finally, the free energies are given in Table
v.

Acknowledgment.—W e are indebted to Dr. R. L.
Clarke for furnishing us with the samples of the per
hydroanthracenes used for identification purposes in 
this work.

A New Approach to the Synthesis of Dibenzo[a,Z]pyrenes1,2

F r an k  A. V in giello ,* 3 Jose Y a n e z ,4 and  Jam es  A. Cam pbell

Department of Chemistry, Virginia Polytechnic Institute, Blacksburg, Virginia 3/, 061

Received August 31, 1970

A new method for the synthesis of dibenzo [a,l] pyrene and various derivatives has been achieved through an 
application of the Scholl reaction. The key to the new approach is to use 1-arylbenz [a] anthracenes as the 
precursors to the desired polycyclic aromatic compounds. The parent hydrocarbon and derivatives containing 
alkyl, halogen, and alkyoxyl substituents have been prepared as well as the corresponding TNF adducts.

The Scholl reaction,5 which is the elimination of two 
aryl-bound hydrogen atoms accompanied by the forma
tion of a new aryl-aryl bond under the influence of a 
Friedel-Crafts catalyst, has been known for some time. 
This type of reaction was first observed by Friedel and 
Crafts wTho reported the formation of biphenyl from 
benzene in the presence of aluminum chloride; Homer6 
also reported the formation of dinaphthyl from naph
thalene in the presence of aluminum chloride. It was 
Scholl who, after publishing the synthesis of meso-naph- 
thodianthrone (2)7 from helianthrone (1) using alumi
num chloride as the dehydrogenating catalyst, and the

formation of perylene by three different methods,8 
recognized the potentiality and generality of this reac
tion. Subsequent to extensions of the reaction by

(1) Presented before the Division of Organic Chemistry at the South
eastern Regional Meeting of the American Chemical Society, Tallahassee, 
Fla., Dec 1968.

(2) This investigation was supported by a research grant, AP-00088-06, 
from the Division of Air Pollution, Bureau of State Services, U. S. Public 
Health Service.

(3) Department of Chemistry, Northeast Louisiana University, Monroe, 
La. 71201.

(4) Abstracted in part from the Doctorate thesis of J. Yanez, presented 
to the Virginia Polytechnic Institute, 1966.

(5) C. D. Nenitzescu and A. T. Balaban, "Friedel-Crafts and Related 
Reactions," Vol. II, G. A. Olah, Ed., Interscience, New York, N. Y., 1964, 
p 979.

(6) A. Homer, J. Chem. Soc., 1103 (1907).
(7) R. Scholl and J. Mansfeld, Ber., 43, 1734 (1910).
(8) R. Scholl, C. Seer, and R. Weitzenbock, ibid., 43, 2202 (1910).

Scholl himself,9 no important contributions to the 
Scholl reaction were published until 1950 when feaddelv10 
showed that many reactions effected by aluminum chlo
ride and other Friedel-Crafts reagents do nbt occur 
in the absence of hydrogen chloride or traces of water. 
The next and perhaps most significant contribution to 
the understanding of the Scholl reaction is in the paper 
of Nenitzescu and Balaban5 in which they propose that 
the reaction takes place in three steps: first, a proto
nation; second, an electrophilic substitution; and finally, 
a dehydrogenation to yield the final aromatic product.

The suggestion of Nenitzescu and Balaban5 that the 
first step in the Scholl reaction is a protolytic reaction 
yielding a a complex is well supported." The fact 
that Scholl reactions occur readily and in high yield 
when electron-rich positions are involved but fail when 
the reaction has to take place at electron-pobr positions 
supports the idea that the second step in Nenitzescu 
and Balaban’s mechanism is one of electrophilic sub
stitution. The cyclodehydrogenation of 8-(l-naph- 
thyl)benz[a]anthracene to naphtho[2,l-a]perylene12 
proceeds readily and in good yield, presumably because 
an electron-rich position undergoes electrophilic attack. 
However, benzophenone does not yield fluorenone9® 
under Scholl reaction conditions nor does 1,5-diben- 
zoylnaphthalene9e undergo a Scholl reaction. Both re
actions fail presumably because an electrophilic at
tack would have to occur into a position deactivated by

(9) (a) R. Scholl and C. Seer, Justus Liebigs Ann. Chem., 394, 111 (1912); 
(b) R. Scholl and C. Seer, Ber., 55, 109 (1922); (c) R. Scholl and G. Sch- 
warzer, ibid., 55, 324 (1922); (d) R. Scholl and C. Seer, ibid., 55, 330 (1922); 
(e) R. Scholl and H. Neumann, ibid., 55, 118 (1922).

(10) B. Baddely, J. Chem. Soc., 994 (1950).
(11) H. C. Brown and H. Pearsall, J. Amer. Chem. Soc., 74, 191 (1952); 

D. A. McCaulay and A. P. Lien, ibid., 73, 2013 (1951); D. A. McCaulay, 
B. H. Schoemaker, and A. P. Lien, Ind. Eng. Chem., 43, 2103 (1950); G. A. 
Olah and J. J. Kuhn, J. Amer. Chem. Soc., 80, 6535 (1958); G. A. Olah, 
H. W. Quinn, and J. J. Kuhn, ibid., 82, 426 (1960); P. Kovacic and A. Kyria- 
kis, ibid., 85, 454 (1963).

(12) F. A. Vingiello, W. W. Zajac, Jr., and L. G. Mahohe, J. Org. Chem., 
28, 3253 (1963).
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a carbonyl group. Evidence to support the idea that 
the last step is the actual dehydrogenation step has 
been difficult to obtain. Indeed, it has been difficult 
to account for the fate of the hydrogen lost in the Scholl 
reaction. Since only a small amount of hydrogen is 
evolved during the reaction,13 it is evident that hydro
gen is consumed in reductive processes. One inter
esting example where the dihydro intermediate was iso
lated is afforded by the Scholl reaction on 7-phenyl- 
dibenz [a, ¿i [anthracene which gave 10a,10b-dihydro- 
benzo[e]naphtho[ 1,2-6 [pyrene which was isolated, char
acterized, and then dehydrogenated to benzo[e]naph- 
tho [1,2-6 [pyrene.14

Results

The approach to the synthesis of dibenzo [a,l [py
rene (4), using the Scholl reaction, has been to dehydro
genate 12-phenylbenz[a[anthracene (3)15 (Scheme I).

Sc h em e  I

i

Using Clar’s procedure16 the cyclodehydrogenation of 
the three isomeric 12-monomethylphenylbenz [a [an
thracenes16 and the six 12-dimethylphenylbenz[a]an- 
thracenes16 was performed, and it was concluded that 
derivatives of dibenzo [a,¿[pyrene had been synthesized. 
The structural assignments were based largely on the 
ultraviolet spectra, which were similar to those reported 
by Clar16 for dibenzo [a,¿[pyrene, and on the elemental 
analyses. Yields in all the above-mentioned reactions 
were poor.

Later Lavit-Lamy and Buu Hoi17 showed conclu
sively that what had been reported as dibenzo [a,¿]- 
pyrene15 was actually dibenzo [a,e [fluoranthene (6). 
They synthesized 6 independently and showed it to be 
identical with what had been reported as 4. They also 
suggested that the other16 “ dibenzo[a,¿[pyrenes,”  since 
they were made by a similar method, were also in reality 
dibenzo [a,ejfluoranthenes.18 It was suggested17 that 
3 rearranged to 5 which then gave 6. This suggestion 
was later verified experimentally.19

(13) G. D. Buckley, J. Chem. Soc., 561 (1945).
(14) F. A. Vingiello and P. D. Henson, J. Org. Chem., 30, 2842 (1965).
(15) E. Clar and D. Stewart, J. Chem. Soc., 687 (1951).
(16) F. A. Vingiello and W. W. Zajac, Jr., J. Org. Chem., 26, 2228 (1961).
(17) D. Lavit-Lamy and N. P. Buu Hoi, Chem. Commun., 92 (1966).
(18) A manuscript is being prepared wherein experimental data which 

verify this suggestion will be presented.
(19) F. A. Vingiello and A. K. Youssef, Chem. Commun., 863 (1967).

A thorough study of literature on the Scholl reaction 
suggested to us reasons why 3 failed to give 4 and also 
led us to propose a new route to 4 via the Scholl reaction.

Moist aluminum chloride is able to protonate aroma
tic systems to form a complexes.11'20 Gold and Tye21 
and Gold and Long22 confirmed that protonation of 
anthracene takes place at a meso position and that the 
a complex may be represented as follows.

r H H

We now suggest, by way of analog, that 3 is protonated 
by moist aluminum chloride to give a a complex which 
may be represented as follows.23

Although the positive charge is distributed throughout 
the benz [a[anthracene system, its localization at the 
12 position is probably favored over the 1 position since 
this would provide structure 7 in which Kekulé struc
tures could be achieved in the benzene and naphthalene 
portions of the benz [a[anthracene structure. It would

seem then that 3 is a poor precursor for the preparation 
of 4 via a Scholl reaction since (a) the likely intermediate 
is not favorably disposed to an electrophilic substitution, 
that is, attack by C -l of 7 on the phenyl ring; and (b) 
the phenyl ring in 3 is sterically hindered because of 
interference between the hydrogen atom at C -l and the 
ortho hydrogen atoms on the phenyl ring. These con
siderations are consistent with the fact that 3 does not 
give 4 but rearranges to 5, where the phenyl ring is 
better accommodated, and then gives 6 .17

It appeared to us, based on the above considerations, 
that 1-pienylbenz \a [anthracene (8) would be an ex
cellent precursor for conversion to dibenzo [a,¿[pyrene 
via a Scholl reaction. On treatment with moist alu
minum chloride, 8 would be expected to form the <r 
complex 8a. The complex in what is probably its most 
stable form, 8b, is well disposed for an intramolecular

(20; W. E. Truce, J. Amer. Chem. Soc., 74, 4721 (1952).
(21) V. Gold and F. C. Tye, J. Chem. Soc., London, 2172 (1952).
(22) V. Gold and F. A. Long, J. Amer. Chem. Soc., 75, 4543 (1953).
(23) It should be noted that the phenyl ring is restrained from entering 

into coplanarity with the benz[a]anthracene moiety; see, for example, 
R. N. Jones, ibid., 67, 2127 (1945).
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electrophilic substitution reaction involving the C-12 
atom and an ortho position of the phenyl ring leading 
finally to dibenzo [a,¿jpyrene. The phenyl ring in 8 is 
also less hindered than it is in 3 and should be less prone 
to migrate. Indeed, when 8 was subjected to Scholl 
reaction conditions, 4 was easily isolated in excellent

I

yield. When a methyl group was substituted in the 
phenyl ring of 8 at position 3 or 4, the resulting com
pounds easily gave the expected methyldibenzo[a,l]~ 
pyrenes when subjected to Scholl reaction conditions. 
Attempts to prepare l-(2-tolyl)-3,4-dihydrobenz [a]- 
anthracene for this study met with failure. The Gri- 
gnard reagent of o-bromotoluene does not couple with
l-keto-l,2,3,4-:etrahydrobenz[a]anthracene (9) be
cause of the steric hindrance of the bulky methyl group 
which interferes with the OMgBr group. In the Scholl 
reaction the methyl group probably makes the electro
philic attack by the intermediate carbonium ion on the 
phenyl ring easier because of its electron-release prop
erties.

When 1- and 4-halophenylbenz[a]anthracenes were 
prepared and subjected to Scholl reaction conditions, 
substantial evidence was obtained to support the pro
posed mechanism. The bromine atom in 20 has no ap
preciable deactivating effect on the position of cycliza- 
tion. Hence the cyclodehydrogenation occurs in good 
yield in a reaction time of 5 min. The chlorine atom in 
21 deactivates the position of cyclization to a substan
tial degree by a —I  effect. The time needed to effect 
cyclization of 21 to give 27 is 2 hr. It would appear 
that the flourine atom of 22 deactivates the position of 
cyclization tremendously since the reaction required 12 
hr to effect cyclization.24 25 26

Attempts at isolating 13-methoxydibenzo fa,/ ]pyrenc 
from 23 under Scholl reaction conditions failed. When 
the methoxy group lies meta to the point of cyclization, 
this position is extremely deactivated due to the —I 
effect. Reaction times of 2 hr or less gave only the 
starting material 23. Longer reaction times produced 
tars, probably because of the fact that the methoxy 
group is cleaved to the reactive phenolic species.

Experimental Section25 26

l-Phenyl-3,4-dihydrobenz[a]anthracene ( 11, X =  H ).— By 
using 15.7 g (0.10 mol) of bromobenzene in 125 ml of anhydrous 
ether and 2.4 g (0.10 g-atom) of magnesium turnings, a Grignard 
reagent was formed in the usual way. After the magnesium had 
been consumed, the ether was replaced by anhydrous benzene; 
the resulting benzene solution was cooled to ice bath temperature. 
A solution of 2.5 g (0.010 mol) of l-keto-l,2,3,4-tetrahydrobenz- 
[a] anthracene (9) in 50 ml of anhydrous benzene was added slowly 
to the cold solution. The resulting solution was stirred for 36 hr. 
The reaction mixture was then hydrolyzed with 50 ml of 10% 
HC1. The layers were separated; the aqueous layer was ex
tracted once with 50 ml of benzene. The combined benzene 
layers were washed twice with 50-ml portions of water and dried 
over magnesium sulfate. The dry solution was concentrated to 
about 25 ml; an infrared spectrum of the solution showed the 
presence of a hydroxyl function. The solvent was removed 
completely and the resulting oil heated at 70° in a vacuum oven 
for 18 hr. The oil was dissolved in benzene; an infrared spectrum 
of the solution showed that the hydroxyl band had disappeared. 
Addition of ethanol to the solution caused crystallization to 
occur, 2.0 g (67% yield). Recrystallization gave yellow needles, 
mp 145-148°. The crystals were dissolved in a small amount of 
benzene and absorbed on an acid alumina column. A colorless, 
blue fluorescing band was removed using a 1 :4 benzene-petroleum 
ether solution. Upon concentration of this first fraction, a yellow 
oil resulted which was crystallized from a benzene-ethanol mix
ture as yellow needles. Recrystallization from benzene-ethanol 
gave yellow needles, mp 145-147°.

The remaining new 1-phenyl-3,4-dihydrobenz [a] anthracenes 
were prepared essentially as was compound 11 as illustrated in 
Scheme II. The data are shown in Table I.

S c h e m e  II

10

1

1-Phenylbenz [a] anthracene (8).— A solution of 1.0 g (0.003 
mol) of l-phenyl-3,4-dihydrobenz[a] anthracene in 75 ml of 
anhydrous benzene was added to 1.0 g of 2,3-dichloro-5,6- 
dicyanobenzoquinone which had been placed in a 100-ml round- 
bottom flask equipped with a reflux condenser. The reaction 
mixture was allowed to reflux for 4 hr. The cold solution was 
extracted with 10%  sodium hydroxide solution until most of the

(24) When l-pyridy)benz[a]anthracenes were prepared and subjected to 
Scholl reaction conditions, no dehydrogenation occurred. Apparently the 
pyridyl ring presents an extremely electron-poor structure for the carbonium 
ion to attack and the reaction fails; see ref 4 for details.

(25) All melting points were taken on a Fisher-Johns melting point block 
and are corrected.

(26) Analyses for C, H, and N were performed in this laboratory; halogen 
analyses were performed by Galbraith Laboratories, Knoxville, Tenn.
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T a b l e  I
N E W  l - P H E N Y L - 3 ,4 - D I H Y D R O B E N Z [ a ]  A N T H R A C E N E S “

Compd
Yield,

% M p ,  °C
l-Phenyl-3,4-dihydrobenz[a] - 

anthracene ( 11) 67 145-147
1 - (4-Tolyl )-3,4-dihydroben z [a] - 

anthracene (12) 62 166-168
l-(3-Tolyl )-3,4-dihydrobenz [a] - 

anthracene (13) 40 135-137
l-(4-Bromophenyl )-3,4-dihydrobenz- 

[a]anthracene (14)6 40 228.5-229.5
1 - (4-Chlorophenyl )-3,4-dihydroben z- 

[a]anthracene (15) 66 223. .5-224
l-(4-Fluorophenyl)-3,4-dihydrobenz- 

[a]anthracene (16) 68 184..5-185.5
l-(4-Methoxyphenyl)-3,4-dihydrobenz- 

[o]anthracene (17) 61 18-5-186
“ All compounds in Tables I-IV  (except compound 31) gave 

satisfactory C and H analytical data (±0 .4 ). In addition, 
compounds in Tables I-IV  which contain halogen gave satisfac
tory halogen analyses and all compounds in Table IV (except 
compound 31) gave satisfactory N analyses. All analytical data 
were made available to the editors and the referees. b Prepared 
by the reaction of p-bromophenyllithium with 1-keto-l,2,3,4- 
tetrahydrobenz [a] anthracene.

yellow color had disappeared. The solution was then washed 
with water and dried over anhydrous magnesium sulfate. The 
dry benzene solution was concentrated t o about 10 ml and 25 ml 
of 95% ethanol was added. The resulting solution was then 
concentrated until crystals began to appear; then enough benzene 
was added to dissolve the crystals. The product crystallized as 
long white needles and was isolated in 90% yield (0.90 g), mp 
157-158°.

The remaining new l-phenvlbenz[a]anthracenes were prepared 
essentially as was compound 8. The data are shown in Table II.

T a b l e  II
N e w  1 - P h e n y l b e n z  [ o ]  a n t h r a c e n  e s

Compd
Yield,

% M p ,  “ C

l-Phenylbenz[a] anthracene (8) 90 157-158
l-(4-Tolyl)benz [a] anthracene (18 ) 86 152-153
1 -(3-Tolyl )benz [o] anthracene (19) 80 131-132
1 -(4-Bromophenyl )benz [a] -

anthracene (20) 78 168.5-169.5
l-(4-Chlorophenyl )benz [a] -

anthracene (21) 83 164-165
l-(4-Fluorophenyl )benz [o] -

anthracene (22) 88 1.58-159
l-(4-Methoxyphenyl )benz [o] -

anthracene (23) 85 140.5-141.5

Dibenzo[a,l]pyrene (4).— To a refluxing mixture of 25 ml of 
anhydrous benzene, 0.6 g of aluminum chloride, and 0.5 g of 
stannic chloride was added a hot solution of 0.30 g of 1-phenyl- 
benz[a] anthracene in 25 ml of anhydrous benzene. The reaction 
mixture which immediately turned green was allowed to reflux 
for 5 min. The reaction mixture was slowly poured into 500 ml

of 1C %  hydrochloric acid. The layers were separated; the acid 
layer was extracted with 50 ml of benzene. The combined ben
zene solutions were washed with water and dried over anhydrous 
magnesium sulfate. The dry solution was concentrated to about 
5 ml. The addition of 95% ethanol precipitated a tan solid. 
The solid, 0.20 g (66%  yield), melting at 160-163°, was re
crystallized from a benzene-ethanol mixture as pale yellow plates, 
mp 162-163°.

The remaining new dibenzo[a,l]pyrenes were prepared essen-
tially as was compound 4. The data are shown in Table III.

T a b l e  III
N e w  D i b e n z o  [a,l] p y r e n e s  

Y ie ld ,
C o m p d % M p ,  ° C

Dibenzo [a, i] pyrene (4) 66 162-163
13-Methyldibenzo [o, l] pyrene (24 ) .57 180-181
14-Methyldibenzo[a,/]pyrene (25) 66 164-165
13-Bromodibenzo[a,(]pyrene (26) 52 216-217
13-Chlorodibenzo [a, (] pyrene (27 ) 54“ 212-213
13-Fluorodibenzo[a,/]pyrene (28) 58» 185-186

" After 2-hr reaction time. b After 12-hr reaction time.

2,4,7-Trinitrofluorenone Adduct of Dibenzo [a, l\ pyrene (29).—- 
A hot solution of 0.050 g (0.00016 mol) of dibenzo [a,l] pyrene in 5 
ml of benzene was added to a hot solution of 0.0504 g (0.00016 
mol) of 2,4,7-trinitrofluorenone (TNF) in 10 ml of ethanol. 
The mixture darkened immediately; brown-green needles began 
to form as soon as the solution began to cool. The product was 
recrystallized from a benzene-ethanol mixture, mp 218-219°.

The remaining TNF adducts were prepared essentially as was 
compound 29. The data are shown in Table IV.

T a b l e  IV
N e w  TNF A d d u c t s  o f  D i B E N Z o [ a , i ]  p y r e n e s  

( N e w '  D i b e n z o [ o , ( ] p y r e n e - T N F  A d d u c t s )

Compd Color M p ,  °C
Dibenzo [a,(Jpyrene-TNF adduct 

(29) Brown- 218-219

13-Methyldiben zo [a, /] pyrene- 
TN F adduct (30)

green

Brown 2 2 0 - 2 2 1

14-Methyldibenzo \a,l\ pyrene- 
TNF adduct (31) Green

13-Bromodibenzo [ a, l] pyrene- 
TNF adduct (32) Browm 226.5-227.5

13-Chlorodibenzo[a,(] pyrene- 
TN F adduct (33) Brown 226-227

13-Fhiorodibenzo[a,/]pyrenc- 
TNF adduct (34) Brown 205-205.5

Registry N o .—4, 191-30-0; 8,10383-87-6 ; 11,29568-
49-8; 12,29568-50-1; 13,29568-51-2; 14,29568-52-3; 
15, 29568-53-4; 16, 29568-54-5; 17, 29584-23-4; 18, 
29584-24-5; 19, 29584-25-6; 20, 29584-26-7; 21,
29584-27-8 ; 22, 29584-28-9; 23, 29584-29-0; 24, 5950- 
67-4; 25, 5950-66-3; 26, 29584-32-5; 27, 29584-33-6; 
28, 29584-34-7; 29, 29584-35-8; 30, 29584-36-9; 32, 
29584-37-0; 33,29584-38-1; 34,29584-39-2.
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Synthesis of e x o - and en,do-Tetracyclo[5.4.0.02 4.03 6]undeca-l(7),8,10-trien-5-ol
and Related Derivatives1

J o s e p h  J. T u f a b ie l l o ,*  a n d  D o n a l d  W . R o w e  

Department of Chemistry, State University of New York at Buffalo, Buffalo, New York 1J$H

Received December 3, 1970

Both exo- and endo-tetracycIo[5.4.0.0i,4.03'{]undeca-l(7),8,10-trien-5-ol were synthesized by stereospecific 
pathways involving the photochemically induced rearrangement of appropriately substituted benzonorborna- 
dienes. Derivatives of the tetracyclic compounds were prepared and some of the chemistry of this system is 
reported.

Our recently reported2 synthesis of endo-tricyclo- 
[3.2.0.02'7]heptan-6-ol (la) and subsequent investiga
tion3 of the remarkable solvolytic reactivity of some of

Y
la, X =  H; Y =  OH 
b, X  =  OH; Y =  H

its derivatives have spurred our interest in related sys
tems incorporating the essential features of 1. We be
came especially interested in determining the exo/endo 
rate ratio for the 6-substituted tricyclic system (he., 
la  and lb).

The reported4 sensitized photorearrangement of ben- 
zonorbornadiene (2, X  =  Y  =  H) to the benzotricyclic 
hydrocarbon 3 =  Y  =  H) has been suggested to
proceed through a diradical intermediate 4 (X  =  Y  =  
H ).5 This pathway suggests a potential stereospecific 
approach to both exo- and endo-tetracyclo [5.4.O.- 
0 2'4.03'6]undeca-l(7),8,10-trien-5-yl derivatives (he., 3).

The observed413 stereospecificity of the photorear
rangement of the dideuteriobenzonorbornadiene 5 to 6 
is expected on the basis of a diradical corresponding to
4. Moreover, such stereospecificity in related photo-

(1) We wish to thank the donors of the Petroleum Research Fund, ad
ministered by the American Chemical Society, for support of this research.

(2) J. J. Tufariello, T. F. Mich, and R. J. Lorence, Chem. Commun., 1202 
(1967).

(3) J. J. Tufariello and R. J. Lorence, J. Amer. Chem. Soc., 91, 1546 
(1969).

(4) (a) J. P. Edman, ibid., 88, 3454 (1966); (b) J. R. Edman, ibid., 91, 
7103 (1969).

(5) It is clear that this rearrangement may be concerted in nature: R. B. 
Woodward and R. Hoffman, Angeic. Chem., Int. Ed. Engl., 8, 781 (1969).

rearrangements is well precedented.6 These results 
suggest that an effective route to exo- and endo-tetra-

5

D
hr

6

cyclo [5.4.0.02• 4.03 6]undeca-l (7),8,10-trien-5-yl deriva
tives would involve photorearrangement of the appro
priate 9-substituted benzonorbornadiene, 2. Thus, 
the acetophenone-sensitized photorearrangement of 
antó-9-acetoxybenzonorbomadiene (7) is expected to 
afford exo benzotricyclic acetate 8, while syn-9-ace-

toxybenzonorbornadiene (9) should give endo benzo
tricyclic acetate 10. We set out to confirm these pre
dictions.

ezo-Tetracyclo[5.4.0.02'4.03'6]undeca-l(7),8,10-trien-
5-yl Acetate.—Benzonorbornadiene7 was converted into 
omfi-9-ferf-butoxybenzonorbornadiene ( l l ) 8a as re
ported. Acid-catalyzed ether cleavage of 11 in acetic 
acid-acetic anhydride8 containing perchloric acid 
affords <mfi'-9-acetoxybenzonorbornadiene8a'9 (7) in 80%  
yield. The nmr spectrum of 7 is in accord with that 
reported.88, A 1%  solution of anti acetate 7 in hexane 
was photolyzed in the presence of acetophenone to give 
exo benzotricyclic acetate 8 (95%  yield).

(6) (a) H. Hart and R. K. Murray, Jr., J. Amer. Chem. Soc., 91, 2183 
(1969); (b) R. C. Hahn, L. V. Rothman, i b i d . ,  91, 2409 (1969); (c) H. E. 
Zimmerman and C. O. Bender, ibid., 91, 7516 (1969), and references cited 
therein: (d) M. G. Waite, G. A. Sim, C. R. Orlander, R. J. Warnet, and
D. M. S. Wheeler, ibid., 91, 7763 (1969).

(7) G. Wittig and E. Knauss, Chem. Ber., 91, 895 (1958); (b) L. Friedman 
and F. M. Logullo, J. Amer. Chem. Soc., 85, 1549 (1963); (c) T. F. Mich,
E. J. Nienhouse, T. F. Farina, and J. J. Tufariello, J. Chem. Educ., 45, 272 
(1968).

(8) (a) M. E. Brennan and M. A. Battiste, i b i d . ,  33, 324 (1968); (b)
P. R. Story, J. Org. Chem., 26, 287 (1961).

(9) S. J. Cristol and G. W. NachtigaU, ibid., 32, 3727, 3738 (1967).
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The exo-5-substituted benzotricyclic system was also 
obtained by conversion of the anti tert-butyl ether 11 to 
the corresponding anti alcohol 12 using the method of 
Brennan and Battiste,8a followed by photolysis to 
afford exo benzotricyclic alcohol 13 (Scheme I). This

Sc h em e  I

alcohol was also prepared by lithium aluminum hydride 
reduction of the exo acetate 8.

The nmr spectrum of benzotricyclic hydrocarbon 3 
(X  =  Y  =  H) contains a doublet (J =  2.5 Hz) for the 
endo hydrogen (i.e., Y  in 3) when decoupled at the fre
quency of the exo proton {i.e., X  in 3). In addition, 
studies of 8,11-disubstituted tetracyclo[5.4.0.02'4.03,6]- 
undeca-l,8,10-trienes reveal a similar value (J =  2.7 
Hz) for this coupling constant.6d The exo benzotri
cyclic acetate 8 exhibited the expected doublet for H-5 
{J =  4 Hz) at S (CC14, TM S) 4.07 ppm.

The exo acetate 8 was reduced to the corresponding 
exo benzotricyclic alcohol 13, which in turn was trans
formed into the known spn-9-chlorobenzonorborna- 
diene10 (14) with thionyl chloride in ether. The ob-

13 SOC1,

13a 14

served stereospecificity of this reaction is explicable on 
the basis of an exclusive collapse of the presumed ion- 
pair intermediate 13a to give the observed syn chloride 
14. Cristol and Nachtigall10 have shown that carbo- 
nium ions such as 13a undergo nucleophilic attack to 
afford syn products exclusively.

The syn chloride 14 was transformed into the syn-9- 
acetoxybenzonorbornadiene (9) by solvolysis in acetic 
acid containing potassium acetate.10 The spectral 
and physical properties of 14 and 9 are in accord with 
those previously reported811'9'10 as is the observed stereo
specificity of the 14 —► 9 transformation. In addition, 
the exo benzotricyclic alcohol 13 can be directly trans
formed into syn acetate 9 by treatment with acetic an
hydride in acetic acid containing perchloric acid.

The acetophenone-sensitized photolysis of anti-9- 
£eri-butoxybenzonorbornadiene (11) in hexane affords 
exo terf-tutyl ether 15. Rearrangement of 15 in acetic 
acid (c/. Experimental Section) gave syn acetate 9 in 
good yield. This latter process {i.e., 11 —► 15 —► 9) 
provides a most convenient and efficient means of ob
taining the syn acetate 9. In addition, this brief se
quence, involving a tricyclic intermediate, appears to 
be a remarkably facile means for bridging the anti and 
syn benzonorbornadienyl series.

All the exo benzotricyclic derivatives {i.e., the tert- 
butyl ether 15, acetate 8, and p-nitrobenzoate 16), 
with the exception of the alcohol, exhibit a doublet as
signable to the endo-5 hydrogen. In the alcohol this 
signal is complicated by the presence of further coupling 
of the hydroxyl proton to H-5. Observation of models 
indicates that the endo-5 hydrogen in the exo-alcohol 
13 is shielded as a result of the anisotropic effect of the 
benzene ring in 13 and consequently appears at higher 
field (5 3 52 ppm) than that observed for the correspond
ing exo-5 hydrogen in the endo alcohol 18 (5 4.22 
ppm).

endo-Tetracyclo[5.4.0.02'4.03'6]undeca-l(7)8,10-trien-
5-yl Acetate.— The acetophenone-sensitized photorear
rangement of syn-9-acetoxybenzonorbornadiene (9) 
gives endo benzotricyclic acetate 10 in 9 2%  yield. Re
duction of the acetate 10 with lithium aluminum hy
dride affords the endo alcohol 18, which was converted 
into its p-nitrobenzoate 19. The nmr spectrum of the 
acetate displayed the exo-5 hydrogen as the anticipated 
quartet11 at 5 (CC14, TM S) 5.19 ppm (J =  7.5 Hz, 
J = 4 Hz). The p-nitrobenzoate exhibited the cor
responding quartet at S (CC14, TM S) 5.47 ppm (J =
6.8 Hz, /  =  3.3 Hz). An alternative procedure em
ployed for the synthesis of the endo alcohol 18 involves 
the complex metal hydride reduction of the syn acetate 
9 to the corresponding alcohol 17, which may then be 
photolyzed as usual to give 18.

The structures of the exo and endo alcohols, 13 and 
18 respectively, were further confirmed by the results 
of intramolecular hydrogen-bonding studies in the first 
overtone region for hydroxyl stretching in the near in
frared. For those compounds which exhibit two ab
sorptions in this region, the absorption at the shorter 
wavelength {ca. 14100 A) is attributable to free hydroxyl 
while that at longer wavelength may be fairly safely at
tributed to intramolecularly hydrogen-bonded hydroxyl 
provided that Bi/B  ̂ <  1 and A r/2  >  26 cm-1 {cf.

(10) S. J. Cristol and G. W. Nachtigall, J. Amer. Chem. Soc., 90, 7132,
7133 (1968).

(11) (a) H. Tanida, T. Tsuji, and T. Irie, ibid., 88, 864 (1966); (b) A. 
Diaz, M. Brookhart, and S. Winstein, ibid., 88, 3133 (1966).
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T able I
H ydrogen-Bonding Studies'*

Compd0 Xm8i, A
B,

cm mol-1 c B,/B,d
Av/2,e
cm-1

Exo alcohol 13 14158 59.2 2.30 25

Endo alcohol 18
14257
14150

27.7
32.0 0.57 36

Dienol 20
14306
14161

56.5
51.0 0.57 37

14310 90.4
“ The procedure used is described in the Experimental Section 

(cf. ref 12). b All compounds were studied over a range in con
centrations (i.e., 10_1 to 10-3 M ) in carbon tetrachloride. c The 
areas of the peaks were determined by using B = e X  Am/,, where 
« (cm2 m o l '1) is the extinction coefficient and Am/, is the peak 
width at half-height in reciprocal centimeters. d The ratio of 
the peak areas (B,/B,) was determined by inserting the area of 
the lowest wavelength absorption in the numerator. « The peak 
separation A>>/2 includes the factor 2 since we are dealing with 
the first overtone region for hydroxyl stretching.

Table I ) .12 These criteria are clearly met for the endo 
alcohol 18 where intramolecular hydrogen bonding to 
the proximate benzene ring is expected to occur, espe
cially on comparison with dibenzobicyclo [2.2.2 ]octa- 
dienol 20. In the case of the exo alcohol 13, where the 
aforementioned criteria are not met, the possibility of 
intramolecular hydrogen bonding can not be distin
guished from that where the two absorptions are due to 
the presence of two (or more) conformations involving 
the hydroxyl group, each conformation having a some
what different hydroxyl stretching frequency.12 Thus, 
while it is tempting to postulate a weak hydrogen-bond
ing interaction to the cyclopropane ring in the exo iso
mer 13, this conclusion is not warranted.

The synthesis of the exo and endo alcohols 13 and 
18, and their respective p-nitrobenzoate derivatives 16 
and 19, makes possible a study of their respective chem
ical reactivities.

Experimental Section

All melting points were determined on a Mel-Temp apparatus 
and are uncorrected. Infrared spectra were recorded on a Beck
man IR-5a spectrophotometer and calibrated using the 6.238-p 
bond of polystyrene. Proton nmr spectra were obtained using 
TMS as internal standard on a Varían A-60 or Varian HA-60 
spectrometer.

Benzonorbomadiene (2, X = H; Y =  H).— The previously 
described procedure7b'c was used for the preparation of benzo- 
norbornadiene.7* Distillation of the crude reaction mixture 
through a 10-in. Vigreux column afforded benzonorbomadiene, 
bp 72-81° (10 mm) (40% yield) [lit.7a bp 82.5-83° (12 mm)]. 
Spectral properties are in accord with those previously reported.7”

Standard Photolysis Procedure.— Approximately 100 ml of 
1- 2%  solution of the substrate was dissolved in reagent grade 
benzene (unless otherwise specified). The solution was placed in 
a Pyrex vessel and 5-12 drops (90-216 mg) of acetophenone was 
added, depending on the amount of substrate. The solution was 
purged with nitrogen for 15 min prior to, and then throughout, 
the irradiation. The irradiation was performed in a Rayonnet 
photochemical reactor equipped with a bank of 16 General Elec
tric F8 T5-BLB lamps (3500 A). The irradiation was continued 
overnight or until vinyl absorption was no longer visible in the 
nmr spectrum.

ani¡-9-Acetoxybenznorbornadiene (7).— The method of Story8b 
was adapted for the preparation of the title compound. From 
22 g (0.1 mol) of lert-butyl ether 11 was obtained 15 g (75%) of 
the desired product bp 84-91° (0.15 mm). These physical and

(12) (a) R. J. Piccolini and S. Winstein, T e t r a h e d r o n  L e t t . , No. 13, 4
(1959); (b) R. J. Piccolini, Ph.D. Dissertation, UCLA, Los Angeles, Calif.,
1960.

spectral properties are in accord with those previously reported 
for this compound.10’13

anfi-9-Benznorbomadienol ( 12). A.— The procedure of
Tanida,13 employing methylmagnesium iodide, was applied to 
the acetate 7. Recrystallization from hexane gave 70%  yield of 
the alcohol as colorless prisms, mp 104.5-106° (lit. mp 105-106,13 
104-105° »*).

B.—The procedure of Brennan and Battiste8* was used. The 
ether 11, 21.4 g (0.1 mol), 200 ml of THF, and 100 ml of 50% 
aqueous H2SO, gave the anti alcohol 12 (13 g, 83% ), mp 104.5- 
106° (lit. mp 105-106,13 104-106° «*).

exo-5-Acetoxytetracyclo [5.4.0.02 4.03■«] undeca-1 (7),8, 10-triene 
(8).— Treatment of 1.08 g (5.4 mmol) of anh-9-acetoxybenzo- 
norbornadiene in 108 ml of hexane with 4 drops of acetophenone, 
followed by photolysis under the standard photolysis conditions 
(vide supra), gave after solvent removal 1.03 g of crude product. 
Evaporative distillation (Kugelrohr oven) at 85-90° (0.05 mm) 
gave 0.91 g (85%) of exo acetate 8 whose purity (> 99% ) was 
confirmed by glpc analysis on a 4-ft silicone rubber column. The 
samples used for the spectral analysis were collected from 4-ft 
silicone rubber columns (glpc): ir (film) 3.29 (w), 5.78 (s), 8.10 
(s), and 13.35 p (s); nmr (CCl.) S 2.12 (m, 4), 2.57 (t, 1, J  = 
5.0 Hz), 3.24 (m, 1), 3.58 (m, 1), and 4.07 ppm (d, 1, J  =  3.5 
Hz); mass spectrum (70 eV) m/e 200 (molecular ion).

Anal. Calcd for CiaHi20 2: C, 77.98; H, 6.04. Found: C, 
77.86; H, 6.04.

anh-9-teri-Butoxybenzonorbornadiene (11).— The procedure of 
Brennan and Battiste8“ was used for the preparation of the title 
compound. Benzonorbomadiene (142 g, 1.0 mol), benzene (360 
ml), cuprous bromide (300 mg), and ieri-butyl perbenzoate (76 
g, 0.39 mol) afforded after two distillations 26 g (32%) of ieri- 
butyl ether 11, bp 72-80° (0.2 mm). Pure ¿eri-butyl ether was 
obtained upon redistillation through a 24-in. stainless steel 
spinning-band column, bp 78-80° (0.23 mm). Recrystallization 
from hexane gave colorless crystals, mp 48-49° (lit.8* mp 48- 
49°). The spectral characteristics of 11 are identical with those 
previously reported.8*

c ndo-5-Acetoxytetracyclo [5.4.0.02’4.03 6] undeca-1(7),8 ,10-triene
(10).— Treatment of 3.1 g (15.5 mmol) syn acetate 9 in 400 ml 
of hexane with 20 drops of acetophenone, followed by photolysis 
under the standard conditions, gave after solvent removal and 
evaporative distillation at 90° (0.04 mm) 2.93 g (95%) of clear, 
pure (glpc analysis, 4-ft silicone rubber column) liquid: ir
(film) 3.25 (w), 5.77 (s), 8.07 (s,), and 13.30 p (s); nmr (CC1.) 
5 1.40 (s, 3), 2.35 (m, 1), 2.64 (t, 1, J  =  5.0 Hz), 3.07 (m, 1),
3.93 (m, 1), 5.19 (q, 1, J =  7.5 Hz), 6.93-7.52 (m, 4); mass 
spectrum (70 eV) m /e 200 (molecular ion).

Anal. Calcd for CiaHi20 2: C, 77.98; H, 6.04. Found: C, 
77.90; H, 5.84.

«ro-Tetracyclo[5.4.0.02’4.03’6]undeca-l(7),8,10-trien-5-ol (13).
A.— To a stirred suspension of 2.0 g (52.5 mmol) of lithium 
aluminum hydride in 50 ml of anhydrous ether was added slowly, 
over a 20-min period, a solution of 6.7 (33.5 mmol) of exo
acetate 8 in 50 ml of anhydrous ether. The reaction mixture 
was stirred for an additional 45 min and the excess lithium 
aluminium hydride was decomposed by the careful (dropwise) 
addition of water. The resulting salts were removed by filtration. 
The solvent was removed at reduced pressure and the crude 
product was distilled at 94-95° (0.03 mm) in a Kugelrohr oven. 
There was obtained 4.2 g (80%) of a clear viscous oil which crys
tallized upon standing: mp 61.5-63.7°; ir (film) 3.0 (s), 9.32 
(m), 13.45 p (s); nmr (CC14) S 1.89 (m, 1), 2.45 (t, 1, J  =  6.0 
Hz) 3.08 (m, 1), 3.53 (m, 2), 5.00 (s, 1), 6.83-7.50 ppm (m, 4).

B.— Treatment of 1.0 g (6.3 mmol) of onri-9-benzonorborna- 
dienol (12) in 100 ml of benzene with 5 drops of acetophenone 
under the standard photolysis conditions gave 0.76 g of exo 
alcohol 13 (76%) as a white solid (mp 61.5-63.5°) after evopora- 
tive distillation in a Kugelrohr oven at 90° (0.04 mm). The 
exo-alcohol 13 prepared in this manner is identical in physical and 
spectral properties with that described above (A).

The exo alcohol 13 (0.90 g, 5.7 mmol) was converted into the 
corresponding p-nitrobenzoate 16 using 4 ml of pyridine and 1.13 
g (6.1 mmol) of p-nitrobenzoyl chloride.14 The p-nitrobenzoate 
was obtained as yellow crystals (1.00 g, 65% ): mp 88-89°; ir 
(Nujol mull) 5.83 (s), 6.53 (s), 7.80 (s), 14.0 p (s); nmr (CDCb)

(13) H. Tañida, and T. Tsuji, J. Org. Chem., S9 , 849 (1964).
(14) L. F. Fieser and M. Fieser, “ Reagents for Organic Synthesis,”  

Wiley, New York, N. Y., 1967, p 736.
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8 2.24 (m, 1), 2.67 (t, 1 , J  =  5.0 Hz), 3.44 (m, 1), 3.69 (m, 1),
4.38 (d, 1 ,J  =  4.0 Hz), 7.05-7.60 (m, 4), 8.20 ppm (s, 4).

Anal. Calcd for C,8H13N 0 4: C, 70.36; H, 4.23; N, 4.56. 
Found: C, 70.67; H, 4.08; N , 4.38.

s!/n-9-Chlorobenzonorbomadiene (14).—To a stirred solution 
of 1.90 g (12.0 mmol) of exo alcohol 13 in 20 ml of anhydrous 
ether was added slowly by syringe 1.44 g (12.0 mmol) of thionyl 
chloride in 2.5 ml of anhydrous ether over a 5-min period. The 
reaction mixture was stirred overnight at room temperature. 
The reaction mixture was then washed successively with cold 
water and saturated NaH C03 solution and then dried (M gS04). 
The solution was then filtered and the solvent was removed at 
reduced pressure, to leave a yellow liquid which was evaporatively 
distilled in a Kugelrohr oven at 80-85° (0.05 mm) to afford a 
white solid (1.71 g, 82% ), whose physical and spectral properties 
are in accord with those reported by Cristol and Nachtigall.910

exo-5-teri-Butoxytetracyclo[5.4.0.02'4.03'6] undeca-1(7),8,10-tri- 
ene (15).— Treatment of 1.1 g (5.14 mmol) of anti-d-lert-butoxy- 
benzonorbornadiene in 100 ml of benzene with 5 drops of aceto
phenone under the standard photolysis conditions gave, after 
evaporative distillation in a Kugelrohr oven, 0.87 g (79%) of 15 
as a viscous liquid which solidified on cooling. Recrystallization 
from hexane gave an analytical sample: mp 71-72°; ir (Nujol 
mull) 8.36 (m), 9.27 (s), 13.35 n (s); nmr (CDCla) 8 1.21 (s, 9),
1.85 (m, 1), 2.50 (m, 1), 3.13 (m, 1), 3.37 (d, 1, J =  7.6 Hz),
3.63 (m, 1), 6.90-7.60 (m, 4).

Anal. Calcd for C i5H180 :  C, 84.11; H, 8.41. Found: C, 
84.04; H, 8.69.

syn-9-Acetoxybenzonorbomadiene (9).— The exo ieri-butyl 
ether 15 (4.3 g, 20.0 mmol) was dissolved in 32 ml of glacial acetic 
acid containing 5.9 ml of acetic anhydride. The solution was 
cooled to a temperature just above its freezing point and was 
then added rapidly, with vigorous swirling, to a flask containing 
4.1 g of 70% perchloric acid at 0°. The reaction flask was swirled 
in an ice bath for 4 min, then poured into 200 ml of a 1:1 ice- 
water mixture and extracted with chloroform. The chloroform 
solution was washed with a saturated N aH C03 solution and dried 
over anhydrous K 2CO5. The solution was filtered and the solvent 
was removed at reduced pressure. The resulting pale yellow 
liquid was distilled [74-76° (0.04 mm)] in a Kugelrohr oven to 
give 3.2 g (81%) of syn acetate 9: ir (film) 5.74 (s), 8.08 (s), 
9.55 (s), 13.51 (s), 14.36 y. (s); nmr (CCh) 8 1.55 (s, 3), 3.80 
(q, 4, J =  5.0 Hz, J  =  2.0 Hz), 4.83 (t, 1, J  =  2.4 Hz), 6.60 
(t, 2, J =  2.4 Hz), 6.77-7.28 (AjBi, 4).

The product obtained (i.e., 9) exhibits physical and spectral 
properties identical with those reported by Cristol and Nachti
gall.10

syn-9-Hydroxybenzonorbomadiene (17).— To a stirred solu
tion of 0.59 g (15.5 mmol) of lithium aluminum hydride in 25 ml 
of anhydrous ether was added slowly, over a 2-hr period, a solu
tion of 3.13 g (15.6 mmol) of spn-9-acetoxybenzonorbornadiene
(9) in 25 ml of anhydrous ether. The reaction was stirred for an 
additional 30 min. The excess lithium aluminum hydride was 
decomposed by the dropwise addition of water and the salts were 
removed by filtration. The solvent was distilled at reduced 
pressure, leaving 2.14 g (84%) of a clear viscous liquid which 
solidified on standing to give, upon recrystallization from hexane: 
white needles; mp 89-92.5°; ir (film) 2.92 (m), 9.35 (s), 13.68 
(s), 14.43 n (s); nmr (CCh) 8 3.17 (s, 1), 3.58 (q, 2, J =  5.0

Hz, J =  2.0 Hz), 4.08 (t, 1, /  =  2.0 Hz), 6.60 (t, 2, J  =  2.0 
Hz), 6.90-7.42 ppm (A2B2, 4 ).16

cndo-Tetracyclo[5.4.0.02'4.036]undeca-l(7),8,10-trien-5-ol (18). 
A.— To a solution of 0.10 g (7.2 mmol) of lithium aluminum hy
dride in 10 ml of anhydrous ether at 0° was added dropwise a 
solution of 0.5 g (2.5 mmol) of endo acetate 10 in 5 ml of anhy
drous ether over a 15-min period. After the mixture was stirred 
for an additional 10 min, the excess lithium aluminum hydride 
was decomposed by the dropwise addition of water. The solution 
was filtered, dried (K2C 03), and filtered again, and the solvent 
was removed under reduced pressure. Evaporative distillation 
of the residue in a Kugelrohr oven at 83° (0.06 mm) afforded 0.29 
g (76%) of endo alcohol 18 as a viscous oil: ir (film) 2.90 (m),
9.17 (s), 13.2 n (s); nmr (CCh) 8 1.20 (s, 1), 2.23 (m, 2), 2.73 
(m, 1), 4.16 (m, 1), and 7.08 ppm (m, 4 ).16

B.— Treatment of 1.08 g (6.8 mmol) of syn alcohol 17 in 100 
ml of benzene with 6 drops of acetophenone under the standard 
photolysis conditions gave, after evaporative distillation in a 
Kugelrohr oven at 71° (0.07 mm), 0.75 g (75%) of endo alcohol 
18. On some occasions we have found the endo alcohol to undergo 
substantial isomerization to its syn isomer 17 upon distillation. 
Therefore, we ordinarily used the crude endo alcohol without 
purification for the further chemical transformations.

f,i!rfo-Tetracyclo[5.4.0.0’ 4.0:‘ 6]undeca-1(7),8,10-trien-5-ol p- 
Nitrobenzoate (19).— The endo alcohol 18 (0.10 g, 0.63 mmol) 
was disso-ved in 2 ml of carbon tetrachloride containing 0.05 ml 
of dry pyridine and cooled to 0° in an ice bath. p-Nitrobenzoyl 
chloride (0.11 g, 0.59 mmol) was added to the solution in one 
portion and the reaction vessel was immediately stoppered and 
placed in the refrigerator overnight. The white crystals which 
had formed were removed by filtration and the solvent was dis
tilled at reduced pressure to give a yellow oil which solidified. 
Recrystallization from hexane gave 0.09 g (44% ) of yellow 
needles: mp 166-168° dec; ir (Nujol mull) 5.82 (s), 6.57 (s),
7-88 (s), 13.39 (s), 13.90 y (s); nmr (CCh) 8 2.33-2.72 (m, 2),
3.05 (m, 1), 3.95 (m, 1), 5.47 (q, 1, J  =  7.0 Hz, J =  3.2 Hz), 
6.75-8.20 ppm (m, 8).

Anal. Calcd for C18H13N 0 4: C, 70.36; H, 4.23. Found: C, 
70.50; H, 4.22.

Hydrogen-Bonding Studies.12— The hydrogen-bonding studies 
were restricted to the first overtone region for hydroxyl stretching 
in the near-infrared (15600-13900 A) using a Cary Model 14 
automatic recording spectrophotometer at the following settings: 
speed, 5 A sec-1; chart, 5 in. min-1; slit control, 20. Matched 
1-cm, 5-cm, and 10-cm quartz cells wrere used. Carbon tetra
chloride was used as solvent. Concentrations of substrates 
varied from 10-1 to 10-3 M  in all cases.

The areas of the absorption peaks (B values) were determined 
by multiplying the extinction coefficients of the bands by their 
bandwidth at half-height (in reciprocal centrimeters). These 
values are tabulated in Table I (c f. text).

Registry N o .—8, 29577-56-8; 10, 29641-80-3; 13, 
29577-57-9; 15, 29577-58-0; 16, 29641-81-4; 17,
23526-79-6; 18,29577-60-4; 19,29577-61-5.

(15) This compound was not subjected to carbon-hydrogen combustion 
analysis since it decomposed upon standing.
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10-Methyl-3,10-diazabicyclo[4.3.1]decane (7) and its 7,9-exo-ethano derivative 12 were prepared by LiAlH4 
reduction of 10-methyl-3,10-diazabicyclo[4.3.1]decan-4-one (3) and its 7,9-exo-ethano derivative 9, both of which 
were obtained by the Schmidt reaction of pseudopelletierine (1) and 6,8-exo-ethanopseudopelletierine (8), re
spectively. The same reduction of 3 afforded a stable aluminum complex, tris(10-methyl-3,10-diazabicyclo- 
[4.3.1]deeane)aluminum hydroxide (6) in 76% yield, but reduction of 9 yielded no such stable complex. Treat
ment of 7 with 1 equiv of methylene iodide gave 10-methyl-3,10-diazatricyclo[4.3.1.13 I0]undecanium iodide (19).

Recently we reported the synthesis of 9-methyl-9- 
azatricyclo [3.3.1.01 2 3’7 [nonane (9-methyl-9-azanorada- 
mantane) from pseudopelletierine (1) (9-methyl-9- 
azabicyclo [3.3.1 ]nonan-3-one) by the transannular 
C -H  insertion reaction of the corresponding 3-carbene.1 
As an extension of a study on the azabicyclic and aza- 
tricyclic systems, this paper deals with the syntheses of 
the amines 7 and 12 from 1 and 6,8-exo-ethanopseudo- 
pelletierine (8),2'3 respectively, and the chemical be
havior and nmr spectra of these compounds and the 4- 
ones (3 and 9).

C h a r t  I
.CH:,

chair form

Results and Discussion

The Schmidt reaction of pseudopelletierine (1) pro
ceeded smoothly to give 10-methyl-3,10-diazabicyclo- 
[4.3.1 ]decan-4-one (3) in high yield as reported by Pa
quette and Wise.4 The Beckmann rearrangement of 1 
oxime hydrochloride (2) with polyphosphate ester in 
refluxing chloroform afforded a complex mixture of un
identifiable products together with a trace of 3. 3
gave a methiodide 4 and hydrochlorides 5a +  5b by 
routine procedures (Scheme I).

The Schmidt reaction of 8 similarly gave a lactam 9 3 
(93% ). The structure was evidenced by analytical and 
spectral data; the nmr signal due to a C2 equatorial 
proton at r 6.20 (double d, J =  14.8 and 3.7 Hz) is sim
ilar to that of 3, indicating a similar conformation of 9 
to that of 3 as shown in Chart I. 9 gave a hydro
chloride 11, while 9 did not react with methyl iodide 
even on heating at 90° in a sealed tube in contrast with 
the facile formation of 4 from 3 and methyl iodide. 
Such a behavior of 9 is quite similar to that of 8 (see 
Scheme I I ) ; the lone electron pair on nitrogen is steri- 
cally hindered by the proximity of the exo ethano 
bridge. Hence, for 9 was assigned an anti orientation 
of the 10-methyl group against the 7,9-ethano bridge.

Reduction of the cyclic lactam 3 with lithium alu
minum hydride in refluxing tetrahydrofuran afforded a

(1) (a) T. Sasaki, S. Eguchi, and T. Kiriyama, J. Amer. Chem. Soc., 91, 
212 (1969); (b) T. Sasaki, S. Eguchi, and T. Kiriyama, Tetrahedron, 27, 893 
(1971).

(2) L. A. Paquette and J. W. Heimaster, J. Amer. Chem. Soc., 88, 763 
(1966).

(3) The ethano-bridged 8 and 9 could be named as 10-methyl-10-azatri-
cyclo[4.3.1.16,6]uniecan-3-one and ll-methyl-3,ll-diazatricyclo[4.4.1.17,10]- 
dodecan-4-one, respectively. However, we prefer the above trivial name 
since the nomenclature as the tricyclic compounds can not distinguish two 
possible configurational isomers corresponding to the exo- and endo-ethano 
derivatives: cf. G. Ferguson, W. D. K. Macrossan, J. Martin, and W.
Parker, J. Chem. Soc. B, 242 (1968).

(4) (a) L. A. Paquette and L. Wise, J. Amer. Chem. Soc., 87, 1561 (1965).
(b) For mass spectrum of 3, see A. M. Duffield, C. Djerassi, L. Wise, and
L. A. Paquette, J. Org. Chem., 31, 1599 (1966).

boat form 

X =  H2,0

crystalline aluminum complex 6 in 7 6%  yield, which 
was characterized as tris(10-methyl-3,10-diazabicyclo- 
[4.3.1 ]decane)aluminum hydroxide on the basis of ana
lytical and nmr data (Figure 1, 6); the nmr signals due 
to three A'-methyl protons appear in a sharp singlet at 
r 7.33, indicating that 6 has a symmetrical cis form 
with a C3 symmetry of the octahedral structure. Fur
thermore, a broad doublet (J =  9.0 Hz) at r 8.83 was 
assignable to a C8 endo proton, supporting a boat con
formation of the homopiperazine ring and a chair con
formation of the piperidine ring in 6.5 * The complex 6 
was very stable to alkali; treatment with 30%  aqueous 
sodium hydroxide liberated only a trace of a free amine
7. However, 6 afforded 7 readily by basifying the solu
tion in hydrochloric acid.

The amine 7 was characterized as 10-methyl-3,10- 
diazabicyclo[4.3.1 [decane on the basis of analytical, 
spectral, and chemical evidence; the mass spectrum had 
a M + at m/e 154 (C9H i8N 2) and the nmr spectrum (Fig
ure 1, 7) had signals at t 6.70-7.20 (m, 6, 2NCH 2 and 
2NCH ), 7.33 (s, 3, N C H 3), 7.50-8.90 (m, 8, 4CH2), and
8.06 (s, 1, N H , disappeared on deuteration). 7 gave 
a dipicrate, mp 238-240°, and a hydriodide 14 of the 
methiodide 15 (Scheme III).

(5) Appearance of this proton at such a characteristically higher field could
be explained by anisotropy of the Ci—Cs and Cs-Cs bonds: c f .  R. G. Foster
and M. C. Mclvon, C h e m . C o m m u n . ,  280 (1967).
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Scheme I

The lithium aluminum hydride reduction of 9 gave 
the corresponding amine 12 as a colorless crystal. The 
structure was evidenced by analytical and spectral data; 
the nmr spectrum had signals at r 6.68-7.25 (m. 6, 
2NCH2 and 2NCH), 7.37 (s, 3, N C H 3), 7.46-8.30 (m, 
5, Ci H, C 9 H, 2 C5 H, and C8 endo H), 8.15 (s, 1, N H , 
disappeared on deuteration), 8.50 (broad s, 4, 7,9- 
ethano bridge), and 8.93 (broad double t , J  =  12.5 and
6.0 Hz, 1, C8 exo H).

The fact that no stable aluminum complex was pro
duced in the reduction of 9 in contrast with 3 could be 
explained by an anti orientation of the N C H 3 to the
7,9-ethano bridge in 9, since in this configuration 12 
can not be inverted to a boat form of the homopipera
zine ring, an indispensable form to produce a stable 
aluminum complex like 6.

As summarized in Scheme IV, 12 did not afford a di- 
methiodide but a monomethyl hydriodide 21 with 
excess methyl iodide.

Both 7 and 12 gave the corresponding dihydrochlo- 
rides 16 and 20 with excess hydrogen chloride. How
ever, the behavior of 7 on treatment with 1 equiv of 
trifluoroacetic acid was quite different from that of 12 
as shown by the nmr spectra; the nmr spectrum of 7 
in the presence of 1 equiv of trifluoroacetic acid had a 
characteristic signal at r 8.93 in a broad doublet (J =
9.3 Hz) assignable to a C8 endo proton of the mono- 
cation 17 with a chair-boat conformation (Figure 1, 17 
and Scheme III). The whole spectral pattern of 17 
was also very similar to that of 6, supporting above as
signment. Contrarily, the nmr spectrum of 12 in the 
presence of 1 equiv of trifluoroacetic acid had signals

corresponding to just intermediate ones between the 
free base 12 and the dication 20, indicating that the 
monocation of 12 could be interpreted as an equili
brating mixture of 22 and 23 on the nmr time scale. 
This fact indicates that the inversion of the homopiper
azine ring in 12 is impossible because of the severe 
steric hindrance of the anti N C H 3 group.

The formation of a stable aluminum complex 6 and a 
stable monocation 17 from 7 led to the examination of a 
reaction cf 7 with methylene iodide. Treatment of 7 
with 1 equiv of methylene iodide at room temperature 
afforded a 3,10-methano derivative 18 which liberated 
easily hydrogen iodide to give 10-mcthyl-3,10-diaza- 
tricyclo[4.3.1.13'10]undecanium iodide (19) as a color
less crystal. The structure was determined on the 
basis of analytical and spectral data; in the nmr spec
trum (Figure 1, 19), appearance of a characteristic 
broad doublet at r 8.83 (J =  10.2 Hz) assignable to a 
C8 endo p-oton supported the assigned structure.

Evidently both 7 and 16 take a chair-chair conforma
tion on the basis of the different nmr spectra from those 
of 6, 17, and 19, all of which were concluded to take a 
chair-boat conformation as discussed above. A chair- 
chair conformation is also assignable for 12 as well as 
20 and 21 by their nmr spectral patterns similar to those 
of 7, 15, and 16. In the series of 12, the chair-chair 
conformat on is apparently favored because of a severe 
steric hindrance in a chair-boat form due to the pres
ence of an anti Ar-methyl group.

In a A-methyl homopiperazine ring, there are three 
possible chair conformers, A, B, and C, as depicted in 
Chart I. An inspection of the Dreiding stereomodel
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Scheme II

suggested that the B and C forms suffer from a con
siderable internal strain due to the bond angle de
formation at Ci and C6, which is lacking in A  form. 
Hence, A  is the most plausible form as a chair-chair 
conformer of 7 and 12. Furthermore, the lactams 3 
and 9 had amide bands at 1648 and 1650 cm-1 , respec
tively, which correspond to the normally conjugated 
amide bands. Thus, the A  form is also the most plau
sible for 3 and 9, since a considerable distortion of the 
C2-N 3-C 4-C 5 plane is anticipated in B and C forms, 
where the normal lactam character could not be ex
pected.

Finally, a nitrogen pyramidal inversion problem is 
mentioned briefly on the basis of the nmr data of the 
hydrochlorides. The hydrochloride of 3 revealed two 
sharp singlets at r 6.81 and 6.89 in ca. 1 :2  ratio, which 
were assignable to 'V-methyl protons of 5a and 5b 
(Scheme I), while the hydrochloride of 9 exhibited only 
one singlet at r 7.00 due to fV-methyl protons of 11 
(Scheme II). Although the nitrogen pyramidal inver
sion is known to require relatively small activation 
energy, the protonation to an amine function requires 
much less energy.6 Hence, the above facts indicate 
the presence of the iV-pyramidal inversion in 3 but not 
in 9 (at room temperature). The hydrochloride 16 ex-

(6) (a) J. B. Lambert, R. G. Keske, R. E. Carhart, and A. P. Jovanovich, 
J. Amer. Chem. Soc., 89, 3761 (1967). (b) For a review on the pyramidal 
inversion, see A. Rauk, L. C. Allen, and K. Mislow, Angew. Chem., 82, 453 
(1970).

Figure 1.— The 60-MHz spectra of 7, 17, 6, 19, and 16. All 
compounds except 6 were deuterated by shaking in D20. For 
16, CHCI3 was used as an internal reference.

hibited only one singlet at t  6.94 due to iV-methyl pro
tons (Figure 1, 16); this could be reasonably explained 
by the protonation via a monocation like 17 rather than 
by the absence of the iV-pyramidal inversion. All of 
these results are in good agreement with the chemical 
behaviors described above.

Experimental Section7

10-Methyl-3,10-diazabicyclo[4.3.1]decan-4-one (3).— This was 
prepared by the reported procedure:4* mp 164-166° (lit.4* rnp 
164-166°); ir (KBr) 3160, 3040, 2880, and 1648 cm -1; nmr 
(CDCU) t 2.56 (broad s, 1, NH, disappeared on deuteration),
6.11 (d d, 1, J  =  15.0 and 4.1 Hz, C2 eq H), 6.73-7.36 (m, 3, 
C2 ax H, C, H, and C6 H), 7.48 (s, 3, NCH3), and 7.50-8.72 
(m, 8, remaining protons).

7,9-fca:o-Ethano- 10-methyl-3,10-diazabicyclo [4.3.1] decan-4-one
(9).3— The Schmidt reaction of 6 ,8-exo-ethanopseudopelletierine 
(8)2 was carried out similarly to the preparation of 3 by using 
8.95 g (50 mmol) of 8 , 20 ml of concentrated sulfuric acid, and 6.5 
g (100 mmol) of sodium azide to give 8.98 g (93% ) of 9. An 
analytical sample was obtained by recrystallization from n- 
hexane-ethyl acetate as colorless needles: mp 154°; ir (KBr) 
3240, 3160, 3020, 2925, and 1650 cm “ 1; nmr (CDC13) t 3.50

(7) All melting points were obtained on a hot-stage type micromelting 
point apparatus and are uncorrected. Nmr spectra were recorded on a 
JEOL JNM-C-60HL spectrometer at 60 MHz and mass spectra on a 
JEOL JMS-OISG mass spectrometer at 75 eV. Ir spectra were obtained 
with a JASCO IR-S ir spectrophotometer. Microanalyses were carried out 
with a Perkin-Eimer 240 elemental analyzer.
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Scheme III Scheme IV

(broad s, 1, NH, disappeared on deuteration), 6.20 (d d, 1, 
J =  14.8 and 3.9 Hz, C2 eq H ), 6.55-7.09 (m, 3, C2 ax H, C, H, 
and C6 H), 7.10-7.48 (m, 2, C6 CH2), 7.51 (s, 3, NCH3), 7.62-
7.94 (m, 2, C2 H and C9 H), 8.08-8.68 (m, 5, 7,9-ethano bridge 
and C8 endo H), and 8.96 (d, t, 1, J  =  12 and 4.0 Hz, C8 exo H); 
mass spectrum m/e 194 (M +), 136, 122, 108, 95, and 94.

Anal. Calcd for CuH18ON2: C, 74.11; H, 10.18; N, 15.71. 
Found: C, 74.15; H, 10.10; N, 15.74.

10-Methyl-3,10-diazabicyclo[4.3.1]decan-4-one Methiodide (4). 
— To a solution of 0.17 g (1.0 mmol) of 3 in 5 ml of ethanol was 
added dropwise 0.50 g (3.5 mmol) of methyl iodide, resulting in 
a rapid precipitation of colorless crystals, which were filtered and 
washed with ethanol to give 4: mp >300°; ir (KBr) 3240, 2928, 
2880, 1664, 1455, and 1360 cm "1.

Anal. Calcd for Ci0H19ON2I: C, 38.72; H, 6.17; N, 9.03. 
Found: C, 38.82; H, 5.90; N, 9.10.

10-Methyl-3,10-diazabicyclo[4.3.1]decan-4-one Hydrochloride 
(5a and 5b).— Into a solution of 0.17 g (1.0 mmol) of 3 in 10 ml 
of dry benzene was bubbled dry hydrogen chloride gas. The 
resulting colorless precipitates were recrystallized from ethanol 
to give hygroscopic needles of 5a and 5b: mp 229-233°; ir
(KBr) 3160, 3020, 2930-2420, 1695, 1629, and 1446 cm -1; 
nmr (D 20 )  7- 5.60-6.70 (m, 5, C2 CH2, Ci H, C6 H, and C5 H), 
6.81 and 6.89 (each s, total 3, NCH3), and 7.00-8.50 (m, 7, 
other protons).

Anal. Calcd for C3H „0 N 2C1: C, 52.81; H, 8.37; N, 13.69. 
Found: C, 52.63; H, 8.70; N , 13.55.

Hydrochloride 11 of 9.— This was prepared similarly as above 
as a very hygroscopic crystal: mp 247-249°; ir (KBr) 3200, 
2930-2650, 1640, and 1482 cm "1; nmr (D20 )  r 5.84-6.84 (m,

5, C2 CH2, C i H, C6 H, and one of C5 CH2), 7.00 (s, 3, NCH3), 
7.17-7.64 (m, 3, C, H, C9 H, and one of C5 CH2), 7.64-8.42 (m, 
5, 7,9-ethano bridge and Cs endo H), and 8.73 (d t, 1, J  =  12 
and 4 Hz, Cg exo H).

Anal. Calcd for C „H 190 N 2C1: C, 57.26; H, 8.30; N, 12.14. 
Found: C, 57.38; H, 8.44; N, 11.88.

Tris( 10-methyl-3,10-diazabicyclo [4.3.1] decane)aluminum Hy
droxide (6).— A mixture of 8.4 g (50 mmol) of 3 and 1.9 g (50 
mmol) of lithium aluminum hydride in 100 ml of dry tetrahydro- 
furan was refluxed for 1 day. After cooling, the unreacted reduc
ing agent was decomposed by adding aqueous tetrahydrofuran 
under ice cooling. The mixture was diluted with 500 ml of water 
and extracted with methylene chloride (six 50-ml portions) after 
addition of 50 ml of 30% aqueous sodium hydroxide. The com
bined extracts were dried (Na2S04) and removal of the solvent 
afforded 7.0 g (76%) of 6 as colorless needles. An analytical 
sample was obtained after recrystallization from ethvl acetate: 
mp 180°; ir (KBr) 2620-3000, 1548, 1437, and 1153 cm“ 1; 
nmr (CDClj), see Figure 1, 6 .

Anal. Calcd for C27H5IN6Al(0H )3. y 2H20 : C, 59.31; H,
10.14; N, 15.37. Found: C, 59.35; H, 10.22; N, 15.54.

10-Methvl-3,10-diazabicyclo[4.3.1]decane (7).— A solution of
6.5 g (0.12 mol) of 6 in 50 ml of water was acidified with 20 ml of 
concentrated hydrochloric acid and was heated at 90° for 10 min. 
The cooled solution was basified with 20% aqueous sodium hy
droxide and extracted with methylene chloride (six 50-ml por
tions). The combined extracts were dried (Na2SO<) and the 
solvent was removed to give 5.4 g (90%) of crude 7 as a syrupy 
oil. An analytical sample was obtained by dry distillation under 
reduced pressure as a hygroscopic and sublimable solid: mp
43-46° (sealed tube); ir (KBr) 3280, 2925, and 1442 cm -1; 
mass spectrum m/e 154 (M +); nmr, see Figure 1, 7.

A picrate of 7 had mp 238-240° and 253-255° dec.
Anal. Calcd for C2iH240 i4N8: C, 43.45; H, 4.17; N, 19.30. 

Found: C, 43.77; H, 3.96; N, 19.18.
7,9-ezo-Ethano-10-methyl-3,10-diazabicyclo[4.3.1]decane (12).3 

— The lithium aluminum hydride reduction of 7.75 g (40 mmol) 
of 9 under the similar conditions as described on 6 and work-up 
gave 5.47 g (76%) of 12 as a syrupy oil, which was purified by dry 
distillation under reduced pressure to give 12 as a hygroscopic
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and sublimable crystal: mp 66-69° (sealed tube); ir (KBr) 3360, 
2860, and 1450 cm-1; mass spectrum m/e 180 (M +).

Anal. Calcd for C;3H260 ,4N8: C, 45.55; H, 4.32; N, 18.48. 
Found: C, 45.56; H, 4.41; N , 18.39.

The hydrochloride 20 of 12 was very hydroscopic and dissolved 
directly in D 20  for nmr measurement: nmr r 5.82-6.60 (m, 6, 
2NCH2, Ci H, and C6 H ), 6.84 (s, 3, NCH3), and 7.10-8.71 (m, 
10, other protons).

The monotrifluoroacetic acid salt (22 and 23) of 12 was prepared 
in benzene solution and after removal of the solvent, the remained 
mono salt was dissolved in D 20  for nmr: nmr r 6.40-6.93 (m, 4, 
2NCH2), 6.93-7.22 (m, 2, Ci H and C6 H), 7.28 (s, 3, NCH3), 
7.44-8.27 (m, 5, C5 CH2, C, H, C9 H, and C8 endo H), 8.39 
(broad s, 4, 7,9-ethano bridge), and 8.78 (d, t, 1, /  =  12 and 3.7 
Hz, Cg exo H).

10-Methyl-3,10-diazatricyclo[4.3.1.13■10] undecanium Iodide
(19).— To a solution of 0.072 g (0.50 mmol) of 7 in 5 ml of dry ben
zene was added a solution of 0.134 g (0.50 mmol) of methylene 
iodide in 5 ml of dry benzene with stirring at room temperature. 
Stirring was continued for 1 hr. Removal of the solvent under 
reduced pressure left a brownish residue which was dissolved in 
ethanol and treated with Norit A to afford 0.023 g of 19 as a 
colorless prism: mp 182-185°; ir (KBr) 3180-2800, 1540, 1472, 
and 1440 cm-1; nmr, see Figure 1, 19.

Anal. Calcd for CioHiglW: C, 40.83; H, 6.51; N, 9.52. 
Found: C, 40.85; H, 6.54; N, 9.74.

3,10,10-Trimethyl-3,10- diazabicyclo [4.3.1] decanium Iodide 
(IS).— A mixture of 0.15 g (1.0 mmol) of 7 and 0.43 g (3.0 mmol) 
of methyl iodide in 10 ml of dry benzene was stirred at room 
temperature for 30 min. Removal of the solvent and surplus

methyl iodide under reduced pressure gave a hydriodide (14) of 
15, which on treatment with Norit A in ethanol afforded 0.12 g 
(38%) of 15 as prisms: mp 268-270°; ir (KBr) 3000, 2920, 2870, 
1500, 1440, and 1134 cm -1; nmr (CDC13) t 5.98-6.33 (m, 4, Ci 
H, C6 H, and C2 CH2), 6.48 (s, 6 , N +(CH3)2), 6.60-7.30 (m, 2, 
C< CIR), 7.42 (s, 3, NCH3), and 7.68-9.04 (m, 8, other protons).

Anal. Calcd for CuHmNjI: C, 42.59; H, 7.47; N, 9.03. 
Found: C, 42.67; H, 7.09; N, 8.96.

15 was also obtained by direct méthylation of 7 with methyl 
iodide in the presence of sodium hydride in benzene in 18% 
yield.

7,9-ezo-Ethano-3,10-dimethyl-3,10-diazabicyclo [4.3.1] decanium 
Iodide (21).-—A mixture of 0.09 g (0.5 mmol) of 12 and 0.22 g 
(1.5 mmol) of methyl iodide in 10 ml of dry benzene was stirred 
at room temperature for 30 min. Removal of the solvent and 
excess methyl iodide gave a brownish residue which on treatment 
with Norit A in ethanol afforded 0.027 g (43%) of 21 as a colorless 
prism: mp 173-175°; ir (KBr) 3270, 2925, 2780, 1470, and 1341 
cm-1; nmr (D20 )  t 6.10-6.95 (m, 6, Ci H, C6 H, C2 CH2, and 
C, CH2), 7.03 and 7.12 (each s, 6 , 2NCH3), 7.50-8.10 (m, 5, 
C7 H, C9 H, C8endo H, and C5 CH2), 8.24 (broad s, 4, 7,9-ethano 
bridge), and 8.43-8.90 (m, 1, C8 exo H).

Anal. Calcd for Ci2H23N2I: C, 44.73; H, 7.19; N, 8.69. 
Found: C, 44.44; H, 7.05; N, 8.56.

Registry N o.—4, 3371-52-6; 5, 29584-53-0; 6,
29661-05-0; 7, 29584-54-1; 7 picrate, 29584-55-2; 9, 
29577-62-6; 11, 29577-63-7; 12, 29577-64-8; 15,
29584-56-3; 19,29584-57-4; 21,29577-65-9.
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The synthesis of the tautomeric benzo[6] [l]pyrindine (3) from 2,3-dihycro-l/7-cyclopenta[5]quinoline (4) has 
been accomplished by three routes: (a) metalation with CcH5Li, oxidation to the 3-hydroxy derivative, and de
hydration under well-defined conditions; (b) bromination to yield the 1-bromo or 3-bromo derivative, hydrolysis, 
and dehydration; and (c) N-oxidation, acetoxylative reduction, and dehydration. Compound 3 is a purple 
liquid consisting of 67% of the 1-H, 33% of the 3-H, and 0.1% of the 4-H tautomer. The small content of the
4-H tautomer belies its important role in determining the striking color of 3 and its chemical reactivity in response 
to electrophiles. The physical properties of 3 are assessed in the light of existing knowledge concerning the struc
ture of pyrindines.

Armit and Robinson first recognized the significance 
of the aromatic sextet2 through a study of the indeno- 
quinoline system, where a cationic A-alkylpyridinium 
ring is fused to a ring bearing anionic cyclopentadienyl 
character (1). Subsequent developments in the theory 
of aromaticity3’4 have led chemists to recognize this 
pyrindine system (1) as a nitrogen isostere of azulene. 
Although the substituted tautomers and derivatives of
1,5-pyrindine (1) and 2,5-pyrindine (2) have been 
known for some time,5“ 8 the highly labile, parent

(1) Presented at the 153rd National Meeting of the American Chemical 
Society, Miami Beach, Fla., April 10-14, 1967, Abstracts 0-180.

(2) J. W. Armit and R. Robinson, J. Chem. Soc., 121, 827 (1922); ibid., 
127, 1604 (1925).

(3) E. Hilckel, Z. Physik., 70, 204 (1931); ibid., 76, 628 (1932).
(4) (a) D. Ginsburg, Ed., “ Non-Benzenoid Aromatic Compounds,”  

Interscience, New York, N. Y., 1959; (b) A. Streitwieser, Jr., “ Molecular 
Orbital Theory for Organic Chemists,”  Wiley, New York, N. Y., 1961, pp 
256-304; (c) M. E. Vol’pin, Russ. Chem. Rev., 29, 129 (1960); (d) D. Lloyd, 
“ Carbocyclic Non-Benzenoid Aromatic Compounds,”  Elsevier, New York, 
N. Y., 1966.

(5) W. Borsche, Justus Liebigs Ann. Chem., 377, 120 (1910).
(6) (a) V. Prelog and S. Szpilfogel, Helv. Chim. Acta, 28, 1684 (1945); 

(b) V. Prelog and O. Metzler, ibid., 29, 1170 (1946).
(7) M. Los and W. H. Stafford, J. Chem. Soc., 1680 (1959).
(8) W. Treibs and G. Kempter, Chem. Ber., 92, 601 (1959).

N-substituted pyrindines have been isolated or de
tected only relatively recently.9’10 The unsubstituted 
benzopyrindines, on the other hand, have not been 
reported in the literature, although unsuccessful 
synthetic attempts leading to other valuable sub
stituted ones have been recorded.7-8’11’12 For none of 
the pyrindines has a careful study of the N -H  and 
C -H  tautomers been made, nor is much known of the 
chemistry of the pyrindines or their relatives. The 
present article reports the first synthesis of the novel, 
unsubstituted benzo [b ] [1 ]pyrindine (cyclopenta [5 ]- 
quinoline13), gives the first complete spectral char
acterization of the tautomers of a pyrindine, and 
evaluates several interesting alternatives for obtaining

(9) A. G. Anderson, Jr., W. F. Harrison, R. G. Anderson, and A. G. 
Osborne, J. Amer. Chem. Soc., 81, 1255 (1959).

(10) (a) A. G. Anderson, Jr., and H. L. Ammon, Tetrahedron Lett., 2579 
(1966); (b) A. G. Anderson, Jr., and H. L. Ammon, Tetrahedron, 23, 3601 
0967).

(11) W. Treibs, Naturwissenschaften, 49, 37 (1962).
(12) L. E. Kholodov, I. F. Tishchenkova, and V. G. Yashunskii, Tetra

hedron Lett., 1535 (1970).
(13) Systematic name recommended by Chemical Abstracts and Ring 

Index.”
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tautomeric cyclopenta [&]quinoIines (3a -c) from their 
dihydro derivative (4). Subsequent papers will explore 
the chemistry of the azulenoid, aromatic system (3c) 
(R =  alkyl or anion).

Results

Although we undertook the synthesis of a benzo 
derivative of 1-pyrindine (R =  H) in the hope of 
obtaining a pyrindine of superior stability, these 
expectations were only partly realized. The most 
convenient starting material for the synthesis of 3 
was the 2,3-dihydro derivative (4, fl-quinindane) of 3a, 
available from a Pfitzinger reaction between isatin 
and cyclopentanone and the thermal decarboxylation 
of the resulting 2,3-dihydro-] //-cyclopenta[6 Jquinoline-
9-carboxylic acid (5).6 In exploring methods of 
introducing a double bond into the five-membered ring 
of 4, bromination was attempted under both free- 
radical and polar conditions. In the former method, 4 
reacted with A-bromosuccinimide in carbon tetra
chloride to yield 57%  of a labile, monobromo derivative 
6 (mp 84-86°) that proved too unstable to be analyzed. 
Because of its apparent homogeneity and its hydrolysis 
to yield the 1-hydroxy derivative 7 of 4, it is concluded 
that bromination occurred preferentially at the 1-meth
ylene group of 4. On the other hand, bromination of 
4 with 1 equiv of bromine in a warm solution of glacial 
acetic acid containing anhydrous sodium acetate gave a 
labile monobromo derivative (8, mp 125-127°) that 
could be hydrolyzed with ethanolic-aqueous silver 
nitrate solution to yield the 3-hydroxy derivative 9 
of 4 .14 The identities of the 1-hydroxy (7) and 3- 
hydroxy (9) derivatives rest on their analytical data, 
their nmr spectra which support a CHOH group ad
jacent to an aromatic ring (exclusion of the 2-hydroxy 
derivative), and the independent synthesis of the 
3-hydroxy derivative 9 in two well-precedented ways 
(c/. infra). These observed preferential brominations 
are consistent with the views that free-radical ab
straction of hydrogen is more rapid at C -l (adverse 
polar effect15) (10) and that bromination in acetic acid 
may proceed through enaminization (11) (Scheme I).

Previous mention of the monobromo derivative 
obtained from 4 and A-bromosuccinimide had assumed 
that it was the 3 isomer,7 but no chemical or physical 
characterization was reported.

Ultimately, however, both brominations have proved 
impractical for the preparation of the 1- or 3-hydroxy 
precursors of the desired benzo[6][l]pyrindine (3). 
The hydrolyses of the 1-bromo and 3-bromo derivatives 
6 and 8 were always overshadowed by side reactions 
leading to intractable gums and black solids. Even 
the attempt to dehydrohalogenate the 1-bromo deriv
ative 6 directly, with sodium iodide in dimethyl- 
formamide at room temperature, led only to decom
position.

The preferential introduction of substituents at the 
3 position of /3-quinindane 4 could be achieved via 
its lithium salt 12, which could be prepared in es
sentially quantitative yield by treating 4 with 1 equiv 
of phenyllithium in diethyl ether.16 The lithium 
enamimre salt, presumably better formulated as a 
contact ion pair centered on nitrogen (12b), rather than 
as an organolithium reagent at C -317 (12a), underwent 
solely C-alkylation both with ketones and with methyl 
iodide (eq 1). The interaction of 12b with benzo

li
12a

(C,Hs>,C=0

EO— C---C4U

\ h .
13a, E =  Li 

b,E =  H

(1)

phenone was shown to be reversible, for the treatment 
of the pure, isolated 2,3-dihydro-a,a-diphenyl-lA- 
cyclopenta[6]quinoline-3-methanol (13b) with 1 equiv 
of phenyllithium, forming 13a, led to the detection of 
4 and benzophenone upon hydrolytic work-up. The 
reversible dissociation of 13a into its components thus 
limited the yield of carbinol to ca. 70% . The re
versibility of the reaction, 12 ^  13a, was of great 
interest, since it was felt that the lithium salt 12 
might eventually react with benzophenone in an al
ternative manner (eq 2), namely by hydride transfer.

C6H5

-CfiHs -fh

3
+

(CRACHOLi

(2)

(14) J. J. Eisch and K. C. Fichter, unpublished studies.
(15) In a Hammett study of the relative reactivities of substituted toluenes 

toward A-bromosuccinimide, E. C. Kooyman, R. Van Helden, and A. F. 
Bickel [Kon. Ned. Akad. Wetensch. Proc., Ser. B, 56, 75 (1953)] showed that 
bromination occurred preferentially at points of high electron availability: 
a plot of log reactivity vs. a gave p of —1.55. As a specific precedent for 
the behavior of 4, the behavior of 1,5-diphenyl-l-pentanone toward N- 
bromosuccinimide can be cited; attack at the methylene next to the phenyl, 
rather than next to the carbonyl, is observed.

(16) K. Ziegler and H. Zeiser, Juttus Liebigs Ann. Chem., 485, 174 (1931), 
achieved almost complete a metalition of both 2-methylpyridine and 2- 
methylquinoline by use of phenyllithium.

(17) Cf. G. Stork and S. R. Dowd, for the C-alkylation of the magnesium 
salts of N-substituted imines. The colors observed for 12b and 16 fit the 
view that extensive charge delocal.zation occurs in such ir systems with 
much charge on nitrogen. One might speculate that the failure of 12 to 
lose lithium hydride (eq 2) is a further indication that 12b is a more accurate 
representation than 12a.
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Scheme I

|h20 -  CaCO,-Me,CO HiO—AgNOj. EtOH

Scheme I I

The interaction of benzophenone with various alkyl 
Grignard reagents to yield benzhydrol and alkene18a 
suggested that the reversal of 13a into its components 
might lead tc the desired benzo [6 ] [1 Jpyrindine (3) 
and benzhydrol.18b However, prolonged refluxing of 
13a suspended in ether or in benzene gave no indication 
of the formation of benhydrol or 3.

Despite the failure of the lithium salt 12 to serve as 
a source of the benzo [6 ] [1 Jpyrindine via hydride trans
fer, its treatment with molecular oxygen proved to be 
a convenient route to the 3-hydroxy-/3-quinindane 9, 
albeit in modest yield. An alternative route to this 
hydroxy derivative was a three-step sequence involving 
the N-oxidatione of /3-quinindane, treatment of the 
resulting A-oxide 14 with acetic anhydride, and the 
saponification of the 3-acetoxy derivative IS (Scheme 
II). The assignment of the structure of the hydroxy- 
/3-quinindane as the 3 isomer is supported by the known 
tendency of both phenyllithium16 and acetic anhy
dride19’20 to attack the a-methylene hydrogens of their 
respective pyridine substrates.

The foregoing preparations of the 1-hydroxy and 
3-hydroxy derivates of /3-quinindane 7 and 9 now per
mitted attempts at their dehydration for the formation 
of the benzc [6] [1 Jpyrindine system (3). Although
7-hydroxy-6,7-dihydro-l,5-pyrindine or its acetate is 
reported to give an 8 8%  yield of 1,5-pyrindine by 
dehydration with concentrated sulfuric acid during 1 hr 
at 120-130°,2t such conditions were far too severe for 
the dehydration or the dehydroacetoxylation of 7, 9, 
or 15. Milder dehydration procedures, such as traces 
of strong acids (sulfuric or p-toluenesulfonic) in warm 
acetic acid or benzene, proved to be ineffectual and

(18) (a) M. S. Kharasch and S. Weinhouse, J. Org. Chem., 1, 209 (1936); 
(b) cf. H. Gilman and C. W. Bradley, J. .rimer. Chem. Soc., 60, 2335 (1938), 
for the ready loss of lithium hydride from organolithium compounds.

(19) (a) V. Boekelheide and W. L. Linn, ibid., 76, 1286 (1954); (b) O. H. 
Bullit and J. T. Maynard, ibid., 76, 1370 (1954).

(20) M. M. Robinson, ibid., 80, 6254 (1958).

stronger acids tended to produce polymeric materials. 
Only by short-term exposure (3-5  min) to concentrated 
sulfuric acid preheated to 120° and by immediate 
quenching on ice could a satisfactory yield of 3 be 
obtained. Even with such control, only the 3-hydroxy
(9) or the 3-acetoxy 15 derivative gave satisfactory 
yields of 3 (50 -60% ); the 1-hydroxy derivative 7 was 
more prone to side reactions and afforded only traces of
3.

The benzo (6 ][1 Jpyrindine (/3-quinindene, 3) proved 
to have gratifyingly unusual properties. The com
pound was obtained, upon distillation, as a deep purple 
oil, which upon chilling crystallized to a pure white 
solid. The solid d-quinindene had a melting point 
almost identical with that of /3-quinindane 4; its ability 
to undergo repeated melting to a purple oil and re
solidification to a white solid appears to be an example 
of thermochromism.21 Although this /3-quinindene 
could be stored unchanged under a nitrogen atmosphere 
below 0° for several days, exposure to oxygen and 
temperatures above 60° tended to promote decom
position.

The spectral properties of this benzo [6 ] [1 Jpyrindine
(3) showed that it was a mixture of the three tautomers,
1-H (3a), 3-H (3b), and 4-H  (3c, R  =  H), in proportions 
varying with the physical state, temperature, time, 
and treatment of the sample. An infrared spectrum of 
the neat, supercooled purple oil displayed an N -H  
absorption of medium intensity at 2.9 /x; in a 10%  
solution in carbon tetrachloride this absorption had 
almost completely disappeared. The visible spectrum 
of a pink 1.94 M solution of 3 in benzene at 25° dis
played one broad absorption from 470 to 540 m/x, 
centered at 507 m/x. The ultraviolet absorption 
spectrum of 3 in cyclohexane, in comparison with that of 
/3-quinindane 4 displayed the expected bathochromic 
shift: absorptions for 4 at Xmax 237 m/x (log e 4.58), 
305 (3.75), and 319; for 3 at 246 m/x (log « 4.67), 
297 (3.90), 318 (3.87) and 332 (3.99). In a 0.01 N 
solution of hydrochloric acid in 9 5%  ethanol the 
/3-quinindane 4 had absorption maxima at 244 m/x 
(log e 4.55) and 319 (4.05) and the /3-quinindene 3 
at 230 m/x (sh, log « 5.03), 259 (4.S0), 280 (sh, 4.45),

(21) J. H. Day, Chem. Rev.. 63, 65 (1963).
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312 (4.28), and 332 (4.30). The nmr spectrum of 3 
in carbon tetrachloride (25%  by weight) showed two 
distinct methylene signals, each having small hyperfine 
splittings, at 8 3.48 (A) and 3.22 (B) ppm, respectively. 
The areas of signals A and B were taken as measures of 
the ratio of 3//-benzo[6][l]pyrindine (3b) to 1H- 
benzo[6][l [pyrindine (3a), since the methyl group in 
a-picoline absorbs at a lower field (2.0 ppm) than 
the methyl group in /3-picoline (2.2 ppm).22 A freshly 
distilled sample of 3 showed in carbon tetrachloride a 
3 -H :l-H  tautomeric ratio of 45 :55; after 72 hr at 0° 
the ratio had changed to 33:67. This ratio ( ± 2  parts) 
seems to be the thermodynamically stable mixture 
at 25° (cf. infra).

The nmr spectral data give a ready measure of the 
proportion of the two isomers, 3a and 3b, showing 
that 3a is more stable than 3b by ca. 450 cal. The 
absence of any infrared or nmr evidence for the existence 
of a considerable amount of 4//-benzo[6][l]pyrindine 
(3c, R =  H) in moderately concentrated solutions 
suggests that less than 1%  of 3c was present. The 
presence of 0.093%  of 3c in a 1.94 M solution of benzo- 
[h][l Jpyrindine in benzene was estimated by visible 
spectroscopy. The assumption was made that the ex
tinction coefficient for a corresponding band in the 
similar, isoelectronic 5,6-benzazulene system23 could 
be used for tautomer 3c (e 316 for the 557-m/i band). 
Accordingly, one can estimate that tautomers 3a and 3b 
are at least 4 kcal more stable than isomer 3c.

The proportion of the 1H- and 3/7-benzo[6 ] [1 ]pyr- 
indine tautomers, 3a and 3b, was also dependent upon 
the chemical treatment of the sample or upon the 
solvent in which the nmr spectrum of tautomeric mix
ture 3 was recorded. Treatment of 3 with 1 equiv 
of phenyllithium at 0° resulted in the formation of 
the blood-red lithium salt 16 which, as with the lithium 
salt of /2-quinindane 12b, seems best formulated as an 
enaminate ion-pair salt. The visible spectrum of 16, a

3

Li+ Li+
16

solution of which was prepared by adding 1 equiv 
of K-butyllithium in hexane to 3 dissolved in benzene, 
has three broad maxima at Amax 468 m/i (log e 2.99), 
497 (3.01), and 530 (2.94). Hydrolysis of 16 after a 
short-term storage at 0° yielded recovered 3 having 
3 1%  of the 1-H tautomer (3a) and 69%  of the 3-H  
tautomer (3b). Reasonable agreement between this 
base-equilibrated ratio and the ratio of tautomers 
achieved eventually by storage of 3 (cf. supra) verifies 
that the two tautomers were present in their equilibrium 
proportions.

The chemical shifts and the separation of methylene 
signals A (3b) and B (3a) were dependent upon the 
solvent (solvent, A, B, and A -B  in ppm): neat 3.56, 
3.04, and 0.52; CC14 (26%  wt) 3.42, 3.16, and 0.26;

(22) E. B. Baker, J. Chem. Phys., 23, 1981 (1955).
(23) E. Heilhronner, Helv. Chim. Acta., 39, 1059 (1956).

C C h-N M e, (31%  wt) 3.57, 3.42, and 0.15; CF3COOH  
(52%  wt) 4.24, 4.06, and 0.18; and C6H 5Br (6%  wt) 
3.12, 2.86, and 0.26. Although the ratio of A :B  did 
not change significantly in most of these solvents 
[typical ratio for freshly distilled sample, (45 ±  3): 55], 
the proportion A :B  in trifluoroacetic acid was 23:77. 
Furthermore, these methylene peaks were shifted down- 
field by 0.8-0.9 ppm, had lost all hint of hyperfine 
structure, and no longer displayed base-line separation. 
These observations can be interpreted to mean that 
protonation or hydrogen bonding of 3 by trifluoroacetic 
acid further favors the formation, at equilibrium, of 
tautomer 3a because of available charge delocalization 
(3d). The narrowing and incipient merging of the

3b

C C O -1 O C G
I

(3)

1
H HL Z31
0 — c 

1
o — c 

1
CF3

1
CF,

3a 3d

methylene signals, moreover, suggested that the rate 
of tautomer interconversion had increased in this acidic 
medium. In an analogous attempt to accelerate the 
interconversion of tautomers 3a and 3b, trimethylamine 
was added to a CC14 solution of 3. The decrease in 
the separation of the signals A and B (0.26 —► 0.15 
ppm) suggests that the rate had increased somewhat. 
Complete coalescence of these signals, by heating these 
acidic or basic solutions by or heating a solution of 3 
in bromobenzene, could only be achieved under condi
tions (> 100°) where irreversible chemical change oc
curred. Presumably such systems, being at once ana
logs of 2-vinylpyridine and cyclopentadiene, eventually 
undergo auto-Michael reactions,24 as supported by the 
broad nmr signal in the 8.0-3.5-ppm region of decom
posed material.

Discussion

A comparison of lhe benzo [6 ] [1 [pyrindines (3a-c, 
R =  H) with the known l.o-pyrindine tautomeric 
mixture (i.e., 1,11 =  H, and its tautomers) is in order. 
The amounts of the N -H  tautomer, 0 .093%  for a
1.9 M viclet solution of 3 in benzene vs. 0 .11%  for a 
neat orange sample of l , 25 are estimated by different 
methods, namely assumptions concerning the ultra
violet extinction coefficient of 3c and 1 and a pK& 
estimate of the basicities of the 1-H and 5-H tautomers 
of 1, respectively. In the latter p A a method no ac-

(24) W. E. Doering and R. A. N. Weil, J. Amer. Chem. Soc., 69, 2461 
(1947).

(25) C. B. Reese, ibid., 84, 3979 (1 )62).



Nonpyridinoid Aza-Aromatic Systems J . Org. Chem., Vol. 36 , N o . 15, 1971 2069

count was taken of the varying amounts of the 5-H 
and 7-H tautomers of l . 25 With these limitations 
in mind, one can conclude that the amount of N -H  
tautomer for a neat sample of 3 would be greater than 
that of 1, since a solution of 3 is already comparable 
to neat 1. The deep purple color of melted 3 confirms 
this assumption. However, the nmr spectrum of 3, 
even in concentrated form, gave no sign of an N -H  
peak ascribable to 3c in the region of 3.6-4.7 ppm,26 
but this is not surprising in view of the small amount 
present. The superior sensitivity of a visible spectral 
estimate for this azulene-like tautomer (azalene 3c) 
is also seen in the fact that even a 0.01% solution 
of azulene itself is highly colored.27

The assignment of this purple-colored component 
as the N -H  tautomer (3c, R = H) was supported by 
the observed blood-red color of the analogous lithium 
salt 16 in ether-benzene and the purple color of anions 
of 3-substituted benzo[6][l]pyrindines in tetrahydro- 
furan.28 Quaternizing 3 with methyl iodide and then 
treating the salt with sodium carbonate does give a 
purple species, presumably 3c (R = CH3).28 With 
the pyrindine system there is disagreement as to whether 
this procedure leads to 1 (R = CH3).10b’25 A difficulty 
with this method, possibly overlooked in the pyrindine 
system,10b’25'29 is that methylation occurs both on ni
trogen (82%) and on the a-carbon atom (18% on C3 
in 3) , 28 C-Alkylation can most reasonably be attributed 
to /3 (C3) electrophilic attack on the enamine tauto
mer 3c (R = H).

The present nmr data on 3 demonstrate, for the 
first time, the relative stability of C-H tautomers of a 
pyrindine system. Attempts to make such a distinc
tion based upon differences in ultraviolet absorptions 
were unsuccessful.29'30 The recorded nmr spectrum 
of 1-pyrindine does show some slight favoring of the
5-H tautomer over the 7-H, by our visual estimation, 
but the significance of this spectral information has 
not been pointed out.29 Moreover, no data were given 
on the length of time between the preparation of the 
pyrindine and the spectral measurement. With the 
benzo [b ] [1 Jpyrindine, the equilibrium mixture at 25° 
contains 67 ±  2% of the 1-H tautomer 3a. Protic 
or hydrogen-bonding media, such as trifluoroacetic acid, 
enhance the amount of 3a (eq 3). Furthermore, the 
bathochromic shift in the ultraviolet spectrum of 3, 
especially in acidic solution, can be ascribed principally 
to the importance of polar resonance forms, such as 
3d, available to the predominant tautomer 3a.

The visible spectra of 4H-benzo [6 ] [ 1 ]pyrindine (3c) 
and its lithium salt 16 show pronounced bathochromic 
shifts when compared with spectra of 1-pyrindine (1, 
R = H or CH3). Recent quantum mechanical cal
culations predicted that such a shift would be ob
served.31 Comparison of the spectral shapes of 5,6- 
benzazulene23'32 and 3c shows that both have similar 
broad absorptions at >500 m/z, with 3c peaking some

( 2 6 )  L . M .  J a c k m a n ,  “ A p p l i c a t i o n s  o f  N u c l e a r  M a g n e t i c  R e s o n a n c e  
S p e c t r o s c o p y  i n  O r g a n i c  C h e m i s t r y , ”  M a c m i l l a n ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 9 , 
p  7 3 .

(2 7 )  W .  B a k e r  a n d  J .  F .  W .  M c O m i e  in  “ P r o g r e s s  i n  O r g a n i c  C h e m i s t r y , ”  
V o l .  3 ,  J .  W .  C o o k ,  E d . ,  A c a d e m i c  P r e s s ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 5 ,  p  4 4 .

(2 8 )  J .  J .  E i s c h  a n d  F .  J .  G a d e k ,  J . O rg. C h em .,  a c c e p t e d  f o r  p u b l i c a t i o n .
(2 9 )  H .  L .  A m m o n ,  P h . D .  T h e s i s ,  U n i v e r s i t y  o f  W a s h i n g t o n ,  S e a t t l e ,  

W a s h . ,  1 9 6 3 .
( 3 0 )  G .  B e r g s o n  a n d  A .  W e i d l e r ,  A c ta  C h em . S ca n d .,  1 6 ,  2 4 6 4  ( 1 9 6 2 ) .
(3 1 )  R .  B o r s d o r f ,  Z .  C h em ., 5 ,  1 8 7  ( 1 9 6 5 ) .
( 3 2 )  E .  H e i l b r o n n e r ,  H elv . C h im . A c ta .,  4 5 ,  2 6 2 8 ,  2 6 4 3  ( 1 9 6 2 ) .

50 m/z below that of the azulene. Visible spectra 
of substituted benzo [6 ] [1 Jpyrindines have been known 
to resemble that of 5,6-benzazulene rather closely.7’8 
The lithium salt 16 has a visible maximum only 27 
m/z below that of 5,6-benzazulene, but its absorption 
drops more sharply above 550 m/z.

The question of the rate of interconversion of the 
1-H and 3-H tautomers of 3 in acidic or basic media 
cannot be answered definitively. In trifluoroacetic acid 
the methylene signals lost both their fine structure 
and base-line separation. The recorded spectrum of 
1 -pyrindine in this medium displays such coalescence 
of methylene signals, although the author does not 
comment on its significance.29 I t  would appear that 
the exchange of protons between the Ci and C3 sites 
in benzo [6 ] [1 ]pyrindine and between the Cs and C7 
sites in 1 -pyrindine become significant in this medium. 
Analogous attempts to observe coalescence by heating 3 
itself, or with triethylamine, were indicative of some 
accelerated proton exchange, but their success was 
limited by the decomposition of 3. As with the well- 
studied indene system ,33’ 34 such proton exchange may 
well occur by an intramolecular route.

Although the nature of the thermal decomposition 
products of 3 is not completely clear, existing evidence 
suggests that a .Michael reaction of enamine 3c or 
its anion 16 occurs with the 1-H tautomer, itself a vinylic 
pyridine.24 The facility of such an allylic carbanion 
attack on a vinylpyridine is seen in the smooth 1,4 
addition of allylmagnesium bromide to traas-2-phenyl- 
vinylpyridine (2-stilbazole) .35 36

Ongoing research is concerned with evaluating the 
aromatic character of the N -H  tautomer of benzo [6 ] [1 ]- 
pyrindine and its delocalized anion,26 with an eye 
to the azulene-like character of these systems.

Experimental Section

Melting points were determined with a Thomas-Hoover “ Uni
melt”  apparatus and are corrected. Infrared spectra were re
corded of samples as potassium bromide disks, mineral oil sus
pensions, or solutions in pure solvents, by means of a Perkin- 
Elmer spectrophotometer, Model 139. Proton magnetic reso
nance spectra were measured with a Varian spectrometer, Model 
A-60, on samples dissolved as 10% solutions in pure solvents con
taining tetramethylsilane as an internal standard. Signals are 
reported using the S scale in parts per million, followed by the 
integrated intensities of the proton signals and the coupling con
stants (J) in hertz. Ultraviolet and visible spectral data were 
obtained with a Cary spectrophotometer, Model 15, on samples 
dissolved in cyclohexane, benzene, or 95% ethanol of "spectral- 
grade”  purity. Ypc analyses were performed on an F & M 
dual-column chromatograph equipped with 2 -ft columns packed 
with 10% silicone gum rubber on firebrick. Tic plates were pre
pared with silica gel, developed usually with methylene chloride 
and then sprayed with chromic acid solution for detection of the 
separated components. Elemental analyses were carried out by 
the Spang Microanalytical Laboratory, Ann Arbor, Mich.

All preparations and reactions involving either air- and mois
ture-sensitive organometallic reagents or reactive heterocyclic 
intermediates were conducted under an atmosphere of dry, oxy
gen-free nitrogen. Appropriate techniques for such manipula
tions, including the necessary purification of solvents, have al
ready been described. 37

( 3 3 )  G .  B e r g s o n  a n d  A .  W e i d l e r ,  A c ta  C h em . S ca n d ..  17, 1 7 9 8  ( 1 9 6 3 ) .
(3 4 )  G .  B e r g s o n  a n d  W .  W e i d l e r ,  ib id .,  18, 1 4 9 8  ( 1 9 6 4 ) .
( 3 5 )  J .  J .  E i s c h  a n d  R .  L .  H a r r e l l ,  J r . ,  J .  O rga n om eta l. C h em .,  S I ,  21  

( 1 9 7 0 ) .
( 3 6 )  J .  J .  E i s c h ,  C .  K o v a c s ,  a n d  C .  T .  K u o ,  u n p u b l i s h e d  s t u d i e s .
(3 7 )  J .  J .  E i s c h  a n d  W .  C .  K a s k a ,  J .  A m e r .  C h em . S o c .,  8 8 ,  2 2 1 3 ,  2 9 7 6  

( 1 9 6 6 ) .
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Reagents.—The known 2,3-dihydro-l//-cyclopenta[b]quin- 
oline-9-carboxylic acid (5) was prepared in large-scale runs of 
1-3 mol by adapting a published Pfitzinger reaction involving 
isatin and cyclopentanone in a basic medium. Although a 
90% yield of crude acid S was obtained, the melting range (230- 
260°) and the subsequent decarboxylation products betrayed the 
presence of the 3-cyclopentidylidene derivative of 4. The im
purity presumably arose from the participation of 2 -cyclopen tyl- 
idenecyclopentanone, the aldol condensation product of the start
ing ketone, in a competing Pfitzinger reaction.6-38

2.3- Dihy'dro- 1/i-cyclopenta[6 ] quinoline (4) was prepared by
the thermal decarboxylation of 5 at 250-300° (sand bath) and 
by the fractional distillation of the residue: the first main frac
tion, bp 106-108° (0.25 mm), was colorless 4, which solidified 
on standing; the second main fraction was a yellow oil, bp 157- 
159° (0.70 mm), which by spectral data was thought to be the 
cyclopentylidene derivative of 4 (5% yield). The first fraction 
was dissolved in ether and the resulting solution extracted with 
5 % sodium hydroxide solution, washed with water, and dried 
over anhydrous calcium sulfate. After removal of ether the 
residual 4 was recrystallized from petroleum ether (bp 30-60°) 
to yield colorless crystals of 4: mp 59-61° (lit.6 59-60°); spec
tral data nmr (CS2) 1.90-2.52 (m, 2-CH2) 2.90-3.45 (m, 1 -CH2,
3-CH2), 7.5-8.38 (m ,5H ).

Lithium Salt of 2,3-Dihydro-l/7-cyclopenta[bjquinoline (12).— 
To a solution of 4 (8.45 g, 50.0 mmol) in 100 ml of dry benzene 
were added dropwise 55 mmol of phenyllithium in 60 ml of ether, 
while the reagents were stirred in a bath of ice water. Upon 
adding the first few drops of the phenyllithium reagent, a vivid 
red color appeared, but this faded as the addition continued. 
The Gilman color test I remained negative39 until an excess of 
phenyllithium had been added. The tan-colored suspension was 
allowed to come to room temperature over a 3-hr stirring period. 
Then a solution of 11.4 g (62.5 mmol) of benzophenone in 100 ml 
of dry benzene was added dropwise over a 45-min period. The 
color of the reaction mixture lightened and a noticeable exotherm 
occurred. After a further 2-hr stirring period, the suspension 
was hydrolyzed with 150 ml of saturated sodium bicarbonate 
solution. Usual work-up, drying of organic extract, and removal 
of solvent left the crude carbinol, which upon recrystallization 
from methylene chloride yielded 12.4 g (71%) of 2,3-dihydro- 
a,ar-diphenyl-l//-cyelopenta[&]quinoline-3-methanol (13b), mp 
152-154°. An analytical sample melted at 154-155.5°: ir
X™ !Cl2 2.95/. (Oil).

A n a l. Calcd for C25H2iNO: C, 85.43; H, 6.02. Found: C, 
85.35; H, 6.01.

Although 13b suffered no cleavage, v ia  reverse aldol reaction, 
into 4 and benzophenone when chromatographed on neutral 
alumina with a benzene eluent, cleavage did occur during tic on 
silica gel. Even during successful acid-catalyzed dehydration 
of 13b to produce 2,3-dihydro-3-diphenylmethylene-l//-cyclo- 
penta(6]quinoline, some reverse aldol cleavage was detected. 
This cleavage also occurred when pure 13b was treated with 1 
equiv of phenyllithium and the mixture then worked up. The 
demonstrated ease with which the lithium salt 1 2  reacts reversi
bly with benzophenone clearly puts a limit on the yield of isolable 
carbinol 13b. Since treatment of 1 2  with methyl iodide gave a 
>90% isolated yield of the 3-methyl derivative of 4, the forma
tion of 12 from 4 and phenyllithium must proceed almost quanti
tatively.

2.3- Dihydro-3-hydroxy-17/-cyclopenta[5]quinoline (9) from 4.
—According to the foregoing procedure, proportional amounts 
of 4 and phenyllithium in ether were used to prepare 400 mmol 
of the lithium salt 1 2  in 1000 ml of dry benzene. With cooling 
at —15° and vigorous stirring a stream of dry- oxygen gas was 
bubbled through the suspension over a 4-hr period. After being 
stirred overnight at room temperature, the reaction suspension 
was hydrolyzed with 1 A' hydrochloric acid and the liquid layers 
wTere separated from residual solids by filtration. The separated 
aqueous layer was made basic with 5% sodium hydroxide solution 
and the precipitated organic bases were taken up in ether. Dry
ing of the ether extract, removal of solvent, and washing the 
residue with cyclohexane left 23 g (31%) of crude 9. Recrystal
lizations from cyclohexane-petroleum ether (bp 30-60°) gave 
the pure 3-hydroxy derivative 9 as pale yellow cubic crystals,
9.6 g (13%), mp 128-129°. Several variations in the oxida
tion procedure did not improve the yield: spectral data ir

( 3 8 )  W .  B o r s c h e ,  B er .,  41, 2 2 0 3  ( 1 9 0 8 ) .

(3 9 )  H .  G i l m a n  a n d  F .  S c h u lz e ,  J . A m e r . C h em . S o c .,  47, 2 0 0 2  ( 1 9 2 5 ) .

XL“  E-10 \i (OH); nmr (CDC13) 2.50-3.2 (m, 2-CH2, 
1 -OH), 3.30-3.70 (m, 1 -CH2), 5.70-6.0 (m, 3-CH).

A n a l . Calcd for Ci2H„NO: C, 77.81; H, 5.98. Found: 
C, 77.74; H.6.05.

3-Acetozy-2,3-dihydro-l/f-cyclopenta [6 ] quinoline (15).—Water 
(0.42 g, mmol) was added to a mixture of 5.2 g (500 mmol) 
of acetic anhydride and 6.51 g (30 mmol) of 2,3-dihydro-l//- 
cyclopenta[6 ]quinoline Af-oxide (14).,0 After a slightly exo
thermic reaction had occurred, the mixture was heated on a 
boiling wa;er bath for 1.5 hr. After concentrating and cooling, 
the solution was taken up in ether and made basic by treatment 
with a 5% sodium carbonate solution. The ether layer was 
separated, dried over anhydrous potassium carbonate, and freed 
of volatile solvent. Recrystallization of the residual dark oil 
from petroleum ether gave light yellow, rod-like clusters of the 
3-acetoxv derivative 15: mp 106-108°; 5.6 g (81%); ir X™I
5.70 nmr (CDC13) 2.26 (s, 3 H), 2.4-3.0 (m, 2 -CH2), 3.1-3.5 
(m, 1-CIU), 6 .3-6.5 (m, 3-CH,), 7.6-8.2 (4 II), S.3-8.5 (m,
5-CH).

A n a l . Calcd for C„H,3N 02: C, 73.99; H, 5.76; N, 6.10. 
Found: C, 73.88; H,5.65; N,6.20.

This compound could be saponified to yield the aforementioned 
3-hydroxy derivative 9, by heating a mixture of 15 (850 mg, 3.7 
mmol), sodium hydroxide (2 0 0  mg), and water ( 1 . 8  g) on a boiling 
water bath for 15 min. The mixture was cooled, saturated with 
potassium carbonate, and extracted with several portions of 
chloroform. The combined chloroform extracts were passed 
through a short column of alumina and the resulting eluate was 
evaporated to dryness. Recrystallization of the residue from 
cyclohexane-petroleum ether (bp 30-60°) yielded 41% of pure 
9, identical by ir and nmr spectral and mixture melting point 
criteria with the oxidation product of the lithium salt 1 2 .

1H - (or  3 H -  or 4/7-) Cyclopenta[6]quinoline (Benzo[6 ] [ 1]- 
pyridine) (3).—The procedure given here had to be followed 
strictly, in order to obtain satisfactory' yields of 3. Other pro
cedural variants and other methods of dehydration (trace of 
sulfuric acid in glacial acetic acid, 85% o-phosphoric acid, or 
p-toluenesulfonic acid in warm benzene40 41) proved to be unsatis
factory.

Over the course of 20 min the powdered 3-hy'droxy derivative 
9 (3.00 g, 16.2 mmol), or an equivalent amount of the 3-acetoxy 
compound 15, was dusted into 35 ml of cooled, concentrated 
sulfuric acid contained in a flask equipped with a motor-driven 
stirrer. The orange-browm solution was immediately' thereupon 
immersed in an oil bath maintained at 120-130°, heated for 4 
min, and promptly poured over 300 g of ice. While the thawed 
solution was kept below 30°, a 50% aqueous solution of sodium 
hydroxide (150 g) was slowly added. The organic precipitate 
was taken up in ether and the ether extract, after extraction with 
water, wms dried over anhydrous potassium carbonate. A trace 
of hydroqui ione was added to the extract and the entire purifica
tion was executed promptly, in order to minimize decomposition. 
With very slight warming the solvent was removed with a rotary 
evaporator and the residual brown oil immediately distilled at 
reduced pressure in an apparatus previously flushed wuth nitrogen. 
The dehydration product 3 distilled over as a violet-colored oil, 
bp 130-132° (1.3 mm), 1.5 g (50%). This substance gradually 
solidified to an almost colorless substance, mp 59-61° (sealed 
tube), and could be stored for several weeks without apparent 
decomposition if kept under nitrogen below 0°. Redistillation 
always was accompanied by considerable losses due to thermal 
dimerization or polymerization (nmr examination of the residue).

A further distillation provided an analytical sample, bp 115- 
116° (0.5 mm), which was shipped for analysis in a sealed, nitro
gen-filled ampoule: spectral data ir X” “) 2.9 (distinct NH),
6.15 and 6.35 n  (aromatic C = C  with conjd C = C ); xJJ5ccu 
essentially no distinct band at 2.9 n \ nmr (CC1<) 3.16 (s, 1, 
1-CH2), 3.42 (s, 1, 3-CH2), 6.40-7.16 (m, 2, 1-, 2- and 3-vinyl), 
7.16-8.08 (:n, 5, aromatic CH) (c f . Results for further de
tails, such as the variation in the integrated intensities and the 
peak separations of the 1- and 3-methy lene signals).

A n a l . Calcd for C12H9N: C, 86.20; H, 5.42; N, 8.38.
Found: C, 85.83; H, 5.40; N,8.81.

The product formed a picrate readily (highest mp 215.5- 
217.5°, from ethanol) but the elementary analysis was not satis
factory', despite repeated attempts at purification (3.35% high 
on C, 1.21% low on N), nor were satisfactory' derivatives ob-

( 4 0 )  E .  H a y i s h i  a n d  Y .  Y a m a m o t o ,  Y a k u g a k u  Z a ssh i,  87, 1 2 9 0  ( 1 9 6 7 ) .
(4 1 )  J .  J .  E i f  c h  a n d  G .  R .  H u s k ,  J . O rg. C h em ., 31, 5 8 9  ( 1 9 6 6 ) .
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tained with chloroplantinic acid, picrolonic acid, 2,4,7-trinitro- 
fluoren-9-one, or 1,3,5-trinitrobenzene. The presence of sensi
tive tautomeric components in 3 that are decomposed by acid 
and oxidizing agents may be at fault in these unfruitful reac
tions.

Lithium Salt of Cyclopenta[6]quinoline (Benzo[6] [1]pyridine)
(16).—The sensitivity of the cyclopenta[6 ]quinoline 3, appar
ently to base-promoted autoaddition, demands that the reaction 
conditions described here be adhered to strictly or subsequent 
hydrolysis will permit no recovery of 3.

Under a nitrogen atmosphere a solution of 1.31 g (7.86 mmol) 
of 3 dissolved in 50 ml of dry, degassed benzene was treated drop- 
wise over 8  min with 7.92 mequiv of ethereal phenyllithium while 
stirring at 0° was maintained. Then the blood-red solution of 
lithium salt 15 was stirred for a further 10 min at 0° and then 
promptly hydrolyzed at 0 ° with degassed water and worked up 
in the usual way. Distillation gave a 28% recovery of 3, as 
proved both by bp and by ir and nmr spectral data.

If the blood-red solution of 16 was allowed to stand at >20° 
for 1 hr and then worked up in the same manner, no 3 was ob
tained.

l-Bromo-2,3-dihydro-lif-cyclopenta[ft]quinoline (6 ).—To a 
stirred, refluxing solution of 8.45 g (50.0 mmol) of 4 in 150 ml 
of carbon tetrachloride were added 8.95 g (52.0 mmol) of color
less, pure iV-bromosuccinimide, in portions, over the course of 
45 min. The resulting suspension was heated at reflux for an 
additional 20 min, cooled, and filtered. With a minimum of 
warming the filtrate was freed of solvent under reduced pressure. 
The resultant dark residue was extracted promptly with six 
50-ml portions of hot petroleum ether (bp 30-60°) and these com
bined extracts were then concentrated. Cooling of the extracts 
deposited 7.1 g (28.5 mmol, 57%) of yellow cubic crystals of 
l-bromo-2,3-dihydro-lH-cyclopenta[6] quinoline (6 ), mp 84- 
8 6 °. This product appeared to be homogeneous ( i .e . ,  one iso
mer) as judged by its melting point and ir spectrum, but its 
sensitivity to air and to heat prevented an elemental analysis 
or further purification. Its identity as the 1 isomer rests upon 
its subsequent hydrolysis, albeit in low yield, to the 1 -hydroxy 
derivative of 4.

The infrared spectrum of 6  in CS2 showed strong bands at 
3.15, 3.35, 6.15, 7.2, 8.5, 10.55, 11.15, 11.7, 12.2, 12.75, 13.4, 
and 13.9 fi.

2,3-Dihydro- 1-hydroxy-lH-cyclopenta[6 ]quinoline (7).—A
sample of the bromo derivative 6  (6.2 g, 25 mmol), prepared as 
described above and dissolved in 50 ml of acetone, was stirred 
for 1 hr at room temperature with a slurry of 5 g of powdered cal
cium carbonate in 25 ml of water. The reaction suspension was 
filtered and the filtrate concentrated by warming under reduced 
pressure. The residue was extracted with ether, the ether ex
tract dried, and the solvent removed from the extract. Several 
recrystallizations of this residue from a cyclohexane-petroleum

ether (bp 30-60°) pair gave almost colorless needles: 1 . 1  g
(24%) of the 1-hydroxy derivative 7; mp 166.5-168°; a test 
for halogen was negative; spectral data ir (mineral oil) 3.05 n 
(OH), and strong bands at 6.15, 8.75, 9.15, 9.4, 10.9, 11.75, 
12.75, and 13.2 n \ nmr (CDCI3) 2.15 (m, 1, 1-OH), 2.3-2.9 (m, 
2, 2-CH2), 3.0-3.3 (m, 2, 3-CH2), 5.25-5.6 (m, 1, 1-CH), 7.6-8.1 
(m, 5, arom). The assignment of the multiplet at 2.15 to the 
1 -hydroxyl group was made upon the basis of the disappearance 
of this signal when a sample of in CDCI3 was shaken with deu
terium oxide.

A n a l . Calcd for C12H11NO: C, 77.81; H, 5.99. Found: C, 
77.71; H, 6.22.

Dehydration of 2,3-Dihydro-l-hydroxy-l//-cyclopenta[6]quino
line (7).—The dehydration of the 1-hydroxy isomer proved to 
be even more sensitive to further reaction than that of the 3 - 
hydroxy isomer and hence was impractical for the preparation of 
benzo[6 ] [l]pyrindine. Milder dehydrating agents for brief 
reaction periods, dimethyl sulfoxide at reflux, oxalic acid in hot 
aqueous solution, or phosphorus pentoxide in refluxing xylene, 
gave no dehydration; longer reaction times led to further re
action. Only with conditions similar to those used with 3- 
hydroxy isomer was any success achieved. Thus, when a 2.0-g 
sample of 7 was heated with 35 ml of concentrated sulfuric acid 
for 4 min and then worked up as before, distillation under re
duced pressure afforded only a few drops of benzo[6 ] [ 1 ]pyrindine 
(3), whose identity was established by ir and nmr spectral com
parison.

Mass Spectra of 2,3-Dihydro-l-hydroxy-li/-cyclopenta[5]quin
oline and of 2,3-Dihydro-3-hydroxy- l//-cyclopenta [6] quinoline.
—Under a pressure of 10-6 Torr, a source temperature of 
330° and electron energies of 70 eV, the following relative abun
dances (selected values) of ion fragments were observed—mass 
(abundance relative to the base peak): 1-hydroxy isomer, 185
(100), 184 (97), 169 (7), 168 (27), 167 (37), 157 (7), 156 (37), 
155 (7), 154 (10), 140 (10), 139 (10), 130 (10), 129 (17), and 128
(23); 3-hydroxv isomer, 185 (45), 184 (16), 183 (13), 169 (70), 
168 (6 8 ), 167 (45), 157 (78), 156 (100), 140 (11), and 129 (45).

Registry No.— 3a, 268-85-9; 4, 5661-06-3; 6,
29411-23-3; 7, 29411-24-3; 9, 29411-25-4; 13b,
29520-62-5; 15, 29411-26-5.
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A Nuclear Magnetic Resonance Study of the 
Cyclohexane Ring Conformation in Selectively Deuterated Cis Isomers of

2-Piperidino-a-(p-methoxyphenyl)cyclohexanemethanol

B. V ernon  C h e n e y* and  Louis L. Skaletzk y  
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Selectively deuterated samples of the two cis isomers of 2-piperidino-a-(p-methoxyphenyl)cyclohexanemethanol 
have been synthesized to allow nmr investigation of the cyclohexane ring conformation. Isotopic substitution 
was effected at all positions in the piperidine ring and at carbons 4-6 of the cyclohexane ring in each compound. 
The four remaining hydrogens on the cyclohexane ring and the side-chain carbinol hydrogen give rise to spectral 
bands which may be analyzed as a five-spin system using standard computer techniques. The nmr chemical shifts 
and proton-proton coupling constants are found to be consistent with a chair form of the ring in both cis isomers 
although the isomer with an axial piperidino group appears to have a somewhat flattened ring as a result of 
steric interactions. Differential line-broadening effects of HD couplings on ring protons in the axial vs. equatorial 
position proved to be useful in making spectral assignments and determining conformational features of the 
cyclohexane ring.

In an earlier paper,1 Szmuszkovicz and Skaletzky 
reported the synthesis and stereochemical analysis of 
the four racemates of 2-piperidino-a-(p-methoxy- 
phenyl) cyclohexane methanol (I). The relative con

figuration and conformation of three of these alcohols 
were established in detail by means of various chemical 
transformations and spectroscopic techniques. How
ever, in the cis-substituted cyclohexane with threo con
figuration of the side chain with respect to adjacent 
carbon (designated hereafter as c is -A), the conforma
tion of the cyclohexane ring may be either a chair with 
an axial piperidine (II) or a twist-boat with piperidine 
pseudoequatorial (III). Both II and III  are consistent

with the observed data which suggest a molecule with 
fixed conformation due to intramolecular hydrogen

( 1 )  J .  S z m u s z k o v i c z  a n d  L .  L .  S k a l e t z k y ,  J . O rg. C h em ., 32, 3 3 0 0  ( 1 9 6 7 ) ;  
s e e  a l s o  L . L .  S k a l e t z k y ,  B .  E .  G r a h a m ,  a n d  J .  S z m u s z k o v i c z ,  J . M ed . C h em ., 
12, 9 7 7  ( 1 9 6 9 ) .

bonding.1 However, each structure exhibits certain 
unfavorable steric features that detract from the stabi
lizing effect of the internal hydrogen bond. The strain 
associated with an axial piperidine in II is ex
pected to be considerable. While structure III  permits 
this bulky substituent to assume a pseudoequatorial 
position, “he cyclohexane ring takes a less advantageous 
skew conformation and the large groups attached to the 
ring tend to eclipse one another. As the evidence pre
sented in ref 1 is in agreement with either I I  or III  and 
there is some difficulty in accurately estimating the rel
ative steric repulsions in the two systems, the present 
work was undertaken to investigate the cyclohexane 
ring conformation using more intensive nmr techniques.

Structure IV was suggested in ref 1 as the probable
p-CH:lOC6H4

conformation of the cis isomer (cfs-B) with erythro con
figuration. The ir and nmr spectra of “his compound 
exhibit features which indicate that intramolecular hy
drogen bonding imposes conformational stability in the 
system. Although there is a large axial substituent on 
the cyclohexane ring in IV which appears rather disad
vantageous, steric interference between the p-methoxy- 
phenyl and cyclohexane ring hydrogens is not serious. 
In addition, the equatorial orientation of the piperidine 
ring contributes greatly to the stability of the structure. 
For these reasons the conclusions of Szmuszkovicz and 
Skaletzky regarding the geometry of cfs-B are not con-

( 2 )  I n  t h e  n m r  s p e c t r u m  o f  t h e  c o m p o u n d  in  C D C l s  s o l u t i o n ,  t h e  O H  p e a k  
is  h i g h l y  d e s h i e l d e d  (5 7 .3 - p p m  d o w n f i e l d  f r o m  T M S ) .  F u r t h e r m o r e ,  i n 
f r a r e d  m e a s u r e m e n t s  in  c a r b o n  d i s u l f i d e  s h o w  h y d r o g e n - b o n d e d  h y d r o x y l  
d o w n  t o  i n f i n i t e  d i l u t i o n .  T h u s ,  i t  m a y  b e  c o n c l u d e d  t h a t  t h e  h y d r o x y l  is  
i n t r a m o l e c u l a r l y  h y d r o g e n  b o n d e d  t o  t h e  p i p e r i d i n e  n i t r o g e n .  A d d i t i o n a l  
n m r  e v i d e n c e  l o r  a n  i m m o b i l e  m o l e c u l a r  s y s t e m  is  p r o v i d e d  b y  t h e  r e s o n a n c e  
s i g n a l  o f  t h e  c a r b i n o l  p r o t o n  ( > C H * - O H )  w h ic h  a p p e a r s  a s  a  b r o a d  s i n g l e t  
in  t h e  6 0 - M K z  s p e c t r u m  o f  t h e  a l c o h o l .  S i n c e  t h i s  i n d i c a t e s  n e g l i g i b l e  
c o u p l i n g  w i t h  t h e  v i c i n a l  p r o t o n  o n  t h e  c y c l o h e x a n e  r i n g ,  a  f i x e d  d i h e d r a l  
a n g l e  o f  a p p r o x i m a t e l y  9 0 °  is  p r e d i c t e d .  M o d e l s  I I  a n d  I I I  a r e  b o t h  in  
a c c o r d  w i t h  t h e s e  o b s e r v a t i o n s  (s e e  r e f  1 f o r  m o r e  c o m p l e t e  d i s c u s s i o n ) .
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sidered to be in doubt. However, further nmr analysis 
of this molecule is felt to be desirable for purposes of 
comparison with the results for c is -A .

A complete interpretation of the nmr spectrum, 
yielding the chemical shifts and coupling constants of 
all protons, would be desirable to minimize the likeli
hood of error in making correlations with structural 
features of the molecule. Unfortunately, hydrogens 
in the cyclohexane and piperidine rings of I give rise to 
broad overlapping bands which reveal little detailed 
line structure. Hence, there is no way to make a full 
analysis using presently available techniques. Since 
selective deuteration3-8 has been used successfully in 
the past to simplify spectra by eliminating masking 
signals of protons of lesser interest, model compounds 
(V) of the two cis piperidino alcohols were synthesized 
in which 16 of the 20 hydrogens in the cyclohexane and 
piperidine rings are replaced by deuterium. In each

V

compound, the four remaining hydrogens in the cyclo
hexane ring and the carbinol hydrogen in the side chain 
give rise to spectral bands which may be analyzed as a 
five-spin system using standard computer techniques.9 
Although the existence of HD couplings is a potential 
source of complication in the proton resonance patterns, 
the small magnitude of such interactions often leads to 
little more than apparent line broadening so that ad
verse effects are minimal.10 I t  should be noted that 
the effects of the HD couplings may provide useful in
formation pertaining to the geometry of the system.

Spectral Analysis.—The regions of interest in the 
100-MHz spectra of c is -A and cfs-B are shown in the 
upper traces of Figures 1 and 2, respectively. In both 
spectra the signal of the carbinol proton (IF in structure
V) appears as a doublet approximately 5-ppm down- 
field from the TMS reference. Since the multiplet at 
5 2.95 in Figure 1 appears in a position characteristic of 
an alkyl CH group bonded to an amine nitrogen, it can 
be ascribed to H 3. The remaining bands in the two 
spectra cannot be assigned with confidence by direct 
inspection. Hence, spin decoupling experiments were 
utilized to determine the assignments of the upfield 
signals. For example, in the spectrum of ds-A, ir- 3 4 5 6 7 8 9 10

(3 )  F .  A .  L. A n e t ,  J . A m er . C h em . S o c .,  84, 1 0 5 3  ( 1 9 6 2 ) .
(4 )  A .  H .  L e w i n  a n d  S . W i n s t e i n ,  ib id .,  84, 2 4 6 4  ( 1 9 6 2 ) .
(5 )  A .  C .  H u i t r i c ,  J .  B .  C a r r ,  W .  F .  T r a g e r ,  a n d  B .  J .  N i s t ,  T etrah ed ron , 

19, 2 1 4 5  ( 1 9 6 3 ) .
(6 )  F .  A .  L .  A n e t ,  M .  A h m a d ,  a n d  L .  D .  H a l l ,  P r o c .  C h em . S o c ., L o n d o n , 

1 4 5  ( 1 9 6 4 ) .
( 7 )  E .  P r e m u z i c  a n d  L .  W .  R e e v e s ,  J .  C h em . S o c . {L o n d o n ),  4 8 1 7  ( 1 9 6 4 ) .
(8 )  E .  W .  G a r b i s c h ,  J r . ,  a n d  M .  G .  G r i f f i t h ,  J . A m e r . C h em . S o c .,  90, 6 5 4 3  

( 1 9 6 8 ) .
(9 )  J .  D .  S w a l e n ,  P r o g r . N u d .  M a g n . R eso n a n ce  S p ec tro sc .,  1 ,  2 0 5  ( 1 9 6 6 ) .
( 1 0 )  A l t h o u g h  t h e  e f f e c t s  o f  H D  c o u p l i n g s  m a y  b e  r e m o v e d  b y  d o u b l e  

i r r a d i a t i o n ,  t h i s  t e c h n i q u e  w a s  n o t  e m p l o y e d  in  t h e  p r e s e n t  c a s e  b e c a u s e  o f  a  
la c k  o f  t h e  n e c e s s a r y  h e t e r o n u c l e a r  d e c o u p l i n g  e q u i p m e n t .

radiation of H5 at 5.0 causes the multiplet at 1.56 to 
collapse into a broad doublet, thus indicating the posi
tion of H4. A similar experiment with cfs-B reveals 
that the pattern centered at 2.27 corresponds to H4. 
With this information, the six-peak multiplet at 2.49 
in Figure 2 can be assigned to H 3. The geminal hydro
gens, Hi and H2, give rise to the remaining signals in the 
two spectra. A sizable chemical shift difference be
tween Hi and H2 is evident in the curve for c is -A, but 
the difference is much less in the spectrum of cfs-B.

Using approximate chemical shifts and coupling con
stants obtained by inspection as initial data, a series of 
calculations were performed with the laocn3 u com
puter program in order to produce refined values. 
After each computation, a plot of the theoretical spec
trum was compared to the experimental curve and ap
propriate changes in the shifts, couplings, and line 
widths were made to improve the fit. Although HD 
couplings were not explicitly included in the calcula
tions, adjustment of line widths compensated to a large 
extent for the observed effects of such interactions on 
the spectral bands of Hi, H2, and H 4. Since some of 
the HD splittings are partially resolved, a few slight 
discrepancies between the observed and calculated band 
shapes may be noted in Figures 1 and 2. However, 
the overall agreement is quite good. A list of the final 
nmr parameters for the two molecules is given in Table 
I.

T a b l e  I

P r o t o n  M a g n e t i c  R e s o n a n c e  D a t a

C h e m i c a l A p p a r e n t C o u p l i n g
H y d r o g e n s s h i f t s “ l i n e  w id th s** c o n s t a n t s “ ’ **

c is - A
H, 2.09 1.3 J  i2 = -1 4 .8  

J  i3 = 2 . 0

h 2 1.40 3.0 J u  = 5.7
h 3 2.95 0.9 J z i  = 4.8
h 4 1.56 2.3 J ib  = 2 . 0

h 5 5.00 2 . 0

cfs-B
H, 1.76 3.4 J n  =  - 1 2 . 2  

J  i3 = 12.3
h 2 1.91 2 . 0 J  23 — 3.5

. lu  = 1 . 0

h 3 2.49 1 . 6 J  si — 3.6
h 4 2.27 2 . 0 J ib  =  1 0 . 0

h 3 4.98 1 . 8

° Measured in parts per million (ppm) downfield from TMS. 
The estimated error in the values is ±0.01 ppm. b The values 
given are the theoretical line widths at half height (measured in 
hertz) which yield the best visual agreement with observed peak 
intensities. c Measured in hertz with an estimated error of ±0.1 
Hz. d In compound c is -A , the relative signs of J J ia, and J u  
were established by the spin tickling method of Friedman and 
Gutowsky [J . C h em . P h y s ., 45, 3158 (1966)]. The geminal cou
pling was assumed to be negative in accordance with previous 
studies of saturated alkanes (see J. W. Emsley, J. Feeney, and L. 
H. Sutcliffe, “ High Resolution Nuclear Magnetic Resonance 
Spectroscopy.”  Vol. 2, Pergamon Press, New York, N. Y., 1966, 
pp 677-683). Generally accepted signs were chosen for com
pound cfs-B.

Discussion

Successful correlations between proton-proton cou
pling constants, in the system H C C 'H ' and

( 1 1 )  S .  C a s t e l l a n o  a n d  A .  A .  B o t h n e r - B y ,  J .  C h em . P h y s . ,  41, 3 8 6 3  

( 1 9 6 4 ) ;  L A O C N 3, M e l l o n  I n s t i t u t e ,  P i t t s b u r g h ,  P a . ,  1 9 6 6 .
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Figure 1.—Upper trace: 100-MHz spectrum of partially
deuterated c is-A in 0.01 M  CDCh solution. Lower trace: 
plot of calculated spectrum with adjusted line widths to com
pensate for broadening effects of HD interactions.

dihedral angles, <t>hho have often been made using re
lationships of the form12

Jhh/ =  A  cos2 <t>hh' +  B  cos <f>hh' ( 1 )

where the coefficients A  and B  depend upon the CC 
separation, the CCH bond angles, and the ionic effects 
of other substituents on the carbons.13 Relative dif
ferences in bond lengths and bond angles in the cyclo
hexane rings of the two cis isomers under consideration 
are expected to be minimal on account of the constraints 
of the cyclic system. However, previous studies14-16 
have indicated that changing the positions of bulky 
ring substituents does alter the ring geometry somewhat 
causing differences in the coefficients A  and B  of eq 1. 
The resultant uncertainty in- predicting dihedral angles 
from observed vicinal couplings is roughly ±20% . 
Nevertheless, eq 1 provides a useful basis from which to 
draw qualitative conclusions regarding ring geometry. 
For the purpose of making order-of-magnitude com
parisons, consider the relationship with A  = 13 Hz and 
B  = 0 which are similar to the coefficients given by 
Garbisch and Griffith8 for cyclohexane. If distortions 
of the ring from a perfect chair form are neglected, we 
obtain the following possible vicinal coupling constants 
between protons in various ring configurations: J aa = 
13 Hz and J ae = J ee =  3.2 Hz. For a perfect boat 
form, the vicinal proton-proton couplings are J aa/ =
Ja'a' Je'e' Id Hz and J ag' J aa Jee' a'e'3.2 Hz, where a denotes the flag hydrogen, e the bow
sprit, a ' indicates a pseudoaxial hydrogen, and e ' a 
pseudoequatorial hydrogen. Although the eclipsed 
interactions associated with the boat form make this 
conformation highly unlikely, some twisting of the ring 
would reduce the repulsions considerably. The flexible 
nature of the boat form allowrs such skewing without 
undue distortion of bond lengths and angles in the ring. 
Variations in the vicinal coupling constants due to de
viations of the dihedral angles from those of a perfect 
boat conformation may be predicted qualitatively using eq 1. 12 13 14 15 16

( 1 2 )  M .  B a r f ie l d  a n d  D .  M .  G r a n t ,  A d v a n . M a ori. R eso n a n ce , 1 , 1 4 9  
( 1 9 6 5 ) .

(1 3 )  M .  K a r p l u s ,  J . A m er . C h em . S o c .,  85, 2 8 7 0  ( 1 9 6 3 ) .
(1 4 )  R .  U .  L e m i e u x  a n d  J .  W .  L o w n ,  T etrah ed ron  L ett., 1 2 2 9  ( 1 9 6 3 ) .
(1 5 )  F .  A .  L .  A n e t ,  R .  A .  B .  B a n n a r d ,  a n d  L .  O . H a l l ,  C a n . J .  C h em ., 41, 

2 3 3 1  ( 1 9 6 3 ) .

(1 6 )  F .  A .  L .  A n e t ,  J . A m e r . C h em . S o c .,  84, 1 0 5 3  ( 1 9 6 2 ) .

Figure 2.—Upper trace: time-averaged 100-MHz spectrum
of partially deuterated cis-B in 0.001 M  CDCL solution. The 
spectrum was drawn after 265 scans on the Varian C-1024 CAT. 
Lower trace: plot of calculated spectrum with adjusted line
widths to compensate for effects of HD couplings.

Figure 3.—Schematic representations of first-order perturbing 
effects of an adjacent CD2 group on a proton spectral line when 
(a) H is ecuatorial in the cyclohexane ring, (b) the HD inter
actions are decoupled by irradiating the deuterium nuclei, and 
(c) H is axial.

The effects of the vicinal proton-deuterium coupling 
constants also provide a source of conformational data. 
I t  is possible to estimate the magnitude of J hd 
from the coupling J hh' 1,1 the corresponding system 
where H ' replaces D by using the expression

J hd — — - Jim' — 0.1535 J hh' (2)
T H

where yd and yh are the respective magnetogyric ratios 
of the isotopes. As yd is less than one-sixth of yh, the 
splittings due to vicinal deuterium atoms in a saturated 
molecule generally wall be no more than 2 Hz. This 
fact, combined with complex resonance patterns re
sulting from the deuterium magnetic quantum number 
I D = 1, often leads to unresolved splittings and appar
ent line broadening in the proton spectrum. As shown 
in the schematic drawings of Figure 3, the effect of an 
adjacent CD2 group on the spectral lines of a given hy
drogen depends greatly on the position of the hydrogen. 
Although the HD couplings lead to significant line 
broadening when H is equatorial, an even wider pattern 
with some resolution of the component lines may result 
if H is axial. The apparent line widths of Hi, II2, and 
H 4 in the partially deuterated cis piperidino alcohols 
clearly show these effects.

I t  is of interest to examine the experimental nmr 
data for compound cfs-B in light of the foregoing ob
servations H3 experiences one large axial-axial cou
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pling and two smaller axial-equatorial interactions in 
accord with the requirements of structure IV. Further
more, the signals corresponding to the axial Hi are 
~ I.4 -H z wider than those of the equatorial hydrogens, 
H2 and H4. The signals of H3 and H5, which experience 
no significant HD coupling, are much narrower as ex
pected. An interesting item is the existence of long- 
range coupling between the equatorial hydrogens H2 
and H4 in agreement with previous observations on 
various saturated six-membered-ring compounds.17 
The observed value of is also consistent with IV in 
that it could correspond to a dihedral angle <£« ~  150°, 
thus facilitating formation of an internal hydrogen bond 
between the hydroxyl group and the piperidino nitro
gen.

The vicinal couplings exhibited by H3 in compound 
c i s - k  do not agree well with the theoretical values for 
either a perfect chair or a boat conformation of the cy
clohexane ring. A possible explanation for the dis
agreement could be the existence of an equilibrium be
tween II  and its inverted isomer VI. However, there

is an axial-axial relationship between H 4 and H3 in VI 
which would contribute a sizable amount to the ob
served value of J i3 if this isomer were present to a sig
nificant degree. Since the actual value of J 43 is much 
too small in c i s - k  to allow for any contribution from VI, 
it is concluded that the presence of this structure may 
be discounted.18 As the foregoing explanation for the 
disagreement must be discarded, it might be argued 
that the assumed magnitudes of the terms A  and B  
used in eq 1 to obtain the theoretical couplings are ex
ceptionally poor for this case. However, the relation 
yields satisfactory correlations for compound cfs-B and 
severe distortions of the cyclohexane ring in c i s - k  
would be required to alter the values of A  and B  suffi
ciently to produce the observed shifts. Hence, it is 
felt that the coupling constants mainly reflect changes 
in the dihedral angles resulting from a slight cyclo
hexane ring deformation.

One possibility that may be ruled out is a twist-boat 
conformation similar to that of structure III  with Hi as 
bowsprit, H2 in the flag position, and the remaining 
ring hydrogens, H3 and H 4, in pseudoaxial positions. 
The fact that </23 and J 34 are larger than J 13 is consis
tent with this assignment. In  order to obtain theoret
ical couplings of the magnitude observed, eq 1 requires 
dihedral angles of the order <R3 ~  70°, < 3̂ =  130°, and 
034 ~  50°. However, these angles are not mutually 
compatible since pseudorotation of the boat in a direc
tion which yields qualitatively correct values for <fc3 
and #34 simultaneously gives <t>n =  10° (J i3 ~  12.7 Hz).

( 1 7 )  A .  R a s s a t ,  C .  W .  J e f f o r d ,  J .  M .  L e h n ,  a n d  B .  W a e g e l l ,  T etra h ed ron  
L ett.,  N o .  5 ,  2 3 3  ( 1 9 6 4 ) .

( 1 8 )  T h i s  is  in  a g r e e m e n t  w i t h  t h e  c o n c l u s i o n s  g i v e n  in  r e f  1 w h i c h  e l i m i 
n a t e d  s t r u c t u r e  V I  o n  t h e  b a s is  o f  s e v e r e  s t e r i c  i n t e r a c t i o n s  b e t w e e n  t h e
a r o m a t i c  a n d  c y c l o h e x a n e  r i n g s .

Furthermore, the pseudorotation would almost restore 
the ring to a perfect boat with the piperidino group in 
pseudoaxial position which is indeed a highly unfavor
able arrangement. As a second possibility, the cyclo
hexane ring could assume a slightly distorted chair con
formation appearing much like structure II. With 
this arrangement Hj and H3 are designated as equa
torial hydrogens while H2 and H4 are assigned to axial 
positions. In this case, the approximate dihedral an
gles predicted by eq 1 would be <j>u ~  70°, <t>n ~  50°, 
and <f>3i ~  50°. These angles correspond well with the 
results expected for a flattened chair in which the stress 
associated with an axial piperidino group has been re
lieved somewhat by tipping the group away from the 
ring center. The value of does not appear to be of 
consequence in deciding between the two possible c i s - k  
structures. It corresponds to a dihedral angle, <f>i5 ~  
70°, which permits formation of an internal hydrogen 
bond in both cases.

A summary of the conclusions drawn from the vicinal 
coupling data is given in Table II. Omitted from the

T a b l e  II
R e l a t i o n s h i p s  b e t w e e n  V i c i n a l  C o u p l i n g  

C o n s t a n t s  a n d  M o l e c u l a r  G e o m e t r y  i n  cis-A a n d  cis-B
S u g g e s t e d

*Ihh/, Con cyclohexane ring
Compd H . H ' H z degrees figuration conformation
C I S - A Hi,H3 2 . 0 70 ee

h 2,h 3 5.7 50 ae Slightly flat
h 3,h 4 4.8 50 ea tened chair
h 4,h 5 2 . 0 70 Gauche

cis-B h „ h 3 12.3 170 aa
h 2,h 3 3.5 60 ea Chair
h 3,h 4 3.6 60 ae
h 4,h 5 1 0 . 0 150 Trans

“ In accordance with the approximate nature of eq 1, the 
dihedral angles are given to the nearest 1 0 ° for the purpose of 
indicating orders of magnitude. Although there are two possible 
angles for each coupling, only those combinations consistent with 
the geometric requirements of cyclohexane ring are reported.

table are those sets of dihedral angles which correspond 
to boat forms of the cyclohexane ring with bulky sub
stituents in flag or pseudoaxial positions. Such struc
tures are considered highly unlikely on steric grounds. 
Although the vicinal proton-proton coupling constants 
seem to be in accord with a flattened chair conformation 
for the c i s - k  ring, the approximate nature of the correla
tion makes it imperative to investigate the remaining 
nmr data for corroborative or contradictory evidence.

In compound c i s -k ,  the signals of Hi, H2, and H4 dis
play the expected line-broadening effects of HD cou
pling. The relative fine widths are also consistent 
with the assigned configurations of the three hydrogens 
in the deformed chair structure. It is interesting to 
note that the line widths in the H2 multiplet are con
siderably broader than the lines of the other axial hy
drogen H4 while the equatorial Hi signals are surpris
ingly narrow. These data suggest that the HD dihe
dral angles are reflecting the changes associated with 
flattening of the cyclohexane ring.

According to Pople and Bothner-By,19 the magnitude 
of the geminal coupling constant in a methylene group 
is sensitive to the relative configuration of an electro
negative substituent, X, on an adjacent carbon. The

(1 9 )  J . A .  P o p le  a n d  A . A . B o t h n e r -B y ,  J. Chem. rhys., 42, 1 33 9  (1 9 6 5 ).
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N h 3

Figure 4.—Relative configurations of Hi, II2, H3, and N in 
structures II, III, and IV. The projection view in each case is 
down the bond connecting the carbon on which H, and H2 are 
located with the carbon to which H3 and the piperidino group are 
attached.

theory predicts an algebraic decrease in J ff“ , when 
the electron-withdrawing atom or group is trans 
to one of the CH2 hydrogens. If both hydrogens are 
gauche to X, a small positive contribution to the gem- 
inal coupling is expected. I t  is, therefore, possible to 
qualitatively account for the observed 2.5-Hz difference 
in J 12 between compounds c is-A and cts-B on the basis 
of the relative configurations of Hi, H2, and the piperi
dino nitrogen. The diagrams of Figure 4 show that Hi 
and H2 are both gauche to N in structures I I I  and IV. 
Hence, if c is-A were similar to III, the experimental 
value for J u  would be expected to differ negligibly from 
the corresponding coupling in cis-B. I t  is noted that 
H2 and N would be nearly trans in the flattened chair. 
As this would give rise to a negative contribution to 
J i2, the observed difference in the geminal couplings 
follows from the theory and gives additional support to 
the proposal that c is-A has structure I I .20

In the absence of shielding effects from sources ex
ternal to the cyclohexane ring, it has been found that 
axial hydrogens exhibit resonance signals approximately 
0.5-ppm upfield from equatorial hydrogens if the ring 
adopts the chair form and does not undergo rapid con
formational interconversion.21 With substituted cy
clohexanes, the relative shifts of the ring hydrogens may 
be greatly altered or even reversed by the magnetic 
shielding effects of the attached groups. In both c is-A 
and c is -B, the ring substituents should give rise to sig
nificant shifts as a result of electronegativity differences, 
magnetic anisotropy, and steric interactions. In order 
to determine whether the chemical shifts of ring hydro
gens in c is -A  exhibit unusual features not in accord with 
the proposed structure II, the resonance position of 
each hydrogen may be compared with that of its iden
tically numbered, but oppositely oriented, counterpart 
in cfs-B. The resulting chemical shift differences listed 
in Table III demonstrate in every case that the equa
torial hydrogen resonates at lower field than the cor
responding axial hydrogen. However, the wide varia
tion in the quantity ¿e-<5a indicates that the ring sub
stituents do exert significant long-range shielding effects 
in the two compounds. Nevertheless, the observed 
chemical shifts are quite compatible with the proposed 
structure II for compound c is -A.

( 2 0 )  W i d e n i n g  o f  t h e  C - C H r - C  a n g l e  in  t h e  c y c l o h e x a n e  r i n g  a l s o  y i e l d s  a  
n e g a t i v e  c o n t r i b u t i o n  t o  Ji*  [s e e  R .  C a h i l l ,  R ,  C .  C o o k s o n ,  a n d  T .  A .  C r a b b ,  
T etra h ed ron , 25, 4 7 1 1  ( 1 9 6 9 ) ] .  A  s l i g h t  w i d e n i n g  o f  t h i s  a n g l e  s h o u l d  
a c c o m p a n y  f l a t t e n i n g  o f  t h e  c y c l o h e x a n e  r in g .

( 2 1 )  F .  A .  B o v e y ,  F .  P .  H o o d ,  E .  W .  A n d e r s o n ,  a n d  R .  L .  K o r n e g a y ,  
P r o c .  C h em . S o c .,  4 1 8  ( 1 9 6 4 ) .

T a b l e  III
C o m p a r i s o n  o f  C h e m i c a l  S h i f t s  E x h i b i t e d  b y  

C o r r e s p o n d i n g  R i n g  H y d r o g e n s

I N  C IS -A  A N D  C Z S -B  

✓ — R i n g  c o n f i g u r a t i o n — » 5e-5a,
H y d r o g e n I I I V p p m

H, e a 0.33
h 2 a e 0.51
h 3 e a 0.46
Hi a e 0.71

In summary, analysis of the nmr data obtained from 
the selectively deuterated cis 1,3-piperidino alcohols 
(V) leads to the conclusion that the cyclohexane ring 
possesses a chair conformation in both isomers. The 
evidence best fits a slightly flattened chair for com
pound c is-A in which the bulky piperidino group as
sumes an axial position.2'2

Experimental Section

The synthesis of the deuterated c is -A  and c is -B isomers V was 
based on the previously described preparation of this class of 
compound. 1

2-(p-Methoxybenzoyl)cyclohexanone-3,3,4,4,5,5-d6-—Cyclo
hexanone-3,3,4,4,5,5-c/6 was synthesized from cyclohexanone-dm 
(Merck anc Co.) in a manner analogous to that described by 
Anet23 for the preparation of cyclohexanone-2,2,6 ,6 -d ,. The 
presence of a molecular ion at m / e  104 confirmed the isotopic 
composition.

The pyrrolidine enamine of cyclohexanone-3,3,4,4,5,5-d6 was 
prepared frcm 0.5 g (0.0048 mol) of cyclohexanone-3,3,4,4,5,5-d6 
and 2  g of distilled pyrrolidine in 1 0 0  ml of dry benzene at reflux 
for 2 hr using a Soxhlet with an extraction thimble containing 10 
g of Linde Molecular Sieves No. 4A. The benzene was evaporated 
and the oil residue dissolved in 16 ml of chloroform (purified by 
passage through Woelm neutral alumina, activity I).

A solution of 0.86 g (0.00504 mol) of p-anisoyl chloride in 1 ml 
of purified enloroform was added over 4 min to the above chloro
form solution and 0.5 g (0.00495 mol) of distilled triethylamine in 
a nitrogen atmosphere at 0-5°. The reaction was stirred for 1 
hr at 0-10° and then for 16 hr at room temperature. Work-up 
in the usual way gave 0.439 g (38.5%) of the keto-enol forms, mp 
64-80°. In a subsequent run the yield of product was 49%. 
The mass spectrum showed a molecular ion at 238 (calcd 238).

c!S-A-(2-Pioeridino)-«-(p-methoxyphenyl)cyclohexanemethanol- 
di6.—Pipericine-dio (NH) was prepared by equilibration of 0.500 
g of piperidine-dn (Merck and Co.) with 0.5 ml of water and 5 
mg of p-toluenesulfonic acid monohydrate in toluene in a stop
pered round-bottomed flask. The toluene layer was dried by 
stirring over 3 g of Linde Molecular Sieves No. 4A for 30 min. 
This drying procedure was repeated with 3 g of fresh molecular 
sieves. The toluene layer was combined with toluene washings 
of the molecular sieves and filtered (gravity) into a 30-ml round- 
bottomed flask fitted with a 10-ml-capacity Soxhlet and an ex
traction thimble containing 1.5 g of fresh molecular sieves.

To the toluene solution was added 10 mg of p-toluenesulfonic 
acid monohydrate and 0.238 g (0.001 mol) of 2-(p-methoxy- 
benzoyl)cycl ihexanone-3,3,4,4,5,5-(/6; the solution was heated at 
reflux under nitrogen for 16 hr. The toluene was evaporated in  
vacu o . The enamine was dissolved in 25 ml of dry ethanol and 
hydrogenated in the presence of 0 . 1 0  g of platinum oxide for 2 1  hr 
at an initial pressure of 50 psi. The solvent was evaporated and 
the residue dissolved in 15 ml of ether which was extracted with 
five 5-ml portions of 10% acetic acid. The acetic acid layer was 
cooled and then basified with 20% sodium hydroxide. The re
sulting oil was extracted into ether and the dried ether layer 
evaporated to 0.26 g of oil. The hydrochloride was prepared and 
crystallized f-om methanol-ether, 0.242 g (6 8 %), mp 238-238.5°.

( 2 2 )  I t  i s  o f  I n t e r e s t  t o  n o t e  t h a t  i n  t h e  c a s e  o f  t h e  h y d r o c h l o r i d e  o f  c is -A  
( V  H C I )  in  D 2D  w h e r e  in t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  m a y  p l a y  a  m i n o r  
r o l e ,  n m r  a n a l y s i s  i n d i c a t e s  t h a t  t h e  p i p e r i d i n o  g r o u p  a d o p t s  t h e  m o r e  s t a b l e  
e q u a t o r i a l  p o s i t i o n .

( 2 3 )  F .  A .  L  A n e t ,  C a n .  J . C h em ., 39, 2 2 6 2  ( 1 9 6 1 ) .
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The mass spectrum indicated die ( m /e  319) and a minor quantity 
of die (m /e  318). A sample of the hydrochloride was converted 
to the free base and purified by silica gel chromatography eluting 
with methanol-methylene chloride mixtures.

c is-B, 2-Piperidinoa-(p-methoxy phenyl jcyclohexanemetha- 
nol-di6.—A sample of c is-A free base was isomerized with tri-

fluoroacetic acid as previously described. 1 The crude product 
was purified by silica gel chromatography and crystallization 
from ether ( — 20°), mp 133-135°. The mass spectrum was the 
same as the spectrum of the c is-A isomer.

Registry N o .— c is -A , 13724-43-1; as-B, 13724-46-4.

A Synthesis of Dihydrothiopyran-3-ones.
The Intramolecular Cyelization of Allylthioglycolic Acid Chlorides

K ikum asa  Sato ,* Seiich i I n o u e , and  K eiichi K ondo 

D ep a rtm en t o f  A p p l ie d  C h em istry , F a cu lty  o f  E n g in eerin g , Y oko h am a N a tio n a l U n iv e rs ity , M in a m i-k u , Y oko h am a, J a p a n
R eceived J a n u a r y  27 , 1 9 70

Intramolecular cyelization of allylthioglycolic acid chloride effected by aluminum chloride gave two products,
3,4-dihydro-2//-thiopyran-3-one and 3,6-dihydro-2Z/-thiopyran-3-one. Under similar conditions 3-methyl-, 
2-methyl-, and 3,3-dimethylallylthioglycolie acid chloride produced 4-methyl- and 5-methyl-3,6-dihydro-2Zf- 
thiopyran-3-one and 4-isopropylidenetetrahydrothiophen-3-one, respectively. The substituent effects on the 
directionality of cyelization are discussed.

While the chemistry of thiopyrones have been widely 
investigated, little is known about the synthesis and 
chemical behavior of the isomeric thiopyran-3-one 
system. In the course of our study on the intra
molecular cyelization of compounds containing hetero- 
atoms, we are interested in thiopyran-3-ones, and we 
have now developed a novel and versatile synthesis for
3,6-dihydrothiopyran-3-ones bearing substituents on 
the ring.

The cyelization of benzylthioglycolic acid chloride 
reportedly produces isothiochromanone-4 ( l ) .1 Anal
ogous formation of the parent thiopyranone 2 has not

0

2

been reported.2 We report here successful cycliza- 
tion of allythioglycolic acid chlorides to the previously 
unknown thiopyranone.

Allylthioglycolic acid (3a)3 was synthesized in 82% 
yield by the reaction of allyl chloride with thioglycolic 
acid in aqueous sodium hydroxide solution. The acid 
was then converted into the acid chloride 4a in 89% 
yield by the reaction with thionyl chloride. Treatment 
of acid chloride 4a with aluminum chloride in 1,1,2,2- 
tetrachloroethane (TCE) at 50-55° gave 5a and 6a in 
a ratio of 53:47.

The structure of the lower boiling compound 5a,
3,4-dihydro-2//-thiopyran-3-one, was suggested by a 
combination of spectral data: ir 1710, 960, and 
655 cm“ 1; uv 221 and 242 m p  (a^-unsaturated sulfide); 
nmr two methylene groups at 8 3.23 and 2.97 ppm, and

( 1 )  (a )  R .  L e s s e r  a n d  A .  M e h r l ä n d e r ,  B e r ., B ,  5 6 ,  1 6 4 2  ( 1 9 3 2 ) ;  ( b )  P .  
C a g n i a n t  a n d  M .  P .  C a g n i a n t ,  B u ll . S o c . C h im . F t., 1 9 9 8  ( 1 9 5 9 ) .

(2 )  Q u i t e  r e c e n t l y  W .  C .  L u m m a ,  J r . ,  a n d  G .  A .  B e r c h t o l d  [J . O rg. C h em ., 
3 4 ,  1 5 6 6  (1 9 6 9 )  J h a v e  i n d e p e n d e n t l y  r e p o r t e d  t h e  s y n t h e s i s  a n d  p h o t o 
c h e m i s t r y  o f  5 - m e t h y l - 3 , 6 - d i h y d r o - 2 i ? - t h i o p y r a n - 3 - o n e .

(3 )  ( a )  E .  L a r s s o n  a n d  B .  O .  O s b e r g ,  A cta  C h em . S ca n d .,  1 4 ,  7 6 8  ( 1 9 6 0 ) ;
( b )  E .  L a r s s o n ,  B er .,  6 3 ,  1 3 4 7  ( 1 9 3 0 ) .

Alt A3
CH2=CHCH2SCH2C0C1

4a

5a 6a

two olefinic protons at 5 5.83 and 6.25 ppm (each 
double triplet).

Another higher boiling product 6a, 3,6-dihydro-2//- 
thiopyran-3-one, was characterized by a carbonyl band 
at 1670 cm-1 and uv absorption maximum at 234 m p , 
suggesting the presence of a CH =CH CO  unit. The 
nmr spectrum of 6a showed signals of two olefinic 
protons at 8 5.89 and 6.90 ppm (each double triplet), 
as well as two methylene groups at 8 3.20 and 3.21 ppm.

Cyelization of 4a would be expected to lead to 3,6- 
dihydro-2//-thiopyran-3-one (6a), to 3,4-dihydro-2//- 
thiopyran-3-one (5a), or to 4-methylenetetrahydrothio- 
phen-3-one (7a). The third possible product 7a was

7a

not formed, since the ir spectra of products, especially 
that of the higher boiling material having a conjugated 
carbonyl function, showed no absorption of a methylene 
group at ca. 890 cm-1 or somewhat higher region,4 and 
nmr pattern of olefinic proton signals of products is 
characteristic as a cis-disubstituted olefin rather than a 
exo methylene system (7a). The assignment of a thio- 
pyran-3-one skeleton to our products was ultimately 
confirmed by catalytic reduction of 5a and 6a to the 
known ketone 8.5

H2—Pd/t H-Pd/C ^
54 MeOH  ̂ MeOH

&
8

( 4 )  L .  J .  B e l l a m y ,  " T h e  I n f r a - r e d  S p e c t r a  o f  C o m p l e x  M o l e c u l e s , "  W i l e y ,  

N e w  Y o r k ,  N .  Y . ,  1 9 5 8 ,  p  5 1 .
(5 )  f a )  N .  J .  L e o n a r d  a n d  J .  F ig u e r a s ,  J r . ,  J .  A m e r . C h em . S o c .,  7 4 ,  9 1 7  

( 1 9 5 2 ) ;  ( b )  E .  A .  F e h n e l ,  ib id .,  7 4 ,  1 5 6 9  ( 1 9 5 2 ) .
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m/e

Figure 1.—Mass spectra of (A) 5a and (B) 6 a.

The position of the double bonds of 5a and 6a was 
additionally confirmed on the basis of mass spectral 
fragmentation pattern (Figure 1). Although both 
mass spectra of 5a and 6a indicate almost identical 
fragmentation, careful examination of relative intensity 
suggests that the structural assignment of A5i6-dihydro- 
thiopyran-3-one and A4’6-dihydrothiopyran-3-one to 5a 
and 6a, respectively, is correct. Thus, the relatively 
intense peak of m/e 85 in the spectrum of 5a compared 
to that of 6a is caused by elimination of a molecule of 
CHO from the molecular ion to form a five-membered 
C4H5S + ion (85) which then degrades to the well-sta
bilized H C =S+  ion (45) and cvclopropenyl cation 
C3H3+ (39). Two fragment ion peaks of m/e 72 
(C3H4S+) and 71 (C3H3S+) seem to be produced by the 
elimination of ketene from 5a by a retro-Diels-Alder 
fission (Scheme I).

Sch em e  I
P o ssib l e  F r a g m e n ta tio n  P a th  of Sa

1

m /e  114
-C O .-H

CH2= C H C H = S +
m /e  72

- H1

ch2= ch c= s+
m /e  71

m /e  85

/
H C = S +

m /e  45
m /e  39

On the other hand, the main degradation path of 6a 
is explained by bond fission between C-2  and C-3 and 
between C-6  and S, forming possibly vinylketene ion 
C4H40  + (68) and HC=sS+. Further degradation of 
the former ion leads, with expulsion of CO, to allene 
ion (40) or, with lose of HCO, to the cyclopropenyl 
cation (Scheme II).

Scheme II
Possible Fragmentation Path of 6 a

H C =S+
m /e  45

Two strong peaks of IIC = S  ( (45) and C3H 3+ (39) 
which are frequently observed in the mass spectrum of 
sulfur-containing heterocyclic compounds,6 may also be 
produced by a direct fission of 5a and 6a.

In order to examine the ratio of formation of 5a and 
6a, a brief study of the influence of catalyst and solvent 
on the cyclization of 4a was made, the results of which 
are summarized in Table I. In each case studied, 3,4-

T a b l e  I
C y c l iza t io n  of 4a in  V a r io u s  C o n d itio n s

Solvent C ata lyst
Temp,

°C
Tim e,

hr
Y ie ld,

%
R atio , 
5a :6a

cs2 AlCla Reflux 4.5 23 65:35
TCE“ AICk 50-55 4.0 42 53:47
TCE AlClj 55-65 3.5 2 2 70:30
cs2 SnCU 28-30 3.5 2 2 1 0 0 : 0

cs2 BF3 • OEt2 Reflux 2.5 0

“ 1,1,2,2-Tetrachloroethane.

dihydro-2ii-thiopyran-3-one was obtained in prefer
ential amount.

Cyclization of Substituted Allylthioglycolic Acid 
Chlorides.—The cyclization of allylthioglycolic acid 
chloride (4a) to give exclusively two isomeric six-mem- 
bered cyelenones 5a and 6a without formation of any

5 6
a , R1 =  H;R2 =  H;R3=H
b, R, =  CH3; R2 =  H; R3 =  H 
c)R1 =H ;R 2 =  H;R3 =  CH3

d, R, =  CH3; R2 =  CH3; R3 =  H
e, R, =  C6H5; R2 =  H; R:, =  II

(6) G. Spite ller, A d v a n .  H e t e r o c y d .  C h e m .,  7, 312 (1966).
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fiY-e-membered-ring compound prompted us to ex
amine the possible effect of alkyl substitution on the 
cyclization of the corresponding allylthioglycolic acid 
chloride. Thus, we have studied the cyclization of 
3-methylallvl- (crotyl-), 2-methylallyl- (methallyl-),
3,3-dimethylallyl- (prenyl-), and 3-phenylallyl- (cin- 
namyl-) thioglvcolic acid chlorides (4b-e). The acid 
chlorides 4b d were prepared from the corresponding 
acids 3b-d with thionyl chloride, but the attempted 
synthesis of 4e from cinnamylthioglycolic acid (3e) 
and thionyl chloride under various conditions was 
unsuccessful. Cyclization was carried out with alumi
num chloride at 50-55° in TCE and results are sum
marized in Table II.

T a b l e  II
C y c l i z a t i o n  o f  A l l y l t h i o g l y c o l i c  A c i d  C h l o r i d e s

C o m p d
T e m p ,

° C
T i m e ,

h r P r o d u c t s
Y i e l d ,

%

4a 50-55 4.5 5a (53%), 42

4b 50-53 2.5
6 a (47%) 

6b 30
4c 50-53 2.5 6 c 49
4d 50-53 1.5 7d 2 1

The structure assignment for the products emerged 
from an investigation of ir, uv, and nmr spectra.7 As 
shown in Table II, the cyclization of 4b or 4c afforded 
single products, the six-membered, conjugated cycle- 
nones 6b and 6c, respectively. However, 4d was con
verted exclusively to the five-membered-ring ketone 
7d. This abnormal behavior is attributed to the stabi
lization of the carbonium ion from 4d by methyl groups 
and/or the steric requirement of these methyl groups. 
Since the cyclization of 5-hexenoyl chloride has been 
reported to lead to 2-cyclohexenone and that of 5- 
heptenoyl chloride to 2-methyl-2-cyclohexenone,9 sub
stitution of C-3 methylene function of A5'6-unsaturated 
acid with thia linkage seems to exert no notable in
fluence on the mode of the cyclization of acid chlorides.

Experimental Section

General.—Melting points and boiling points are uncorrected. 
The infrared spectra were recorded with a Hitachi Model EPI-S2 
spectrophotometer and the uv spectra with a Hitachi Model 
EPS-3T spectrophotometer. The nmr spectra were obtained 
on a JEOL Model C-60H spectrometer in carbon tetrachloride 
solution with tetramethylsilane as an internal reference. The 
mass spectra were determined on a Hitachi Model RMU-6 E 
spectrometer. Gas chromatography was carried out on a Shi- 
madzu Model GC-1C gas chromatograph using a 3 mm X 260 
cm column of 25% silicone DC200 on Celite 545 with He as the 
carrier gas.

Starting Materials.—3-Methvlallyl alcohol, 10 3-methylallyl

( 7 )  C y c l i z a t i o n  o f  4b w o u l d  b e  e x p e c t e d  t o  l e a d  t o  5 - m e t h y l - 3 . 6 - d i h y d r o -  
2 i / - t h i o p y r a n - 3 - o n e  (6b) a n d / o r  4 - e t h y l i d e n e t e t r a h y d r o t h i o p h e n - 3 - o n e  
(7b), b u t  t h e  l a t t e r  f o r m u l a  w a s  e l i m i n a t e d  c h i e f l y  b e c a u s e  o f  t h e  s m a l l  c o u 
p l i n g  c o n s t a n t  ( 1 .5  H z )  b e t w e e n  t h e  o l e f i n i c  p r o t o n  a n d  t h e  m e t h y l  p r o t o n s  
o n  t h e  o l e f i n  c a r b o n .  T h e  c o u p l i n g  c o n s t a n t  b e t w e e n  t h e s e  p r o t o n s  o f  7b 
w o u l d  f a l l  in  t h e  r a n g e  o f  4 —1 0  H z . 8

(8 )  (a )  D .  J .  P a s t o  a n d  C .  R .  J o h n s o n ,  " O r g a n i c  S t r u c t u r e  D e t e r m i n a t i o n , ”  
P r e n t i c e - H a l l ,  E n g l e w o o d  C l i f f s ,  N .  J . ,  1 9 6 9 ,  p  1 8 3 ;  ( b )  J .  W .  E m s l e y ,  J .  
F e e n e y ,  a n d  L .  H .  S u t c l i f f e ,  " H i g h  R e s o l u t i o n  N u c l e a r  M a g n e t i c  R e s o n a n c e  
S p e c t r o s c o p y , ”  V o l .  2 ,  P e r g a m o n  P r e s s ,  L o n g  I s l a n d  C i t y ,  N .  Y . ,  1 9 6 6 ,  p p  
7 1 0 - 7 4 5 .

( 9 )  ( a )  M .  F .  A n s e l l  a n d  S . S .  B r o w n ,  J . C h em . S o c .,  2 9 5 5  ( 1 9 5 8 ) ;  ( b )  
M .  O .  R i o s e ,  C .  R . A ca d .  S e t . ,  248, 2 7 7 4  ( 1 9 5 9 ) .

(1 0 )  R .  F .  N y s t r o m  a n d  W .  G .  B r o w n ,  J .  A m e r . C h em . S o c .,  69, 1 1 9 7
( 1 9 4 7 ) .

bromide, 11 3,3-dimethylallyl bromide, 12 and cinnamyl bromide13 
were prepared by the methods described in the literatures. The 
other chemicals were commercially available and purified by 
usual proceduies before use.

Allylthioglycolic Acids (3a-e).—These acids were obtained 
by the modified procedure reported by Larsson and Osberg.3» 
3-Methylallylthioglvcolic acid (3b) was prepared in 65% vield: 
bp 94-98° (0.13 mm); nMn 1.5057; ir 2930 (OH), 1705 (C^=0), 
960 cm- 1 (CH=CH). A n a l. Calcd for C6H10O2S: C, 49.29; 
H, 6.89. Found: C, 48.81; H, 7.16.

Allylthioglycolic Acid Chlorides (4a-d).—Allylthioglycolic 
acid (3a) (16.6 g, 0.13 mol) and a large excess of thionyl chloride 
(30 ml) were refluxed for 1 hr. After removal of the remaining 
thionyl chloride under reduced pressure, the residual oil was dis
tilled to give 16.8 g of allylthioglycolic acid chloride [4a, 89%, 
bp 63-65° (6  mm)]. Crotylthioglvcolic acid chloride (4b), 
methallylthioglycolic acid chloride (4c), and prenylthioglycolic 
acid chloride (4d) were similarly prepared, carbon disulfide being 
used as solvent in the case of 4c and 4d. The results are sum
marized in Table III.

3,4-Dihydro-2//-thiopyran-3-one (5a) and 3,6-Dihydro-2//- 
thiopyran-3-one (6a).—A solution of 4a (15.2 g, 0.10 mol) in 
dry TCE (40 ml) was slowly added over a period of 3.5 hr to a 
stirred solution of anhydrous aluminum chloride (15.0 g, 0.11 
mol) in dry TCE (80 ml) at 50-55°. Stirring was continued for 
1 hr at 50-55°, and then the mixture was cooled and poured into 
ice and diluted hydrochloric acid. The organic layer was sep
arated and the aqueous layer extracted with ether (four 30-ml 
portions). The combined organic layer was washed with satu
rated sodium bicarbonate solution, then saturated sodium chlo
ride solution, and dried (Na2S04). After the evaporation of 
solvent in  vacu o , distillation of the dark residue gave a light 
yellow oil (4.8 g, yield 42%), bp 70-80° (12 mm). Gas chroma
tographic analysis at 150° and 30 ml/min He flow showed two 
peaks with retention times 3.1 (53%) and 4.2 min (47%). The 
products were separated by preparative gas chromatography 
over silicone DC200. Redistillation of the former gave 5a as 
a colorless oil: bp 64-68° (5 mm); 1.5571; ir 1710 (C = 0 ), 
1390, 1238, 960 (CH=CH), 750, 655 cm "1; uv X„a* (95% EtOH) 
221 mu. (e 3540), 242 (3140), 374 (94); nmr h 2.97 (m, 2 H),
3.23 (s, 2 H), 5.83 (double t, 1 H, J  = 9 and 3.7 Hz), 6.25 ppm 
(double t, J  = 9 and 1.2 Hz); mass spectrum m /e  (rel intensity) 
114 (46), 85 (55), 72 (49), 71 (46), 6 8  (44), 45 (100), 40 (31), 39 
(85), 27 (27). The semicarbazone had mp 164-170° dec (nitro- 
methane).

A n a l. Calcd for C6H9ON3S (semicarbazone): C, 42.09;
H, 5.30; N, 24.54. Found: C, 41.86; H.5.40; N, 24.33.

On the other hand, the distillation of the latter gave 6a as 
a colorless oil: bp 70-72° (4 mm); n mT> 1.5642; ir 1670 (C = 0 ), 
1400, 1380, 1250, 875, 750, 695 cm“ 1; uv Xma* (95% EtOH) 234 
mM (« 6750), 367 (26); nmr S 3.20 (s, 2 H), 3.21 (m, 2 H), 5.89 
(double t, 1 H, J  =  10.5 and 1.5 Hz), 6.90 ppm (double t, 1 H, 
J  = 10.5 and 4.05 Hz); mass spectrum m /e  (rel intensity) 114 
(37), 85 (33), 72 (25), 71 (27), 6 8  (97), 45 (85), 40 (69), 39 (100), 
27 (25).

Tetrahydrothiopyran-3-one (8).—The dihydrothiopyran-3-one 
5a (0.5 g) was hydrogenated in methanol in the presence of 5% 
Pd/C (1.0 g) at room temperature. Evaporation of the solvent 
gave 8  (0 .2  g) as a colorless liquid: ir 2924, 1710 (C = 0 ), 1228, 
760 cm“ 1 (CSC); nmr 8 2.38 (m, 2  H), 2.40 (broad s, 2  II), 2.73 
(m, 2 H), 3.09 ppm (s, 2 H); mass spectrum m /e  (rel intensity) 
116 (100), 61 (33), 60 (96), 55 (33), 46 (71), 42 (71), 41 (33), 
39 (41). The semicarbazone had mp 163-164° (aqueous EtOH) 
(lit. mp 166.5-167°,6“ 165-166°5b).

Olefin 6 a was similarly hydrogenated to give 8  which was identi
cal with that obtained from 5a by comparison of ir and nmr spec
tra and the retention time of glpc.

Tetrahydrothiopyran-3-one 1,1-dioxide was obtained as a 
colorless solid on treatment of 8 with excess 30% hydrogen 
peroxide in glacial acetic acid-acetic anhydride. Recry.stalliza- 
tion of the product from ethanol afforded colorless crystals melt
ing at 147-148° (lit.6b mp 140-140.5°). Nmr spectrum in 
DMSO-d6showed multiplets at 5 2.05, 3.42, and 4.30 ppm.

A n a l . Calcd for C6H80 3S: C, 40.52; H, 5.44. Found: C, 
40.67; H, 5.53.

( 1 1 )  W .  G .  Y o u n g  a n d  J .  F .  L a n e ,  ib id .,  5 9 ,  2 0 5 1  ( 1 9 3 7 ) .
( 1 2 )  J .  T a n a k a ,  T .  K a t a g i r i ,  a n d  S . Y a m a d a ,  J .  C h e m .  S o c .  J a p . ,  87, 8 7 7  

( 1 9 6 6 ) .
( 1 3 )  P .  A .  B r i s c o e ,  F .  C h a l l e n g e r ,  a n d  P .  S .  D u c k w o r t h ,  J .  C h e m .  S o c . ,  

1 7 5 5  ( 1 9 5 6 ) .
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T able III
Allylthioglycolic Acid Chlorides“

C o m p d
Y i e l d ,

%
D p ,

° C  ( m m ) n 20 d c=o ---------------------------- - I r ,  c mc=c = C H C — S

4a 89 63-65 (6 ) 1.5104 1790 1635 930 700
4b 82 88-95 (13) 1.5108 1790 1660 970 700
4c 70 82-87 (15) 1.5060 1790 1645 903 700
4d 71 94-97 (10) 1.4889 1795 1665 840 700

Satisfactory analytical values (±0 .3%  for C and H) were reported for all compounds: Ed.

4-Methyl-3,6-dihydro-2if-thiopyran-3-one (6b ).—Essentially 
the same procedure as described above for the cyclization of 4a 
was employed. From 4.2 g of 4b was obtained 1.0 g (30%) of 
6b: bp 99-103° (15 mm); n®D 1.5491; ir 1670 (C = 0 ), 1080, 
893 cm-1; uv Am»* (95% EtOH) 245 mu (« 4810); nmr 5 1.78 
(d, 3 II, J  = 1.5 Hz), 3.18 (s, 2 H), 3.29 (m, 2 H), 6.70 ppm (m, 
1  H). The semicarbazone had mp 187-190° dec (aqueous acetic 
acid).

A n a l. Calcd for C-HnON3S (semicarbazone): C, 45.39; H, 
6.00; N, 22.69. Found: C, 45.43; H, 6.11; N, 22.79.

5-Methyl-3,6-dihydro-2ff-thiopyran-3-one (6 c).—The cycliza
tion of 4c was effected as described above: yield 49%; bp 85- 
95° (15 mm); n wd 1.5423 [lit. 2 bp 105-106° (6  mm); n md 1.5579]; 
ir 1670 (C = 0 ), 1273, 1023, 887 cm -'; uv Amax (95% EtOH) 
242 mM (e 7850); nmr S 2.00 (s, 3 H), 3.10 (s, 2 H), 3.15 (nearly 
s with fine splitting, 2 H), 5.78 ppm (double d, 1  H, J = 1.5 
and 3.0 Hz). The semicarbazone had mp 149-152° dec (aqueous 
acetic acid).

A n a l . Calcd for C 7 H 1 1 ON3 S (semicarbazone): C, 45.39; H, 
6.00; N, 22.69. Found: C, 45.21; H.6.11; N, 22.53.

4-Isopropylidenetetrahydrothiophen-3-one (7d).—The acid 
chloride 4d was similarly treated with aluminum chloride in TCE 
for 1.5 hr. The usual work-up afforded a ketonic product 7d:

yield 2 1 % ; bp 100-108° (13 mm); ji» d 1.5520; ir 1690 (C = 0 ), 
1618, (C = 3 ). 1270, 1200 cm*1; uv Amal (95% EtOH) 257 mM 
(« 8700); nmr 8 1.92 (s, 3 H), 2.21 (t, 3 H, J  = 2 Hz), 3.26 (s, 
2 H), 3.61 (t, 2 H, J  = 2 Hz). The semicarbazone had mp
177-178° (AcOH).

A n a l . Calcd for C8HiaON3S (semicarbazone): C, 48.22; H, 
6.58. Found: C, 48.39; H, 6 .6 8 .

Registry N o .—3b, 29431-24-1; 4a, 29431-25-2 ; 4b, 
29520-65-3; 4c, 29431-26-3; 4d, 29431-27-4 ; 5a,
29431-28-5; 5a semicarbazone, 29431-29-6; 6a, 29431-
30-9; 6b, 29431-31-0 ; 6b semicarbazone, 29431-32-1; 
6c, 16994-29-9; 6c semicarbazone, 29431-34-3; 7d, 
29520-66-9 ; 7d semicarbazone, 29431-35-4; 8, 19090-
03-0; tetrahydrothiopyran-3-one 1,1-dioxide, 29431- 
37-6.
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The Thermal Reorganization of Benzonorbornadiene
M artin Pomerantz,*1 T homas H. W itherup, and W illiam C. Schumann2
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The thermal rearrangement of 2,3-benzonorbornadiene to 1,2-benzctropilidene has been shown, by deuterium 
labeling, to involve either benzonorcaradiene or 6,7-benzobicyclo[£.2 .0 ]hepta-2,6-diene, or both. The nor- 
caradiene valence tautomer of 1 ,2 -benzotropilidene is ruled out as the first-formed intermediate.

Our interest in the thermal rearrangement of benzo
norbornadiene (1) to 1,2-benzotropilidene (2) has led to 
a more detailed study of the mechanism of this reaction 
than previously reported.3 We now wish to report on 
the thermal reorganization of the deuterium-labeled 
benzonorbornadiene (3) and its bearing on the mech
anism of the reaction.

Treatment of hexachlorocyclopentadiene with zinc 
and glacial acetic acid afforded 1,2,3,4-tetrachlorocy- 
clopentadiene4 which, upon reaction with benzyne,5 
produced l,4,5,6-tetrachloro-2,3-benzonorbornadiene, 
mp 92°, in 15% yield. The nmr spectrum (CC14) dis
played an aromatic multiplet at t 2.8 ppm and a singlet

(1 )  A u t h o r  t o  w h o m  c o r r e s p o n d e n c e  c o n c e r n i n g  t h is  w o r k  s h o u l d  b e  
a d d r e s s e d  a t  Y e s h i v a  U n i v e r s i t y .  W e  w is h  t o  t h a n k  t h e  d o n o r s  o f  t h e  
P e t r o l e u m  R e s e a r c h  F u n d ,  a d m i n i s t e r e d  b y  t h e  A m e r i c a n  C h e m i c a l  S o c i e t y ,  
f o r  p a r t i a l  s u p p o r t  o f  t h is  w o r k .

(2 )  N a t i o n a l  S c i e n c e  F o u n d a t i o n  U n d e r g r a d u a t e  R e s e a r c h  P a r t i c i p a n t ,  
S u m m e r ,  1 9 6 8 , a t  C a s e  W e s t e r n  R e s e r v e  U n i v e r s i t y .

( 3 )  M .  P o m e r a n t z  a n d  G .  W .  G r u b e r ,  J . O rg . C h em ., 33, 4 5 0 1  ( 1 9 6 8 ) .
(4 )  E .  R .  D e g g i n g e r  a n d  E .  E .  G i l b e r t ,  U .  S .  P a t e n t  2 ,8 9 9 ,3 5 5 ;  C h em . 

A b str .,  53, 2 2 7 1 5 a  ( 1 9 5 9 ) .

(5 )  W e  a r e  g r a t e f u l  t o  P r o f e s s o r  L e s t e r  F r i e d m a n  f o r  t h e  p r o c e d u r e  f o r  
p r e p a r i n g  t h e  b e n z y n e  p r e c u r s o r ,  o - b e n z e n d i a z o n i u m c a r b o x y l a t e  h y d r o 
c h l o r i d e ;  c f.  R .  M .  R o b e r t s ,  J .  C .  G i l b e r t ,  L .  B .  R o d e w a l d ,  a n d  A .  S .  W i n -  
g r o v e ,  “ A n  I n t r o d u c t i o n  t o  M o d e r n  E x p e r i m e n t a l  O r g a n i c  C h e m i s t r y . ”  
H o l t ,  R i n e h a r t  a n d  W i n s t o n ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 9 ,  p  1 9 8 .

at r 6.8 ppm, and the high-resolution mass spectral mo
lecular weight confirmed the empirical formula. Treat
ment of the tetrachlorobenzonorbornadiene with sodium 
and ferf-BuOD in THF, by a modification of the Win- 
stein procedure,6 afforded 3 in 82% yield. As needed, 
3 was purified by preparative glpc. The deuterium 
content and distribution in 3 wrere determined by a com-

( 6 )  ( a )  P .  G . G a s s m a n  a n d  P .  G .  P a p e ,  J .  O rg . C h em .,  29, 1 6 0  ( 1 9 6 4 ) ;  
( b )  P .  B r u c k  D .  T h o m p s o n ,  a n d  S . W i n s t e i n ,  C h em . I n d .  {L o n d o n ),  4 0 5  
( 1 9 6 0 ) .  W e  w is h  t o  t h a n k  t h e  l a t e  P r o f e s s o r  W i n s t e i n  f o r  a  c o p y  o f  t h e  p r o 

c e d u r e .



Benzonorbornadiene J . Org. Chem., Voi. 86 , N o . 15, 1971 2081

bination of low voltage mass spectroscopy (3.68 deu- 
trons/molecule) and nmr spectroscopy.7

When 3 was heated at 345° for 15 min (gas phase, 
Pyrex ampoule), it was observed to have undergone ca. 
15% conversion to the benzotropilidene 4. This low 
conversion was necessary to ensure minimal scrambling 
of the 3, 4, 6, and 7 hydrogens in the 1,2-benzotropili- 
dene, although, of course, 1,5-hydrogen shifts equili
brate the hydrogens a  to the benzene ring along with 
those 8  to the benezene ring.3 Analysis of the deute
rium content of 4 was by nmr spectroscopy.8

0.65 D
0.45 D

Í  > 0-85D

1.29 D 0 4 4  D 
4

0.61 DOCP^ 0.47 D1.22 D

In a second run (340°, 66 min) the rearrangement 
proceeded to ca. 48% conversion and the deuterium 
labeling in the product was as indicated in 5. Under 
these conditions the scrambling of positions 3 and 7 with 
4 and 6 has already begun but has obviously not gone 
to equilibrium.3

If one considers the possible mechanisms which have 
not previously been eliminated,3 we can now discount 
the following one (eq 1) since this would require the

3

0.05 D

0.97 D
0.03 D 

|JT />035D

0.99 D 0 8 5  D 
9

- 1 , 5 H

1.31 D
-0.44 D

J  \o.85D

0.65*1) 0-44 D 
10

1.14 D
057 D

I  \  0.85 D

0.5^5 ° '57D
1 1

(2 )

0.34 D

T  \  0.85 D (1)

0.68 D 0 ,9 1 D 
6

labeling indicated in 6. This leaves two possibilities 
as originally postulated by Cristol and Caple,9 involving 
intermediates 7 or 8 (eq 2). In addition, if 8 was an 
intermediate it could give 7 (or its tropilidene valence 
tautomer). In either case, 7, 8, or valence tautomers 
could shift a hydrogen 1,5 (or 1,2; the overall result 
would be the same3) to produce 9 and finally 10 quite 
rapidly.3 Conversion to 11 would occur subsequently 
if the reaction is allowed to go to more than 10 or 20% 
completion.3 I t  is therefore seen that the observed 
deuterium distribution in 4 is, within experimental er
ror, the same as predicted in eq 2.10 In addition, 5 is 
seen to be intermediate in deuterium distribution be
tween 10 and 11.

I t  should be pointed out that in one reaction run to 
ca. 50% completion both recovered starting material 
and the product displayed, within experimental 
error, the same deuterium distribution (do, do, d2, 
etc.) as the starting material as determined by mass 
spectroscopy.11 Thus, no significant intermolecular 
scrambling occurs during the reaction.

( 7 )  T h e  o b s e r v a t i o n  t h a t  t h e r e  m a y  b e  a  t r a c e  o f  d e u t e r i u m  in  t h e  7  
p o s i t i o n  o f  3 c o u l d  b e  d u e  t o  a  t r a c e  o f  h e x a c h l o r o c y c l o p e n t a d i e n e  i n  t h e  
t e t r a c h l o r o c y c l o p e n t a d i e n e  w h i c h  e s c a p e d  g l p c  d e t e c t i o n .  T h e  a m o u n t  o f  
d e u t e r iu m  i s  q u i t e  s m a l l ,  h o w e v e r ,  a n d  m i g h t  e v e n  b e  w i t h i n  e x p e r i m e n t a l  

e r r o r  o f  z e r o .
(8 )  I n  t h e  c a s e  o f  4 s i n c e  w e  c o u l d  n o t  r e s o l v e  t h e  H a  p r o t o n  r e s o n a n c e  

f r o m  t h a t  o f  t h e  a r o m a t i c  p r o t o n s ,  w e  a s s u m e d  t h a t  H a c o n t a i n e d  h a l f  t h e  
a m o u n t  o f  d e u t e r i u m  t h a t  w a s  f o u n d  i n  p o s i t i o n  7 . 3

( 9 )  S .  J .  C r i s t o l  a n d  R .  C a p l e ,  J . O rg . C h em ., 31, 5 8 5  ( 1 9 6 6 ) .
(1 0 )  I f  1 0  h a d  s c r a m b l e d  d e u t e r i u m  t o  t h e  e x t e n t  o f  ca . 1 0 %  ( i .e . ,  1 0 %  o f  

1 1 ) ,  t h is ,  t o o ,  w o u l d  h a v e  b e e n  w i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r .
(1 1 )  U n f o r t u n a t e l y ,  f o r  t h e s e  d e t e r m i n a t i o n s  t h e  v o l t a g e  w a s  s l i g h t l y  

a b o v e  t h e  v a l u e  w h ic h  g i v e s  n o  f r a g m e n t a t i o n .  C o n s e q u e n t l y  a  s m a l l  P  —  1 
p e a k  is  p r e s e n t  a n d  t h u s  t h e  e x p e r i m e n t a l  e r r o r  i s  la r g e r  t h a n  w i t h  t h e  o t h e r  

m a s s  s p e c t r a .

These experiments demonstrate the mechanism as 
shown in eq 2 involving either 7 or 8 , or both, as inter
mediates. In a large-scale pyrolysis using a flow sys
tem at 525° it was observed tha t the pot residue,12 
after distillation of the benzotropilidene through a 
Teflon spinning-band column, contained a trace amount 
of benzonorcaradiene. The material having the glpc 
retention time of benzonorcaradiene was collected. 
The nmr spectrum showed it to be mainly a -  and fi- 
methylnaphthalene and 1,2-benzotropilidene, but the 
peaks in the spectrum above r  7.7 ppm were superim- 
posable with those of authentic benzonorcaradiene.13

Thus, while the observation of benzonorcaradiene in 
the pyrolysis of benzonorbornadiene is consistent with 
the former being an intermediate on the way to 1,2- 
benzotropilidene, it does not itself prove the point. 
The present observations merely prove that one or both 
of the pathways depicted in eq 2 is the mechanism for 
the conversion of 1 to 2.

Experimental Section
Mass spectra14 were obtained on a Varían M-6 6 , a CEC 21-492, 

or an AEI MS 902 mass spectrometer and nmr spectra on a 
Varían A-60A spectrometer equipped with a C-1024 time averag
ing computer. Infrared spectra were from a Perkin-Elmer 257 
or a Beckman IB -8  spectrometer. Gas chromotography columns 
were (1) 5 ft by 0.25 in. 20% SE-30 silicone rubber on 60-80 mesh 
Chromosorb W, (2) 12 ft by 0.25 in. 20% Carbowax 20M on 
60-80 mesh Chromosorb P, and (3) 5 ft by 0.125 in. 5% SE-30 
silicone rubber on 60-80 mesh Chromosorb W. The 0.25-in. 
columns were used with a thermal conductivity detector instru
ment while column 3 was used with a flame ionization detector 
instrument. Melting points are uncorrected.

1 ,2 ,3 ,4 -Tetrachlorocyclopentadiene.—The procedure was 
basically that of Degginger and Gilbert, 4 but with smaller quanti

( 1 2 )  W e  w is h  t o  t h a n k  P r o f e s s o r  L e s t e r  F r i e d m a n  a n d  M r .  J a m e s  C .  D a y ,  
w h o  r a n  t h is  e x p e r i m e n t ,  f o r  a  s a m p l e  o f  t h e i r  p o t  r e s id u e .

(1 3 )  W e  t h a n k  D r .  G e r a l d  G r u b e r  f o r  t h is  d e t e r m i n a t i o n .
(1 4 )  W e  w is h  t o  t h a n k  P r o f e s s o r  I .  J .  B o r o w i t z  o f  Y e s h i v a  U n i v e r s i t y ,  

M r .  H a r o l d  M a r s h  o f  C a s e  W e s t e r n  R e s e r v e  U n i v e r s i t y ,  a n d  D r .  F r e d  A b r a m 
s o n  o f  C E C / A n a l y t i c a l  I n s t r u m e n t s  D i v i s i o n  f o r  o b t a i n i n g  t h e  m a s s  s p e c t r a .
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ties and longer time for the addition of zinc. In the first prepara
tion, hexachlorocyclopentadiene (273 g, 1 mol) was mixed with 
450 ml of glacial acetic acid in a 1-1. three-necked flask equipped 
with a thermometer, condenser, and stirrer. Zinc dust (150 g,
2 . 3  g-atoms) was gradually added to the rapidly stirred solution; 
the temperature of the very exothermic reaction was maintained 
below 75° with a Dry Ice-acetone bath. The addition required 
55 min, after which the mixture was stirred for 35 min. The 
slurry which resulted was mixed with 1.5 1. of water. When the 
organic layer solidfied it was filtered from the aqueous layer and 
dissolved in ligroin. This was filtered free of zinc particles, 
dried, and reduced in volume with a rotary evaporator to obtain 
light yellow crystals, mp 59-60° (lit.'1 61.6-62.4°), upon cooling. 
Glpc on column 3 at 100° showed the presence of a small amount 
of starting material.

In the second preparation, 136.5 g (0.5 mol) of hexachloro
cyclopentadiene, 225 ml of glacial acetic acid, and 80 g (1.2 mol) 
of zinc dust were used. The addition time was 30 min, after 
which the mixture was stirred for 0.5 hr and treated the same as 
above.

The crystalline material, combined from both reactions, was 
sublimed under aspirator pressure to give a white solid (mp 61°) 
which showed no hexachlorocyclopentadiene by glpc (column 3 
at 100°). The overall yield was 61.6 g (20% of theoretical); 
nmr (CC14) showed a singlet at t 6 .6  ppm.

o-Benzenediazoniumcarboxylate Hydrochloride.—The proce
dure of Friedman6 was used in the preparation of this material. 
Into an 800-ml beaker surrounded by an ice bath was placed
27.4 g (0.2 mol) of anthranilic acid and 250 ml of absolute 
ethanol. The solution was stirred magnetically and when the 
temperature fell to 15° concentrated hydrochloric acid (23 ml) 
was added. Then isoamyl nitrite (55 ml) was slowly poured into 
the solution. This was stirred for 15 min, during which time 
light-colored granules began to appear. Absolute ether (250 ml) 
was added and the cold mixture was stirred for 30 min. The 
crystals were collected by suction filtration and washed with 
fresh absolute ether. The light pink solid was refrigerated until 
needed.

l,4,5,6-Tetrachloro-2,3-benzonorbornadiene.—The method of 
Friedman5 was used. In a typical reaction 9.3 g (0.05 mol) of 
o-benzenediazoniumcarboxylate hydrochloride and 11.3 g (0.055 
mol) of tetrachloroeyclopentadiene were dissolved in 1 0 0  ml of 
ethylene dichloride contained in a 500-ml three-necked round- 
bottomed flask equipped with a thermometer, condenser con
nected to a bubble counter, mechanical stirrer, and heating 
mantle. Propylene oxide (4.4 g, 0.075 mol) was added and the 
medium was vigorously stirred while being slowly heated to 
reflux temperature. Gas evolution occurred and frothing was 
kept to a minimum by rapid stirring. After gas evolution 
ceased, most of the solvent was distilled and the resulting red- 
orange slurry was treated with petroleum ether (bp 30-60°).

The dark solution was filtered from the insoluble red-orange solid 
and the solvent was removed with a rotary evaporator. The 
resulting dark residue was steam distilled to obtain a light yellow 
solid which when recrystallized several times from hexane, gave 
a white solid, mp 92°. The nmr spectrum displayed a multiplet 
centered at t 2 .8  ppm and a singlet at t 6 .8  ppm in the ratio of 
2:1 (yield 4.6 g, ca . 15% of theoretical). Mass spectrum. 14 
Calcd for CnHs35« , :  277.9224. Obsd: 277.9222.

l,4,5,6-Tetradeuterio-2,3-benzonorbornadiene (3).—The 
Gassman6» modification of the Winstein6b procedure was employed 
in this reduction. A solution of 2.8 g (0.01 mol) of tetrachloro- 
benzonorbornadiene and 8.4 g (0.11 mol) of ¿crt-butyl alcohol-O-d 
in 48 ml of dry tetrahydrofuran was prepared in a 100-ml, three
necked round-bottomed flask equipped with a nitrogen inlet, 
condenser connected to a bubble counter, thermometer, magnetic 
stirrer, am. heating mantle. A dry nitrogen atmosphere was 
maintained, and sodium metal (6 .0  g, 0.26 g-atom) was added in 
small quantities. The mixture was stirred and gradually heated 
to reflux. After 5 hr of refluxing, the mixture was stirred at 
room temperature for 2 days. The excess chunks of sodium 
were removed and methanol was added dropwise to the mixture. 
The resulting slurry was slowly poured onto 500 g of ice. The 
organic material was extracted with four 150-ml portions of ether, 
and the combined extracts were washed with three 2 0 0 -ml por
tions of wa:er and 2 0 0  ml of saturated sodium chloride solution. 
The ethereal solution was dried (anhydrous magnesium sulfate) 
and stripped of solvent; the brown-yellow oil was distilled under 
aspirator pressure to give a colorless liquid [bp 80-85° (55 mm), 
1.1 ml, 1.3 g, 82% of theory]. Pure 1,4,5,6-tetradeuteriobenzo- 
norbornadiene (3) was collected from glpc columns 1  or 2  operated 
at 195°. Low-voltage mass spectral analysis14 indicated 3.68 
deuterons per molecule, and nmr analysis gave the distribution 
indicated (3).

Pyrolysis of l,4,5,6-Tetradeuterio-2,3-benzonorbomadiene (3). 
—Compound 3 (150 ¿d) was sealed under reduced pressure in a 
50-ml base-washed Pyrex ampoule and heated for 1.1 hr at 340- 
343° (warm-up of 10 min from 308-340°). The product 5 and 
starting material were purified and analyzed by glpc (column 1  
at 195°), which indicated about 47% reaction. Nmr analysis 
gave the deuterium distiibution indicated in 5

A second pyrolysis of 3 (150 /A) at 342-345° :or 15 min (warm
up of 10 min from 312-342°) followed by glpc analysis (column 2 
at 195°) and purification indicated 15% conversion. The nmr 
spectrum of the product 4, in CCL, was obtained with the aid of 
a Yarian C-1024 time averaging computer. 16

Registry No.—Benzonorbornadiene, 4453-90-1.
( 1 5 )  W e  w is h  t o  t h a n k  t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n  f o r  a  g r a n t  

t o w a r d  t h e  p u r c h a s e  o f  t h e  t i m e - a v e r a g i n g  c o m p u t e r .
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Addition of Trimethyltin Hydride and Methylhalotin Hydrides to Norbornadiene
H. G. K uivila,* J. D. K exnedy, R. Y. T iex, I. J. T yminski, F. L. Pelczar, axd 0 . R. Iyhax

D e p a r tm e n t  o f  C h e m is tr y ,  S ta te  U n iv e r s i ty  o f  N e w  Y o r k  a t A  Ih a n y , A  lh a n y , N e w  Y o r k  1220-1

R e c e iv e d  F e b r u a r y  3 ,  1,971

Thf additions of trimethyl-, dimethylchloro-, dimethylbromo-, dimethyliodo-, and methyldichlorotin hydrides 
to norbornadiene have been examined. Four isomeric product« are formed in each case: norbornenes with the 
organotin function in the endo-.">, exo-5, or syn-7 position, and nortricyclene with this function in the 3 position. 
The anti-7 isomer is not found and its absence is attributed to steric and torsional effects in the radical from which 
it world be formed. The endo-o and syn-7 isomers, products of initial endo attack by the organotin radical, 
amount to nearly half of the total product. This high value appears not to be attributable in significant degree 
to coo'dination between tin atoms and double bonds either during the course of the reaction or in the product-.

Free-radical additions to norbornadiene are of con
siderable interest because their study can reveal in
formation about the existence of nonclassical homo- 
allylic free radicals, about rearrangements, and about 
factors concerning position and stereochemistry of at
tack on double bonds by free radicals.1 The existence 
of the homoallylic nonclassical free radical 1 (Scheme I) 
has been rendered highly improbable by work of Cristol, 
Brindell, and Reeder2 3 on the effect of dilution on the 
distribution of products obtained in the addition of 
thiophenols to norbornadiene. More recent results 
are consistent with this conclusion. All of the prod
ucts obtained in free-radical additions to norbornadiene 
can be understood in terms of the series of reactions 
and intermediates shown in Scheme I. Each of the 
six radicals can be converted into two epimeric products 
by atom abstraction from an appropriate donor. Thus, 
depending on the adding reagent, there could be formed 
up to four geometrical isomers of each of three struc
turally isomeric products, and each of the twelve could 
exist as a dl pair. Studies on substituted norborna- 
dienes have been made by Davies311 and by Prilezhaeva3b 
and their coworkers. Which of the structural isomers 
are formed depends upon the substrate and addend. 
The stereochemistry depends upon the configuration 
and nature of substituents in the 7 position and upon 
the nature of the attacking free radical: electronic
factors seem to dominate over steric factors.

Free-radical reaction of thiols with norbornadiene 
itself results in formation of the 1,2 adduct and the 
nortricyclyl isomer. Contrary to earlier reports, Van 
Auken and Rick4 have shown that both ex o - and 
e?ido-5-thiolacetoxybicyclo[2.2.1]hept-2-ene (in the ratio 
2:1) are formed upon addition of thiolacetic acid; the 
only other low-molecular-weight product reported was
3-thiolacetoxynortricyclene.

As an extension of our earlier work on the norborn- 
enyl-nortricyclyl free-radical system5 and on the addi
tion of trimethyltin hydride to dienes,6 * we have ex
amined the addition of this hydride and of methyl
halotin hydrides to norbornadiene, with particular ref

(1 )  S e e  D .  I .  D a v i e s  a n d  S .  J .  C r i s t o l  in  “ A d v a n c e s  in  F r e e  R a d i c a l  C h e m -  
i s t r y , ”  V o l .  I ,  G .  H .  W i l l i a m s ,  E d . ,  L o g o s  P r e s s ,  L o n d o n ,  E n g l a n d ,  1 9 6 5 , 

p p  1 5 5  ff .
( 2 )  S .  J .  C r i s t o l ,  G .  D .  B r i n d e l l ,  a n d  J .  A .  R e e d e r ,  J .  A m e r .  C h e m .  S o c . ,  

80, 6 3 5  ( 1 9 5 8 ) .
( 3 )  F o r  r e c e n t  l e a c i n g  r e f e r e n c e s ,  s e e  ( a )  D .  I .  D a v i e s  a n d  M .  J .  P a r r o t t ,  

J .  C h e m .  S o c .  C ,  6 5 9  ( 1 9 7 0 ) ;  ( b )  E .  N .  P r i l e z h a e v a ,  V .  A .  A s o v s k a y a ,  G .  U .  
S t e p a n y a n z ,  D .  M o n d e s h k a ,  a n d  R .  J .  S h e k h t m a n ,  T e tr a h e d r o n  L e t t . ,  4 9 0 9  

( 1 9 6 9 ) .
( 4 )  T .  V .  V a n  A u k e n  a n d  R .  A .  R i c k ,  i b i d . ,  2 7 0 9  ( 1 9 6 8 ) .
( 5 )  C ,  R .  W a r n e r ,  R .  J .  S t r u n k ,  a n d  H .  G .  K u i v i l a ,  J .  O r g . C h e m .,  3 1 ,  

3 3 8 1  ( 1 9 6 6 ) .
(6 )  R .  H .  F is h ,  H .  G .  K u i v i l a ,  a n d  I .  J .  T y m i n s k i ,  J .  A m e r .  C h e m .  S o c . ,

89, 5 8 6 1  ( 1 9 6 7 ) .

erence to the structure and stereochemistry of the 
products formed. The free-radical chain mechanism 
for the addition of organotin hydrides to olefins not 
substituted by strongly electron-attracting groups has 
been deduced78'*1 from evidence provided particularly 
by Neumann and coworkers,7a-c and the initial attack 
by the organotin radical has been shown to be re- 
versibie.70'8 Thus, kinetic control cannot be assumed 
to determine product distributions.

Results and Discussion
The reaction of trimethyltin hydride and norborna

diene was carried out by heating the reactants at 60° 
for several hours or by irradiation through Pyrex. 
Yields of isolated product amounted to 89-95%. Gas- 
liquid partition chromatography (glpc) using a column 
of 1,2,3-tris-2-cyanoethoxypropane on Diatoport P 
showed three peaks due to norborn-2-en-7-s;//i-ylt ri- 
methyltin (5) (Sn = Me3Sn), e?u/o-norborn-2-en-5- 
yltrimethyltin (6), and a mixture of ero-norborn-i-en-o- 
yltrimethyltin (7) and 3-nortricyclyltrimethyltin (8), 
in order of increasing retention time. When glpc 
was carried out using a column of Apiezon L on Chro- 
mosorb W, the order of elution was 5, then 6 plus 7, 
and then 8. Each of the products has been fully char
acterized by elemental analysis, spectral properties,

5 6 7 8

and chemical reactions.9 Each method of reaction 
led to the same product mixture, 11% of 5, 35% 
of 6, 43% of 7, and 11% of 8. and this distribution 
was independent of the extent of reaction, indicating 
no isomerization of the products under the reaction 
conditions.

Products 5 and 6 must be the result of initial endo 
attack on the diene by the trimethyltin radical, and 
some or all of 8 could also be. This amounts to about 
50% of the total. None of the epimer of 5. norborn-2- 
en-7-flJi<i'-yltrimethyltin, was observed. This was es
tablished by independent synthesis of both isomers

( 7 )  ( a )  W .  P .  N e u m a n n  a n d  R .  S o m m e r ,  J u s t u s  L i e b i g s  A n n .  C h e m . ,  676, 
1 0  ( 1 9 6 4 ) ;  ( b )  H .  G .  K u i v i l a ,  A d v a n .  O r g a n o m e t a l .  C h e m .,  1 ,  4 7  ( 1 9 6 4 ) ;  
( c )  W .  P .  N e u m a n n ,  H . J . A l b e r t ,  a n d  W .  K a i s e r ,  T e t r a h e d r o n  L e t t . ,  2 0 4 1  

( 1 9 6 7 ) .
(8 )  H .  G .  K u i v i l a  a n d  R .  S o m m e r ,  J .  A m e r .  C h e m .  S o c . ,  89, 5 6 1 6  ( 9 6 1 ) .
(9 )  H . G .  K u i v i l a ,  J .  D .  K e n n e d y ,  F .  L .  P e l c z a r ,  a n d  R .  Y .  T i e n ,  u n p u b -  

i s h e d  r e s u l t s .
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Scheme I

3x 3n

4a

4s

and demonstration that they have different retention 
times on the Apiezon L column and that their proton 
magnetic resonance spectra show differences in both 
chemical shifts and coupling patterns.

The high incidence of products from endo attack 
was reminiscent of the high proportion of cfs-crotyltri- 
methyltin formed in the addition of trimethyltin hy
dride to butadiene.6 I t  was suggested that this might 
be due to formation of coordinated intermediates such 
as 9 or 10. In the present case the diene could act 
as a bidentate ligand as in 11. Similarly, the formation

Q  ( P ^  I

Sn.

Sn
9

Sn
10

Sn

1 1 1 2

of 5 to the exclusion of its epimer might gain impetus 
from coordination such as that shown in 12. If this 
postulate is correct, increasing the Lewis acid character 
of the tin should result in diversion of more of the re
action toward formation of more 5 and 6 at the ex
pense of 7.

As one test of this postulate, we sought to determine 
whether proton magnetic resonance studies would pro
vide any evidence for coordination of the type depicted 
in 11 with the organotin radical replaced by an organotin 
halide. This might alter the values of the chemical 
shifts of the protons of the methyl groups on the tin

or the U9Sn-'H  coupling constants, or both. The 
methyl proton chemical shifts of the three methyltin 
chlorides in 2-5% concentration were measured a t 35° 
in carbon tetrachloride, benzene, and norbornadiene 
and are given in Table I. Included are four values

Table I
Proton Chemical Shifts of M ethyltin Halides“

S o l v e n t M e i S n C l M e i S n C h M e S n C I i

CCl, 9.34* 8.84* 8.39
c 6h 6 9.78° 9 .6 6 ” 9.70
c 7h 8 9.51 9.07 8.71

“ In 7-units, at35°; values to ±0.01 ppm. b At 23°, ref 10.

a t 23° measured by Okawara and coworkers, but the 
temperature correction10 would require our values to 
be increased by only about 0.03 ppm. The '^ S n -1!! 
coupling constants are independent of temperature in 
this range. [Inclusion of data for tin(IY) chloride was 
not possible because of its exothermic reaction with 
norbornadiene.11] The data in Table I show that 
the proton resonance appears at a higher field in nor
bornadiene than in carbon tetrachloride and at a still 
higher field in benzene in which the shift is attributed to 
the magnetic anisotropy of the aromatic ring.10 The 
data of Table II show that the 119S n-'H  coupling con-

Table II
n8Sn->H Coupling Constants of M ethyltin Halides“

Solvent M e j S n C l MejSnCl, MeSnCia
e c u 58.2“ 68.9“ 96.9
C6He 58.9“ 69.3“ 98.7
C,HS 57.5 69.1 98.8

“ Values to ±0.6 Hz.

stants are substantially the same in the three solvents, 
whereas specific coordination would result in a con
siderable difference due to a change in orbital hybridiza
tion. The 119Sn-'H  coupling constant of dimethyltin 
dichloride, for example, is 47-Hz greater in dimethyl 
sulfoxide than in carbon tetrachloride.10 This is a t
tributed to coordination between the sulfoxide oxygen 
with the tin atom. Because the coupling constant 
for a given organotin chloride is essentially the same 
in each of the three solvents, we may conclude that 
any coordination with norbornadiene is too weak 
to be manifested in the proton magnetic resonance 
spectra.

I t  was of interest to ascertain whether the type of 
coordination depicted in 12 could be detected in the 
norborn-2-en-7-si/a-ylhalodimethyltins prepared by 
addition of the hydrides to norbornadiene. Such struc
tures would seem to approach an optimum condition 
in which the interacting groups are held rigidly in 
close proximity to each other. When the organotin 
function is in the endo-5 position, the relationship 
is probably less ideal, and when it is in the exo-5 position 
interaction cannot occur. The nmr spectra of neat 
mixtures of the isomers formed in the addition reactions 
(see below) were examined and the results are shown 
in Tables III and IV.

( 1 0 )  G .  M a t s u b a y a s h i ,  Y .  K a w a s a k i ,  T .  T a n a k a ,  a n d  R .  O k a w a r a ,  B u ll .  
C h em . S o c . J a p .,  40, 1 5 6 6  ( 1 9 6 7 ) .

( 1 1 )  F .  M .  R a b e l  a n d  R .  W e s t ,  J . A m er . C h em . S oc .,  84, 4 1 6 9  ( 1 9 6 2 ) .
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T a b l e  III
C h e m i c a l  S h i f t s  o f  T i n - M e t h y l  P r o t o n s  o f  

A d d u c t s  t o  N o r b o r n a d i e n e “

E x o - 5 N o r t r i c y c l y l E n d o - 5 S y n - 7

MejSn 9.940 9.952 10.024 10.032
Me2SnCl 9.925 9.442 9.530 9 .535
Me2SnBr 9.323 9.339 9.430 9.43”
Me2SnI 9.198 9.208 9.302 9.30*

“ In t units at 37°; relative values accurate to ±0.003 ppm; 
absolute values to ±0.01 ppm. * Signals indistinguishable 
from those due to the cndo-5 isomer.

T a b l e  IV
119S n - ' H  C o u p l i n g  C o n s t a n t s  o f  

N o r b o r n a d i f . n e - O r g a n o t i n  H y d r i d e  A d d u c t s “

E x o - 5 N o r t r i c y c l y l E n d o - 5 S y n - 7

Me3Sn 49.5 50.65 50.2 51.1
Me2SnCl 53.1 53.65 53.6 55.4
Me2SnBr 52.3 52.8 52.8 54.55
Me2SnI 51.15 51.75 52.0 53.5

“ Values to ±0.2 Hz.

The differences among the chemical shifts of the 
Sn-methyl protons shown in Table III  are small and 
probably reflect effects due to the position of these 
protons relative to the double bond. I t  is noted that 
the endo-5 and syn-7 methyl protons are slightly 
shielded in comparison with those of the nortricyclyl 
and exo-5 isomers. Somewhat larger variations result 
as the halogen is changed. In each isomer a downfield 
shift of the methyl protons occurs in the order Cl <  
Br <  I. The 119S n-'H  coupling constants show small, 
but real, variations. In particular, the values for the 
syn-7 isomer are larger than those for either the endo-5 
or the exo-5 isomer, and the difference is greater for 
the dimethylhalotin derivatives than for the trimethyl- 
tin derivative. If coordination occurs between the 
double bond and the tin atom as indicated in 12, the 
configuration would tend toward that shown in 15

Cl

which approaches a trigonal bipyramidal configuration 
about the tin atom with the chlorine and double bond 
in the apical positions. In this structure the hybridiza
tion of the orbital on the tin atom through which it 
is attached to the methyl groups would tend from the 
original sp3 toward sp2. This increase in s character 
would lead to an increase in the coupling constant, 
as observed.12 However, the changes in coupling con
stants are so small that it must be concluded that the 
interaction in question is very weak, at best.

Another test of the coordination postulate could 
be made by increasing the Lewis character of the 
tin atom used in the hydride addition. If it is valid, 
the result should be an increase in the proportions 
of adducts 5 and 6 at the expense of 7. This was 
done by examining the addition of methylhalotin hy
drides to norbornadiene.

( 1 2 )  J .  R .  H o l m e s  a n d  H .  D .  K a e s z ,  J . A m er . C h em . S o c .,  8 3 ,  3 9 0 3  ( 1 9 6 1 ) .

Sawyer and Kuivila13 showed that dialkylhalotin 
hydrides can be easily prepared by mixing dialkyltin 
dihydride and dialkyltin dihalide (eq 1), and Neumann

R2SnH2 +  R2SnX2 — >- 2R2SnHX ( 1 )

and Pedain14 showed that they add readily to unsatu
rated hydrocarbons. Dimethylchlorotin hydride and 
norbornadiene reacted readily to provide a 94% yield 
of the isomeric adducts. The bromide and iodide 
were more reactive than the chlorohydride. The cor
responding fluoro compound could not be prepared, 
presumably because of the extremely low solubility 
of dimethyltin difluoride. Methyldichlorotin hydride 
did not give good yields of adduct by the same pro
cedure. This was undoubtedly due to complications 
in the addition reaction rather than in the exchange 
reaction of eq 2, for treatment of the reaction product

BusSnH +  MeSnCb Bu3SnCl +  MeSnCkH (2)

mixture with methylmagnesium bromide gave about 
90% of tributylmethyltin and only about 25% of the 
methylated hydride adducts.

Results obtained in the addition of these organohalo- 
tin hydrides and of trimethyltin hydride to norborna
diene are gathered in Table V. Clearly the product 
distribution is not affected profoundly by the replace
ment of methyl on the organotin hydride by halogen. 
However, the proportion of endo-5 isomer plus syn-7 
isomer increases as methyls of trimethyltin hydride 
are replaced by one and two chlorines from 46 to 51 
and 55%, respectively. As methyl is replaced by chlo
rine, bromine, and iodine, the proportion goes from 
46 to 51 to 49 to 46%, respectively. Thus, there 
appears to be a small, but real, effect of increased elec
tronegativity of the tin atom in increasing the pro
portion or products resulting from initial endo attack 
by the organotin radical. This is then counterbalanced 
by the steric effect as the size of the halogen atom is 
increased from chlorine to bromine to iodine.

The proportion of the syn-7 isomer shows no dis
cernible trend as the nature of the hydride used is 
changed. As the dimethylhalotin hydrides produce 
less of this isomer than does trimethyltin hydride, 
involvement of the type of coordination depicted in 12 
can be eliminated as the primary driving force for the 
formation of this isomer.

The absence of any anti-7 isomer in the product 
mixture is striking and requires explanation. Cer
tainly initial exo attack by the trimethyltin radical, a 
primary requisite, is met as evidenced by the large 
amount of exo-5 adduct formed. Thus, radical 4a 
is either not formed or does not go on to product 
by abstracting hydrogen from organotin hydride. The 
latter possibility appears to be the more likely one. 
There is good evidence that exo attack on radicals 
such as 4a and 4s is more facile than endo attack .15 
This is so because the hydrogen on the radical carbon 
(C-6) must pass through a conformation in which it 
is eclipsed with the hydrogen on the bridgehead carbon 
(C-l) if the attack is endo but not if the attack is 
exo (Scheme II). The nearer these hydrogens are to

( 1 3 )  A .  K .  S a w y e r  a n d  H .  G .  K u i v i l a ,  C h e m .I n d . (L o n d o n ),  2 6 0  ( 1 9 6 1 ) .
( 1 4 )  W .  P .  N e u m a n n  a n d  J .  P e d a i n ,  T etra h ed ron  L ett.,  2 4 6 1  ( 1 9 6 4 ) .
( 1 5 )  F o r  a  r e c e n t  r e v i e w ,  s e e  P .  D .  B a r t l e t t ,  G .  N .  F i c k e s ,  F .  C .  H a u p t ,  

a n d  R .  H e g e l s o n ,  A c c o u n ts  C h em . R es .,  3 ,  1 7 7  ( 1 9 7 0 ) .
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T a b l e  V
Y ields and Product D istributions in the Addition of the M ethyltin Hydridf,s to Norbornadiene

Hydride Yield, % E x o - 5 E n d o - 5

Me„Sn 95 43 ±  1 35 ±  1
Me2SnCl 94 41 ±  1.5 42.5 ±  1.5
Me2SnBr 91 43 ±  1.5 38 ±  1.5
Me2SnI 80“ 46 ±  1.5 42 ±  1.5

SR 48.5 ±  1.5 36.5 ±  1.5
MeSnCh 24“ 32.5 ±  2.0 43.5 ±  2.0

° Norbornadiene added to iodohydride. b Reverse order of addition. c Yie_d
lated.

S c h e m e  II
H y d r o g e n  T r a n s f e r  t o  C-6  o f  N o r b o r n e n y l  R a d i c a l “

- P r o d u c t  d i s t r i b u t i o n ,  % ------------------------
T r i c y c l o

1 1  ±  1

8.0 ±  0.5
8.0 ±  0.5 
8.2 ± 0 .5
7.5 ±  0.5

12.7 ±  0.5 
Yie.d of methylated product.

S y n - 7  

1 1  ±  1  

8.4 ±  0.5 
10.8 ±  0.5 
3.8 ±  0.5 
7.7 ±  0.5 

11.5 ±  1.0
Dichloride adduct not iso-

Chart I
End V iew of the Intermediate

“ In endo attack the dihedral angle of ca. 20° must pass through 
zero, whereas for exo attack it increases from 2 0 °.

this eclipsed conformation in the transition state the 
greater is this torsional strain, which can amount to 
about 1 kcal.16 A projection of a Dreiding model 
of 4a is shown in Chart I. I t  is evident that the 
tri methyltin group forms a canopy over C-6 (as well 
as C-5) such that exo attack a t C-6 is impossible. The 
model indicates that the closest point of approach 
of H a and H b to each other is less than 2 A; the sum 
of the van der Waals radii is 2.4 A! Furthermore, 
these nonbonded interactions are greater than those 
between the trimethyltin hydrogens and the nearest 
C-7 hydrogen in 2x. Thus, the equilibrium 2x ¿=: 
3x ^  4a, is shifted to the left. If the trimethyltin 
group is placed anti to C-6, forming 4s, exo attack 
on the radical is not hindered. Also, nonbonded in
teractions involving the trimethyltin hydrogens are 
negligible in both 2n and 4s and should have little 
effect on the 2n ^  3n i=; 4s equilibrium. I t  may be 
concluded that the steric bulk of the trimethyltin 
group prevents the formation of the anti-7 isomer 
by virtue of the steric strain it introduces into the 
precursor radical and by steric blocking of hydrogen 
transfer from the exo side to C-6 of that radical.

Rearranged adducts of the anti-7 configuration have 
been obtained in other additions to norbornadienes. 
For example, 1,2,3,4-tetrachloronorbornadiene gives the 
exo and endo 1,2 adducts along with 13, whose radical

Et\

( 1 6 )  P .  v .  R .  S c h l e y e r ,  J . A m er . C h em . S o c .,  8 9 ,  6 9 9 ,  7 0 1  ( 1 9 6 7 ) .

Norhorn-2-en-6-yl Radical“

" The radical shows the “ canopy”  effect of the trimethyltin 
group. Bond angles are not precise.

precursor must be 14.17 However, in this case the 
ethyl group can be rotated into conformations such as 
that shown, thus minimizing the steric obstruction 
to hydrogen atom transfer from the exo side.

Experimental Section
General.—Nuclear magnetic resonance spectra were recorded 

on a Varian A-60 spectrometer. Spectra were run on neat sam
ples with tetramethylsilane as internal standard. Chemical 
shifts are recorded in t values. Analyses were performed by 
Galbraith Laboratories. All operations involving organotin 
hydrides were conducted under nitrogen or argon.

Materials.—Dimethyltin dichloride, dimethyltin diiodide, 
dimethyltin difluoride, dimethyltin dibromide, and methyltin 
trichloride, bp 172-175°, mp 45°, were prepared and purified 
by standard procedures.

Trimethyltin hydride was prepared as previously described.* 
Tributyl tin hydride was obtained by the reaction of tributyltin 
oxide with polymethylhydrosiloxane. 17 18 Dimethyltin dihydride, 
bp 36°, w as made by an exchange reaction between tributyltin 
hydride and dimethyltin dichloride. Tri-n-butyltin hydride 
(33 g, 113 mmol) was added to 10 g (45 mmol) of dimethyltin di
chloride in a flask equipped with a magnetic stirrer and a glass

( 1 7 )  D .  I .  D a v i e s  a n d  P .  J .  R o w l e y ,  J .  C h em . S o c . C , 2 2 4 9  ( 1 9 6 7 ) .
( 1 8 )  K .  H a y a s h i ,  J .  I y o d a ,  a n d  I .  S h i ih a r a ,  J . O rg a n om eto l. C h em .,  1 0 ,  81  

( 1 9 6 7 ) .
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connection to a receiving vessel cooled to —70°. Pressure in the 
system was reduced slowly (compatible with the smooth evolution 
of the volatile dihydride) to 20 mm. The reaction vessel was 
then heated to ca . 60° for 15 min. The collected liquid was re
distilled at atmospheric pressure, yielding dimethyltin dihydride, 
bp 36-37° (6.0 g, 8 8 % ). All processes were carried out under 
nitrogen. Norbornadiene was redistilled and stored in a re
frigerator.

Addition of Trimethyltin Hydride to Norbornadiene. A.—To
46 g (0.5 mol) of freshly distilled bicycloheptaidene heated to 
60° in an argon atmosphere was added 83 g (0.50 mol) of tri
methyltin hydride over 1  hr. Heating was continued for an 
additional 3 hr. Distillation afforded a product (115 g, 95%), 
bp 40° (0.1 mm). Gas-liquid chromatography on a 15 ft X 
0.25 in. column of l,2,3-tris-2-cyanoethoxypropane on 60-80 
mesh Diatoport showed three peaks with relative areas 1 1 % 
(compound 5), 36% (compound 6 ), and 53% (compounds 7 
and 8 ). Glpc on an Apiezon L column changed the order of 
elution to 5, then 6 plus 7, and then 8 .

A n a l. Calcd for CioHi8Sn: C, 46.75; H, 7.01; Sn, 46.24. 
Found for mixture: 46.47; H, 6.95; Sn, 46.50. Found for 
5: C, 46.51; H, 6.94; Sn, 46.47. Found for 6 : C, 46.55; 
H, 6.96; Sn, 46.50; Found for 7 plus 8 : C, 46.58; H, 6.97; 
Sn, 46.43.

B.—A mixture of 5 g (52 mmol) of norbornadiene and 8.3 g 
(50 mmol) of trimethyltin hydride at 0° was irradiated in a 
Pyrex tube with a mercury vapor lamp for 6  hr. Distillation 
yielded 11.3 g (89%) of product with composition identical with 
that obtained in the thermal reaction as shown by glpc. 19

Reaction of Dimethylchlorotin Hydride with Norbornadiene.—  
Dimethyltin dihydride (6.0 g, 40 mmol) was added to dimethyltin 
dichloride (8.3 g, 38 mmol) at —70°. A clear homogenous color
less liquid was produced on warming to room temperature and 
shaking. This was cooled to —70° and norbornadiene (9.0 ml, 
108 mmol) was added; this was warmed to room temperature; 
shaking gave a clear colorless liquid. After 1 min, the evolution 
of heat was noted. The vessel was cooled from time to time in a 
bath at 0°. When the spontaneous reaction had ceased, the 
product was heated at 60° for 30 min and then distilled, yielding 
a mixture of dimethylnorbornenyltin chloride isomers, bp 68-70° 
(0.10 mm) (15.2 g, 94%), as a clear colorless liquid. A n a l .  
Calcd for C9H16ClSn: C, 39.0; H, 5.4; Cl, 12.8. Found: 
C, 39.2; H, 5.4; Cl, 12.8.

Reaction of Dimethylbromotin Hydride with Norbornadiene.—-
Dimethyltin dihydride (4.2 g, 27.8 mmol) was added to dimethyl
tin dibromide (8 .6  g, 27.8 mmol) at —70°. A homogenous clear 
colorless liquid was produced on warming to room temperature 
and shaking (mp >0°). This was cooled to —70°, and nor
bornadiene (6.0 ml, 72 mmol) was added. On warming, a 
vigorous exothermal reaction commenced before complete dis
solution of the bromotin hydride had occurred; this was moder
ated by plunging the vessel into a bath at —70°. The mixture 
was again allowed to warm and was further moderated by cooling 
in a bath at 0°. When the spontaneous reaction had ceased, 
the product was heated at 65° for 40 min and then distilled, yield
ing a mixture of dimethylnorbornenyltin bromide isomers, 
bp 75-76° (0.30 mm) (16.3 g, 91%), as a clear colorless liquid.

A n a l . Calcd for C9H]5BrSn: C, 33.6; H, 4.66; Br, 24.8. 
Found: C, 33.7; H, 4.66; Br, 24.82.

Reaction of Dimethyliodotin Hydride with Norbornadiene. 
A.—Dimethyltin dihydride (4.3 g, 28.5 mmol) was added to di
methyltin diiodide (11.5 g, 28.6 mmol) at —70°. The mixture 
was warmed to room temperature and shaken, yielding a clear 
colorless liquid (mp 0°). To this was added slowly, with shaking 
and cooling in a bath at 0°, norbornadiene (7.0 ml, 68.5 mmol). 
The reaction was very exothermic, and slight effervescence oc
curred. The product was heated for 60 min at 65°, yielding a 
colorless liquid containing a small amount of white solid. Dis
tillation under reduced pressure gave a forerun of dimethyltin 
diiodide and one main fraction, bp 78-80° (0.30 mm), a mixture 
of dimethylnorbornenyltin iodide isomers (16.9 g, 80%). A 
dark gray residue remained in the distillation flask.

B.—Dimethyltin dihydride (5.6 g, 37.1 mmol) and benzene 
(25 ml) were added to dimethyltin diiodide (14.9 g, 37.0 mmol) 
at —70°. The mixture was allowed to warm with shaking. As 
soon as a homogenous solution was formed (estimated tempera
ture 6 - 1 0 °), it was added to a cold solution of benzene ( 2 0  ml)

( 1 9 )  D e t a i l s  o n  s t r u c t u r a l  p r o o f s ,  p r o p e r t i e s ,  a n d  a l t e r n a t e  s y n t h e s e s  w i l l  
b e  s u b m i t t e d .

and norbornadiene (8.0 ml, 79.0 mmol). No immediate reac
tion occurred. On warming of the mixture, the rate of tempera
ture increase increased with temperature; this was maintained 
at 28-32° by cooling in a bath at 0°. When the spontaneous 
reaction had ceased ( 1 0  min), the solution was refluxed for 2 0  
min leaving a clear colorless solution. Removal of the benzene 
and distillation as above gave a mixture of the dimethylnor
bornenyltin iodide isomers, bp 76-78° (0.18 mm), together with 
a small amount of dimethyltin diiodide. The yield was 22.1 g 
(81%). An off-white residue remained in the flask.

A n a l . Calcd for C9IIi5ISn: C, 29.4; H, 4.1; I, 34.4. 
Found for sample C: 29.1; H, 3.95; 1,34.2.

Attempted Reaction between Dimethyltin Difluoride, Dimeth
yltin Dihydride, and Norbornadiene.—Dimethyltin dihydride 
(5.3 g, 35.1 mmol) was added to dimethyltin difluoride (6.5 g,
34.9 mmol) and stirred, and norbornadiene (12 ml, 118 mmol) 
added. The suspension was stirred for 12 hr at room temperature 
and then for 12 hr at 60-70°; at this stage the infrared spectrum 
showed 1820 cm - 1  (vsnu). The product was distilled at 
1 0 0 ° (bath) yielding no dimethyltin dihydride, excess norborna
diene [bp 70-75° (ca. 400 mm)], and no further products, even 
after 1 hr at 0.10 mm. Tetrahydrofuran (20 ml) was added to 
the residual suspension, and a solution of methyl Grignard re
agent, from methyl iodide (11.5 g, 81 mmol) and magnesium 
(1.8 g, 75 mg-atoms) in ether (35 ml), was slowly added dropwise 
with stirring. After refluxing for 6  hr the mixture hydrolyzed. 
Distillation gave no tetramethyltin and no products of the vola
tility expected for trimethylnorbornenyltin or dimethylnor
bornenyltin or dimethylnorbornenyltin hydride. Only one 
product fraction, identified as a mixture of dimethylbis(nor- 
bornenyl)tin isomers, bp 87-89° (0.15 mm), was obtained (8.4 g, 
72%).

A n a l . Calcd for C 16H24Sn: C, 57.4; H, 7.17. Found: 
C, 57.2; H, 7.24.

Reaction between Tributyltin Hydride, Methyltin Dichloride, 
and Norbornadiene.—A freshly prepared mixture of tributyltin 
hydride (10.90 g, 37.4 mmol) and norbornadiene (3.50 g, 38.1 
mmol) was added, dropwise with stirring, to a solution of methyl- 
tin trichloride (9.0 g, 37.5 mmol) in ether (30 ml). A very exo
thermic reaction occurred. The vessel was cooled in a bath at 
2 0 ° and the addition performed at such a rate as to maintain a 
gentle rate of reflux. After completion of the addition, the 
resulting white suspension was refluxed for 30 min. Ether (20 
ml) was added and to the still refluxing suspension was added a 
solution of methyl Grignard reagent from methyl iodide (19 g, 
134 mmol) and magnesium (3.0 g, 125 mg-atoms) in ether (35 ml) 
slowly with stirring. Refluxing was continued for 40 min. 
Work-up and distillation under reduced pressure gave a mixture 
of trimethylnorbornenyltin isomers, bp 42—16° (0.6 mm) (2.3 g, 
24%), and tributylmethyltin, bp 73-74° (0.6 mm) (10.2 g, 
89%). The product ratio of the trimethylnorbornenyltin mix
ture was determined as described below.

Determination of the Product Ratios Resulting from the Addi
tion of Dimethylhalotin Hydrides and Methyldichlorotin Hydride 
to Norbornadiene.—Attempted glpc analysis of dimethylnor
bornenyltin halide isomer mixtures on UCW 98, Apiezon L, 
and diethylene glycol succinate columns resulted in only qualita
tive separation. The proton magnetic resonance spectra, how
ever, exhibited sufficient resolution for the Sn methyl protons so 
that, for all the dimethylnorbornenyltin halides, the ratio (exo-5 
A~ tricyclo): (endo- 5  -f- syn-7 ) could be determined with a maxi
mum error estimated at ±1 .5% . The smaller separation be
tween the Sn methyl proton resonances of the trimethylnor
bornenyltin isomers resulted in a slightly greater uncertainty 
( ± 2 % ) in the measurement of the same ratio for the methylated 
isomers of the methyltin dihalide hydride adducts. The amounts 
of tricyclo- and syn-7  isomers present in the dimethylnorbornenyl
tin halide mixtures were estimated by exhaustive methylation 
followed by glpc analysis of the resulting trimethylnorbornenyltin 
isomer mixture. A 6  ft X 1/»  in. 10% Apiezon L column gave 
sufficient resolution for the ratio of syn-7: (exo-5 +  endo-5): tri
cyclo isomers to be determined with a maximum error estimated 
at ±0 .5% ; optimum results were obtained using Helium carrier 
gas, 30 lb/in .2 inlet pressure, isothermal 140°, and a sample of 
0.1 pi. From these pmr and glpc results the product ratios given 
in Table I were calculated.

That the results thus obtained reflect the isomer ratios of the 
original hydride addition is supported by the following, (a) 
Nmr monitoring of the reactions at all stages from just after the 
initial addition of the hydride to the distillation of the methylated
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Table VI
Summary of Reactant Ratios and Y ields for the M éthylations of D imethylnorbornenyltin Halides by 

Grignard Reagent. T he Product is T rimethylnorbornenyltin. Weights are in Grams
X  in ,----------------- - H a l i d e — ---------— > ,-------------- M a g n e s i u m --------------■> ✓------------- M e t h y  l i o d i d e -------------- * ' ----------------- - P r o d u c t ------------------ >

C s H i s S n X W t  (g) m m o le s W t  (g ) m g - a t o m s W t  (g) m m o le s W t  (g) %  y i e l d

Cl 9.8 36 1 . 0 0 41.1 6 . 0 42.3 7.7 8 6 “
Br 9.0 28 0.75 30.6 5.0 35.2 6.3 8 8

I 1 0 . 0 27 0.75 30.6 5.0 35.2 6 . 1

6.3
8 8  (A) 
91 (B)

“ Some product lost due to sudden foaming during vacuum distillation ; maximum pure yield must be a few per cent greater than this.

product showed that the ratio of (exo-5 +  tricyclo): (endo-5 +  
syn-7) was constant, (b) The first and last cuts of a distillation 
of a dimethylnorbornenyltin halide mixture showed a similarly 
constant ratio, (c) An excess of Grignard reagent was used for 
each méthylation, and completeness of méthylation was verified 
by glpc analysis. Furthermore, all méthylation yields were 
excellent, (d) The first and last cuts of a distillation of a tri
methylnorbornenyltin mixture showed identical isomer ratios,
(e) Treatment of a sample of a dimethylnorbornenyltin bromide 
isomer mixture with a deficiency of a methyl Grignard reagent 
showed no preferential reaction of the isomers under the condi
tions used for the complete méthylation.

Méthylation of Dimethylnorbornenyltin Halides.—The pro
cedure for each of the halides was identical. That for the bro
mide is described here; the other reactions are summarized in 
Table VI. Methyl iodide (5.0 g, 35.2 mmol) in ether (20 ml) 
was added to magnesium (0.75 g, 30.6 mg-atoms); the mixture 
was refluxed briefly to allow complete dissolution of the metal. 
A sample of the dimethylnorbornenyltin bromide mixture (9.00 
g, 28.0 mmol) in ether (2 0  ml) was added dropwise with stirring 
to the refluxing solution. A mildly exothermic reaction oc
curred. The solution was refluxed further for 40 min, cooled, 
and poured onto a mixture of sulfuric acid (1.5 ml) and crushed 
ice (50 g). The ethereal layer was separated, washed with 10% 
aqueous sulfuric acid (two 10-ml portions) and water (two 15-ml 
portions), dried over calcium chloride, and distilled, yielding ether 
and a méthylation product, bp 42M8° (0.6 mm), as a clear color
less liquid (6.3 g, 8 8 %).

Reaction of Dimethylnorbornenyltin Bromide with Deficiency of 
Methyl Grignard.—Magnesium (0.397 g, 16.5 mg-atoms) in ether 
(5 ml) was dissolved in methyl iodide (2.7 g, 19.0 mmol) in ether

eal solution (15 ml), using the normal Grignard technique, and 
then added dropwise with stirring to a gently refluxing solution 
of dimettudnorbornenyltin bromide (10.1 g, 31.4 mmol). Re
fluxing was continued for 30 min; the mixture was cooled and 
shaken with 2 % aqueous hydrobromic acid (100 ml). The 
aqueous layer was extracted with ether (two 25-ml portions). 
The combined ethereal extracts were washed with water (two 
25-ml portions), dried over calcium chloride, and distilled, yielding 
ether, trimethylnorbornenyltin, bp 38-40° (0.5 mm) (3.2 g, 
40%), and dimethylnorbornenyltin bromide, bp 77-79° (0.5 mm) 
(4.5 g, 44%). Nmr analysis of the original and final bromide 
mixtures and of the trimethyltin mixture showed that in each 
case the ratio (exo-5 +  tricyclo): (endo-5 +  syn-7) fell within 
the limits 51 ±  2.0:49 ±  2.0.

Registry No.'—Trimethyltin hydride, 1631-73-8; nor- 
bornadiene, 121-46-0; dimethylchlorotin hydride, 
16561-41-4; dimethylbromotin hydride, 16561-23-2; 
dimethyliodotin hydride, 16561-40-3.
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Halogenation with Copper(II) Halides. The Synthesis of Chloroiodoalkanes
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Vicinal chloroiodoalkanes have been synthesized by a simple, single-step reaction of olefins with copper(II) 
chloride and iodine or an iodine donor. The reaction is capable of application to substituted and unsubstituted 
olefins. Conjugated diolefins yield dichlorides v ia  halide exchange reactions with initially formed chloroiodides.

The addition of halogens and of halogen derivatives 
to olefinic unsaturation has been the topic of substantial 
synthetic and mechanistic investigation.1 While the 
interhalogen compounds, iodine and bromine monochlo
ride, have been included in these studies as diagnostic 
tools for reaction mechanism, these reagents have been 
largely unexploited for synthetic purposes. The lack 
of simple and efficient syntheses for chloroiodoalkanes 
is particularly curious in view of the desirable agricul
tural2 and chemical properties3 exhibited by these or
ganic halides.

( 1 )  H .  P .  B r a e n d l i n  a n d  E .  T .  M c B e e ,  ‘ ‘ F r i e d e l - C r a f t s  a n d  R e l a t e d  R e 
a c t i o n s , ”  V o l .  I l l ,  G .  A .  O la h ,  E d . ,  W i l e y ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 4 ,  p p  1 5 6 3 -  
1 5 7 9 .

( 2 )  ( a )  H .  J o h n s t o n ,  U .  S .  P a t e n t  2 ,8 0 8 ,4 4 4  ( 1 9 5 7 ) ;  ( b )  G .  O .  T u r n e r ,  
U .  S .  P a t e n t  2 ,8 7 5 ,1 1 8  ( 1 9 5 9 ) .

( 3 )  F o r  e x a m p l e ,  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  t h e  c a r b o n - c h l o r i n e  a n d  
t h e  c a r b o n —i o d i n e  b o n d s  in  l - c h l o r o - 2 - i o d o e t h a n e  p e r m i t s  i t s  s e l e c t i v e  p y r o l y 
s i s  t o  v i n y l  c h l o r i d e  a n d  i o d i n e . 4

Chloroiodoalkanes have not generally been prepared 
by the addition of preformed iodine monochloride to 
olefins. This is due to two factors: one is the neces
sity of preparing the reagent from the elemental halo
gens;5 the other is the dissociable nature of the com
pound which frequently leads to high yields of unstable 
diiodides along with small amounts of desired prod
uct.6-8 Attempts to generate chloroiodoalkanes 
through the addition of hydrogen iodide to olefinic 
chlorides have also been only partially successful owing

( 4 )  ( a )  E .  T .  B u t l e r ,  E .  M a n d e l ,  a n d  M .  P o l a n y i .  T r a n s . F a ra d a y  S o c .,  
41, 2 9 8  ( 1 9 4 5 ) ;  ( b )  D .  M .  F e n t o n ,  U .  S .  P a t e n t  3 ,2 0 5 ,5 1 7  ( 1 9 6 5 ) .

( 5 )  L .  F .  F i e s e r  a n d  M .  F .  F ie s e r ,  “ R e a g e n t s  f o r  O r g a n i c  S y n t h e s i s , ”  
W i l e y ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 7 ,  p  5 0 2 .

(6 )  M .  S i m p s o n ,  J u s tu s  L ieb ig s  A n n . C h em ., 125, 1 0 1  ( 1 8 6 3 ) ;  127, 3 7 2  
( 1 8 6 3 ) .

( 7 )  V .  V ^ o r h e e s  a n d  G .  S .  S k i n n e r ,  J .  A m e r . C h em . S o c .,  47, 1 1 2 4  ( 1 9 2 5 ) .
( 8 )  A .  W .  F r a n c i s ,  ib id .,  47, 2 3 4 0  ( 1 9 2 5 ) .
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to the occurrence of rearrangement, halogen exchange, 
and reduction reactions.9 Various /3-chloroethyl phos
phites have been treated with methyl iodide to give 
70-85% yields of l-chloro-2-iodoethane;10'11 however, 
the reaction has limited synthetic scope since other req
uisite /3-chloro alcohols are generally not available. A 
similar comment may be applied to the synthesis of 
chloroiodides by sodium iodide displacement on /?- 
chloroalkyl sulfates.12 13 14 15 16 17

The in  s itu  generation of iodine monochloride by the 
reaction of iodine with mercury(II), gold(I), silver(I), 
and copper(I) chlorides has been described.13-15 When 
these reagents were combined in an ethereal solution of 
cyclohexene, 80-85% yields of l-chloro-2-iodocyclo- 
hexane were recovered after 7-14 days at room tem
perature. Under these circumstances half of the halo
gen was degraded to inactive metal iodide. A related 
system was more recently described in which olefins 
were reacted with iodine and various Lewis acid metal 
chlorides in aqueous solution.4b Conversions based on 
iodine ranged from 30 to 60% indicating that much of 
the halogen was lost from the reaction, most likely 
through hydrolysis of alkyl iodide or conversion to 
metal iodide.

The reactions of olefins with copper(II) halides in 
various media have been a topic of investigation in 
these laboratories.1617 During these studies it was 
found that olefins reacted readily with copper(II) 
chloride and iodine to give high yields of vicinal chloro
iodoalkanes. The remainder of this paper presents the 
scope and the utility of this novel synthetic procedure.

Results and Discussion
The general reaction of olefins with copper(II) chlo

ride and iodine is illustrated by eq 1; typical yield data
Cl

2RCH=CHR +  I, +  2CuC12 — >- 2RCHCHR +  2CuCl (1)
I
I

are summarized in Table I. Gaseous olefins were re
acted as solutions in various alkane, aromatic, or chloro- 
carbon solvents. Liquid olefins were allowed to react 
in the same diluents, or, alternatively, an excess of the 
olefinic substrate served as the reaction medium. Tem
peratures of 25-100° and reaction periods of a few min
utes to 3-4 hr were required.

Although the reaction was generally insensitive to the 
choice of diluent, an exception was afforded by the reac
tion of ethylene in carbon tetrachloride. In this medium 
no chloroiodoethane was formed, and 1,2-diiodoethane 
was the sole product . Conversely, all olefins higher than 
ethylene reacted smoothly to give excellent yields of 
chloroiodides. While carbon tetrachloride would be an
ticipated to retard the reaction to some degree as a 
consequence of copper(II) complexation by the chloro-

(9 )  J .  R .  S h e l t o n  a n d  L . - H .  L e e ,  J . O rg . C h em .,  23, 1 8 7 6  ( 1 9 5 8 ) .
(1 0 )  J .  L o r e n z  a n d  J .  A u e r ,  A n g e w . C h em .,  77, 2 1 8  ( 1 9 6 5 ) .
( 1 1 )  E .  L .  G e f t e r  a n d  M .  I .  K a b e c h n i k ,  I z v . A k a d . N a u k  S S S R , Otd. 

K h im . N a u k ,  1 9 4  ( 1 9 5 7 ) ;  C h em . A b str .,  56, 1 1 2 3 8 d  ( 1 9 5 7 ) .
(1 2 )  F .  L .  M .  P a t t i s o n  a n d  J .  E .  M i l l i n g t o n ,  C a n . J .  C h em .,  34, 7 5 7  

( 1 9 5 6 ) .
(1 3 )  L .  B r u n e i ,  C . R . A c a d . S c i .,  135, 1 0 5 5  ( 1 9 0 2 ) .
(1 4 )  L .  B i r c k e n b a c h ,  J .  G o u b e a u ,  a n d  E .  B e r r i n g e r ,  B e r .,  65, 1 3 3 9  ( 1 9 3 2 ) .
(1 5 )  L .  B i r c k e n b a c h  a n d  J .  G o u b e a u ,  ib id .,  67, 1 4 2 0  ( 1 9 3 4 ) .
( 1 6 )  W .  C .  B a i r d ,  J r . ,  a n d  J .  H .  S u r r id g e ,  J . O rg . C h em ., 35, 2 0 9 0  ( 1 9 7 0 ) .
(1 7 )  W .  C .  B a i r d ,  J r . ,  a n d  J .  H .  S u r r i d g e ,  ib id .,  35, 3 4 3 6  ( 1 9 7 0 ) .

Table I
Reaction of Olefins with Copper(II) Chloride and Iodine

O le f in

c h ,= c h 2
c h 3c h = c h 2

CHr.(CH2)3CH=CH 2

CH2=CHOOCCH3

c h := c h c h = c h 2

c 6h 5c h = c h 2

P r o d u c t

ICH2CH2C1 
CH3CHCH2I (73%) I

¿1
CH3CHCH2C1 (27%)/

CH3(CH2)CHCH2I (80%)

¿1
CH3(CH2)3CHCH2C1 (20%)a:
ICH2CHOOCCH3

¿1
C1CH2CH=CHCH 2C1 (84%)) 
CH2=CHCHCH 2C1 (16%) f

¿1 J
C6H5CHCH2C1

¿1

Y i e ld ,

%
82

75

91

95

8 8

78

79

carbcn,18 this factor alone should not totally inhibit the 
ethylene reaction. The fact tha t the diiodides derived 
from other simple olefins are labile relative to diiodo- 
ethane under the reaction conditions,19'20 indicates that 
facile dissociation of the diiodide contributes to driving 
the reaction to completion.

Propylene and hexene-1 gave rise to mixtures of iso
meric chloroiodoalkanes (Table I). The isomer dis
tributions were comparable to those that had been ob
served in the addition of iodine monochloride to pro
pylene.21-23 Since the previous results had been inter
preted in terms of an iodonium ion intermediate, which 
yielded ultimately Markovnikov (SnI) and anti-Mar- 
kovnikov (Sn2) products, it is apparent that a com
parable specie is involved in the present case.

Vinyl acetate reacted smoothly with iodine and 
copper(II) chloride to give a single product, 1-chloro-
2-iodoethylacetate (eq 2). The structure of this ma-
2CH2=CHOOCCH3 +  I, +  2CuC12 — >-

OOCCH3

2ICH2CH/  +  2CuCl (2)
\

Cl

terial was established in part by a positive iodoform 
test and reaction with 2,4-dinitrophenylhydrazine re
agent.24 In contrast to the difficulties experienced in 
adding iodine monochloride to vinyl acetate,25 this 
facile addition was reminiscent of the rapid reaction 
observed during the addition of iodine isocyanate to

( 1 8 )  (a )  D .  C .  N o n h e b e l ,  J . C h em . S o c .,  1 2 1 6  ( 1 9 6 3 ) ;  ( b )  R .  G .  R .  B a c o n  
a n d  H .  A .  O .  H i l l ,  ib id .,  1 0 9 7  ( 1 9 6 4 ) .

( 1 9 )  E .  E .  R o y a l s ,  “ A d v a n c e d  O r g a n i c  C h e m i s t r y , ”  P r e n t i c e - H a l l ,  N e w  

Y o r k ,  N .  Y . ,  1 9 5 4 ,  p  3 4 3 .
( 2 0 )  G .  S u m r e l l ,  B .  M .  W y m a n ,  R .  G .  H o w e l l ,  a n d  M .  C .  H a r v e y ,  C a n . 

J . C h em .,  4 2 ,  2 7 1 0  ( 1 9 6 4 ) .
( 2 1 )  R .  E .  B u c k l e s  a n d  D .  F .  K n a a c k ,  J.  C h em . E d u c .,  37, 2 9 8  ( 1 9 6 0 ) .
( 2 2 )  C .  K .  I n g o l d  a n d  H .  G .  S m it h ,  J . C h em . S o c .,  2 7 4 2  ( 1 9 3 1 ) .
( 2 3 )  S . W i n s t e i n  a n d  E .  G r u n w a l d ,  J . A m e r .  C h em . S o c .,  70, 8 2 8  ( 1 9 4 8 ) .
(2 4 )  R .  L .  S h r i n e r ,  R .  C .  F u s o n ,  a n d  D .  Y .  C u r t i n ,  “ T h e  S y s t e m a t i c  

I d e n t i f i 3 a t i o n  o f  O r g a n i c  C o m p o u n d s , ”  W i l e y ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 4 ,  p  

2 5 3 .
(2 5 )  D .  S w e r n  a n d  E .  F .  J o r d a n ,  J r . ,  J . A m e r .  C h em . S o c .,  70, 2 3 3 4  

( 1 9 4 8 ) .
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this olefinic ester.26 The latter reaction has been shown 
to involve the electrophilic addition of iodonium ion,27 
and it is reasonable to consider a similar intermediate in 
this case.

The conjugated olefins, butadiene (eq 3) and styrene
2 CH2=C H C H =C H 2 +  I2 +  2CuC12 — >-

C1CH2CH=CHCH 2C1 
c ic h 2c h c h = c h 2

I
Cl

2C6H5CH =CH 2 +  I2 +  2CuC12 —
2C6H5CHCH Cl +  2CuI (4)

I
Cl

(eq 4), did not yield chloroiodides but did produce high 
yields of the corresponding dichlorides. These results 
are attributed to the halide exchange reactions that 
occurred between initially formed chloroiodides and 
copper(I) chloride.18b The driving force for these 
exchange processes is provided by the reactivity of 
the carbon-iodine bonds in these dihalides and by the 
greater stability of copper(I) iodide relative to the 
chloride.28 The dominance of the 1,4 isomer in the mix
ture of dichlorobutenes was a reflection of the equi
librium distribution over copper halides.29

While molecular iodine is a preferred iodine donor 
for the synthesis of chloroiodoalkanes, iodine may also 
be supplied to the reaction as a covalent metal iodide. 
The stoichiometry of this reaction is illustrated by eq 5; 
the Experimental Section gives representative results.
raRCH=CHR +  2raCuCl2 +  MI„ — >-

I

reRCHCHR +  2»CuCl +  MCI. (5)
I
Cl

These reactions proceeded with the release of elemental 
iodine in accord with the equilibrium shown in eq 6.28b

Cul +  CuCl2 2CuCl +  y«Ij (6 )

While reactions involving metal iodides could be carried 
out in the hydrocarbon media previously cited, these 
systems were totally inhibited in carbon tetrachloride. 
This inhibition was attributed to the influence of chloro- 
carbon complexation on eq 6. Similarly, highly ionic 
iodides, e .g ., potassium iodide, were not suitable iodine 
donors, a fact which was also ascribed to the failure of 
the requisite redox reaction (eq 6) to occur.

The consideration of the mechanism operating in 
these reactions has precluded the intermediate par
ticipation of iodine monochloride (eq 7). If the inter-

I2 +  2CuCl2 2IC1 +  2CuCl (7)

halogen compound were being generated by this equi
librium, all olefins would be expected to yield chloro-

( 2 6 )  C .  G .  G e b e l e i n  a n d  D .  S w e r n ,  C h em . I n d . (L o n d o n ),  1 4 6 2  ( 1 9 6 5 ) .
(2 7 )  A .  H a s s n e r  a n d  C .  H e a t h c o c k ,  J . O rg. C h em ., 29 , 3 6 4 0  ( 1 9 6 4 ) ;  

T etra h ed ron , 20, 1 0 3 7  ( 1 9 6 4 ) ;  T etra h ed ron  L ett.,  3 9 3  ( 1 9 6 3 ) ;  1 1 2 5  ( 1 9 6 4 ) .
(2 8 )  (a )  L .  P a u l i n g ,  " C o l l e g e  C h e m i s t r y , ”  W .  H .  F r e e m a n  a n d  C o . ,

S a n  F r a n c i s c o ,  C a l i f . ,  1 9 5 1 , p p  5 5 3 - 5 5 5 ;  ( b )  " G m e l i n s  H a n d b u c h  d e r
A n o r g a n i s c h e n  C h e m i e , ”  V o l .  6 0  ( B l ) ,  V e r l a g  C h e m i e ,  W e i n h e i m ,  G e r . ,  
1 9 5 8 ,  p  3 8 9 .

( 2 9 )  F .  J .  B e l l r in g e r  a n d  H .  P .  C r o c k e r ,  B r i t i s h  P a t e n t  8 0 0 ,7 8 7  ( 1 9 5 8 ) .

iodides independent of olefinic structure or reaction 
medium. The failure of ethylene to react in carbon 
tetrachloride has refuted this scheme. Less convincing, 
but supporting, evidence was the recovery of unchanged 
inorganic reagents in control reactions free of olefin.

A consistent picture of the reaction is provided by 
eq 8a-d. Two initial reactions are possible. One in
volves the addition of iodine to olefin catalyzed by 
copper(II) chloride30 to generate the iodonium salt
3. Alternatively, 3 arises from the interaction of 
iodonium complex 1 with copper(II) chloride. Loss of 
copper(II) chloride from 3 with concomitant addition 
of iodide yields the labile diiodide 2. Transfer of 
chloride, however, irreversibly produces chloroiodo- 
alkane 5 and the unstable copper(II) chloroiodide; the 
latter decomposes to copper (I) chloride and iodine 
(eq 8a). The appearance of copper(I) chloride in the 
system initiates the reaction sequence represented 
by eq 8c. The introduction of copper(I) iodide (eq 8c) 
in the presence of unreacted copper(II) chloride estab
lishes reaction 8d. The net result of these individual 
steps is the general reaction previously illustrated by 
eq l .31

While definitive analysis of such a complex system is 
difficult, the credibility of reactions 8b-d is provided by 
their independent observation.13_1519'2Sb Reaction 8a 
is feasible by analogy to 8c. A consequence of this 
scheme is that limiting the initial charge of copper(II) 
chloride prevents the occurence of reaction Sd. In 
that case the reaction stoichiometry becomes that 
shown below. This reaction sequence also predicts
3RCH=CHR +  2CuCl2 +  2I2 — >-

Cl

3RCHCHR +  CuCl +  Cul
I
I

that swamping the system with olefin will depress the 
overall reaction rate owing to the increased concentra
tion of olefin-iodine and olefin-copper(I) r  complexes, 
which retard reactions 8a, 8c, and Sd. A reaction in 
neat cyclohexene (olefin:copper:iodine, 50:5:1 mol) 
required 4 hr to go to completion a t room temperature; 
reaction of this olefin in «-pentane (olefin: copper: 
iodine, 2:2:1 mol) was >80% complete after 25 min.

The isomer distributions obtained with unsym- 
metrical olefins are ascribed to the reaction being gov
erned by normal iodonium ion behavior in intermediates 
3 and 4. The facile reaction with vinyl acetate may be 
attributed to greater polarization of the reagents than 
was possible with iodine monochloride.25 The for
mation of a single product from vinyl acetate is believed 
to reflect a unique bonding situation in the iodonium

( 3 0 )  C o p p e r ( I )  a n d  c o p p e r ( I I )  c h l o r i d e s  a r e  k n o w n  L e w i s  a c i d s :  G .  A .  
O la h ,  “ F r i e d e l —C r a f t s  a n d  R e l a t e d  R e a c t i o n s , ”  V o l .  I ,  G .  A .  O l a h ,  E d . ,  
W i l e y ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 3 ,  p p  2 1 5 - 2 1 6 .

( 3 1 )  A  r e f e r e e  h a s  s u g g e s t e d  a  f r e e - r a d i c a l  m e c h a n i s m  f o r  t h e s e  r e a c t i o n s .  
A  r a d i c a l  r e a c t i o n  h a d  b e e n  c o n s i d e r e d  a n d  w a s  r e j e c t e d  a s  b e i n g  i n c o n s i s t e n t  
w i t h  t h i s  a n d  r e l a t e d  s t u d i e s .  T h e  C U C I 2- I 2 s y s t e m  h a s  p r e v i o u s l y  b e e n  
s h o w n  t o  e f f e c t  t h e  i o d i n a t i o n  o f  a r o m a t i c  r i n g s  v ia  L e w i s  a c i d  c a t a l y z e d  
i o d o n i u m  i c n  a t t a c k , 17 a  r e a c t i o n  a n a l o g o u s  t o  e q  8 a  a n d  8 c .  A  r a d i c a l  
m e c h a n i s m  p r e c l u d e s  t h e  f o r m a t i o n  o f  c o p p e r ( I )  i o d i d e ,  a n  o b s e r v e d  r e a c t i o n  
p r o d u c t ,  f o r  a  r a d i c a l  s e q u e n c e  y i e l d s  u l t i m a t e l y  o n l y  c o p p e r ( I )  c h l o r i d e  a s  
t h e  i n o r g a n i c  b y - p r o d u c t .  A  r a d i c a l  r e a c t i o n  f o r  e q  8 c  r e q u i r e s  t h e  f o r m a t i o n  
o f  m e t a l l i c  c o p p e r ,  w h ic h  h a s  n o t  b e e n  o b s e r v e d  in  c o p p e r ( I I )  c h l o r i d e  d e 
f i c i e n t  r e a c t - o n s  w h e r e  c o p p e r ( 0 )  w o u l d  n o t  b e  r e m o v e d  b y  d i s p r o p o r t i o n a t i o n  
t o  c o p p e r ( I )  c h l o r i d e  ( C u  +  C u C h  — 2 C u C l ) .

j +  2CuI (3)
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Cl

fR C H — CHR-1+ CuCl2I -  ----- > RCHCHR +  CuClIL̂ î J J CuCl +  VjIi (8a)

(8 b)

(8c)

Cul +  CuCl2

ion which tends to localize and stabilize the positive 
charge on the methine carbon (6).

HiC\  + ' - p e n ,
HC—O

6

Experimental Section
Infrared spectra were recorded on a Beckman IR-5A spectro

photometer. Vapor phase chromatography (vpc) was performed 
utilizing a Perkin-Elmer 154D fractometer, a Perkin-Elmer 
Model 226 gas chromatograph, and a Varian Aerograph Model 
202 gas chromatograph. Nmr spectra were recorded on a Varian 
Associates A-60 spectrometer using tetramethylsilane as an 
internal standard. Melting points and boiling points are not 
corrected. All reagents were obtained from commercial sources 
and were used as received. All gaseous olefins were CP grade.

Synthesis of Vicinal Chloroiodoalkanes. Ethylene.—Into a 
Parr high pressure reactor32 were placed 200 ml of cyclohexane,
26.6 g (0.2 mol) of copper(II) chloride, 25.4 g (0.1 mol) of iodine, 
and 0.2 mol of ethylene. The reaction was stirred at 75-85° for 
2  hr. The reaction mixture was filtered to give 23.5 g of copper 
salts, which corresponded to 12.3 g (0.125 mol) of copper(I) 
chloride, 4.7 g (0.025 mol) of copper(I) iodide, and 6.7 g (0.05 
mol) of unreacted copper(II) chloride. From the filtrate was 
recovered 31.2 g (0.17 mol) of l-chloro-2-iodoethane (85%): 
bp 55-57° (37 mm); n25o 1.5636; d 2b 2.12; nmr (neat) & 3.2-3.6 
(m, 2, HCC1), 3.7-4.1 (m, 2, HCI). Vpc analysis (2 m X 0.25 
in. 20% diethylene glycol succinate column, 125°, 15-psig helium) 
gave a single peak, rt 5.1 min from air. A n a l. Calcd for C2H4C1I: 
C, 12.61; H, 2.12; Cl, 18.62; 1,66.65. Found: C, 12.91; H, 
2.34; Cl, 18.80; I, 67.70.

If the reaction was performed at room temperature, no chloro- 
iodoethane was produced. From the reaction was recovered un
reacted copper(II) chloride and a 98% yield of 1,2-diiodoethane; 
the latter was shown to be identical with an authentic sample.

The reaction was repeated using a stoichiometric deficiency of 
copper(II) chloride; the reactor was charged with 0.3 mol of 
ethylene, 0.2 mol of eopper(II) chloride, and 0.2 mol of iodine. 
From the reaction was isolated 54.5 g (96%) of l-chloro-2- 
iodoethane and 29.3 g of copper(I) salts. The latter was a mix
ture of 0 . 1  mol of copper(I) chloride and 0 . 1  mol of copper(I) 
iodide.

When the reaction of ethylene was performed in carbon tetra
chloride, an 80% yield of diiodoethane was isolated. A 10-g 
sample of this diiodide was refluxed with 5 g of copper(II) 
chloride in 50 ml of carbon tetrachloride for 2 hr. The bulk of 
the diiodide (91%) was recovered unchanged.

Propylene.—The same procedure was followed as described for 
ethylene. The yield of chloroiodopropanes was 75-80%; bp

(3 2 )  4 5 0 0  S e r ie s ,  P a r r  I n s t r u m e n t  C o . ,  M o l i n e ,  111.

— ‘A b +  2CuCl (8 d)

54-55° (24 mm); ?i 26d 1.5403; nmr (neat) S 1.65 (d, 2.3, CH3- 
CIICl), 1.95 (d, 0.7, CH3CHI), 3.2-4.4 (m, 3, CII2, CH). 
Analysis of the methyl group areas showed the composition of the 
product to be 76.5% l-iodo-2-chloropropane and 23.5% 1- 
chloro-2 -iodopropan e.

Cyclohexene.—Into a round-bottom flask were placed 50 ml of 
cyclohexene, 13.3 g (0.1 mol) of copper(ll) chloride, and 12.7 g 
(0.05 mol) of iodine. The reaction was stirred at room tempera
ture for 4 hr. The reaction mixture was filtered, and the filter cake 
was washed with ra-pentane to give 9.8 g (0.1 mol) of copper(I) 
chloride. From the filtrate was isolated 24.2 g (99%) of 1-chloro- 
2-iodocyclohexane: bp 37° (0.2 mm); n 2bo  1.5700; nmr (neat) 
S 4.4 (m, 2, HCC1, IICI), 1.2-2.8 (m, 8 , CII2). Vpc analysis 
(2 m X 0.25 in. 20% diethylene glycol succinate column, 125°, 
15 psig) gave a single compound, r t 31.4 min. A n a l . Calcd for 
CJRoClI: C, 29.47; H, 4.12; Cl, 14.50; I, 51.90. Found: 
C, 29.57; H, 4.13; Cl, 14.40; I, 51.40.

A duplicate experiment was permitted to stir at room tempera
ture for 15 min. Filtration gave 12.3 g of copper(II) chloride 
(93% recovery); from the filtrate was obtained ~20 g of a 
mixture of cyclohexene and iodine.

In another experiment a solution of 8.2 g (0.1 mol) of cyclo
hexene in 50 ml of pentane was stirred with 13.3 g (0.1 mol) of 
copper(II) chloride and 12.7 g (0.05 mol) of iodine at room 
temperature for 25 min. The reaction produced 20.0 g (82%) of 
chloroiodocyclohexane and 12.7 g of a mixture of copper(I) 
chloride (6.3 g, 0.064 mol), copper(I) iodide (3.4 g, 0.018 mol), 
and copper(II) chloride (2.4 g, 0.018 mol).

A mixture of 15 ml (0.15 mol) of cyclohexene, 13.3 g (0.1 mol) 
of copper(II) chloride, 25.4 g (0.1 mol) of iodine, and 50 ml of 
cyclohexane was stirred at room temperature for -~20 hr. A 95% 
yield of chloroiodocyclohexane was isolated. The inorganic 
product (14.4 g) was a mixture of 4.9 g (0.05 mol) of copper(I) 
chloride and 9.5 g (0.05 mol) of copper(I) iodide.

Hexene-1.—A mixture of 100 ml of hexene-1, 27 g (0.2 mol) of 
copper(II) chloride, and 26 g (0.1 mol) of iodine was stirred at 
reflux for 15 min. From the reaction was isolated 44.7 g (91%) 
of isomeric chloroiodohexanes. The nmr spectrum indicated a 
mixture containing 80% l-iodo-2 -chlorohexane and 2 0 % 1 - 
chloro-2 -iodohexane.

Vinyl Acetate.—To 100 ml of vinyl acetate was added 26 g 
(0.1 mol) of iodine and 27 g (0.2 mol) of copper(II) chloride. 
The reaction was stirred at 80° for 2 hr. The usual work-up 
gave 50.1 g (8 8 %) of l-chloro-2-iodoethylacetate: bp 38-40°
(0.15 mm); nmr (neat) S 6.50 (t, 1, HC < ), 3.68 (d, 2, CH2), 2.15 
(s, 3, CH3CO). A n a l . Calcd for C4H6C1I02: C, 19.33; H,
2.44; 01,14.27; 1,51.07. Found: C, 20.07; 11,2.36; Cl, 14.40; 
I, 50.10. The ester gave a positive iodoform test; reaction 
with 2 ,4 -dinitrophenylhydrazine reagent gave a dark red crystal
line product, mp 80° dec. A n a l . Calcd for CsH6N40 4: C,
43.25; H, 2.72; N, 25.26. Found: C, 43.31; H, 2.89; N,
24.56.

Iodine Donors and Diluents for Synthesis of Chloroiodoalkanes.
—Cyclohexene was used as a model olefin. In a typical experi
ment a solution of 16.4 g (0.2 mol) of cyclohexene in 100 ml of 
inert diluent was heated and stirred with 26.6 g (0 .2  mol) of
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copper(II) chloride and the indicated quantity of iodine donor. 
The reaction mixture was worked up in the usual manner. The 
results are summarized in Table II.

T a b l e  II

I o d i n e T e m p , T i m e , y i e l d ,
D i l u e n t d o n o r ® °C h r %
c 6h 12 i 2 60 0.3 88

c 6h 6 i 2 80 0 . 1 91
ecu i 2 80 0 . 1 90
CeH.o1’ Cul 80 I 83
c 6h 10 KI 80 2 0

c 6h 10 Lil SO 4 92
c 6h ,„ Bib' 80 2 93
ecu Cul 80 2 0

C7H,6 Cul 98 2 6 6

0 . 1  mol. h 1 0 0  ml of cyclohexene as diluent. ‘ 0 .0 2  mol.

Reaction of Conjugated Olefins. Butadiene.—A Parr reactor 
was charged with 100 ml of benzene, 26.6 g (0.2 mol) of copper(II) 
chloride, 25.4 g (0.1 mol) of iodine, and 0.2 mol of butadiene. 
The reaction was stirred at 70° for 2 hr. The reaction mixture 
was filtered to give 37 g of copper(I) iodide. The benzene was 
removed from the filtrate on a rotary evaporator, and the residue 
was distilled to give 19.4 g (78%) of isomeric dichlorobutenes, 
bp 48-53° (14 mm). Vpc analysis (5 ft X 0.25 in. 20% diethylene 
glycol succinate column, 125°, 48 ml/min) gave the following 
isomer distribution: 3,4-dichlorobutene-l, 16% (rt 3.7 min);
cis-l,4-dichlorobutene-2, 3% (n 10.0 min); lra n s -1 ,4-dichloro- 
butene-2 , 81% (rt 12.0 min). The products were identified by 
comparison with authentic samples.

If 0.1 mol of copper(I) iodide was used as the iodine source, a 
23% yield of dichlorobutenes was realized after 3 hr at 70°. 
When carbon tetrachloride was used as a reaction diluent, no 
reaction occurred with copper(I) iodide. This diluent in combina
tion with molecular iodine gave a 90% yield of dichlorobutenes 
in 90 min.

In a control experiment 1 g (4.6 mmol) of l-chloro-4-iodo- 
butene-2 2'  and 1  g ( 1 0 . 2  mmol) of copper(I) chloride were stirred 
at 70° for 90 min in 10 ml of benzene. The benzene solution was 
analyzed by vpc and was shown to contain the three isomeric 
dichlorobutenes; the isomer distribution was comparable with 
that described above.

Styrene.—To a mixture of 13 g (0.05 mol) of iodine, 13.3 g 
(0.1 mol) of copper(II) chloride, and 60 ml of n-octane at reflux 
was added dropwise a solution of 10.4 g (0.1 mol) of styrene in 
40 ml of n-octane. The addition required ~40 min.; the re
action was maintained at reflux for an additional 1 0  min. The 
reaction mixture was cooled and filtered to give 17.6 g of eopper(I) 
iodide (theory, 19.0 g). The filtrate was washed with 20% 
sodium thiosulfate solution and was dried over magnesium sulfate. 
The n-octane was removed on a rotary evaporator [60° (15 min)] 
to give 17.4 g of crude product. Distillation gave 13.8 g (79%) of
1,2-dichlcro-l-phenylethane: bp 67-73° (0.2 mm); nmr (neat) 5 
7.2 (s, 5, C6H5-), 4.85 (t, 1, >CHC1), 3.75 (d, 2, -CH 2C1). Vpc 
analysis [2 m X 0.25 in. 20% silicone (DC-200) column, 150°, 
105 ml/min] showed a single peak, rt 16.0 min; a small amount 
of styrene, r t 2.6 min, was present as an impuritv (~ 3 -5% ). 
A n a l. Calcd for C8H8CI2: C, 54.89; H, 4.60; Cl, 40.51. 
Found: C, 54.92; H, 4.47; Cl, 39.67.

A sample of the dichlorophenylethane was dehydrochlorinated 
with me lianolic sodium hydroxide to give a-chlorostyrene: 
bp 74-77° (14 mm); nMD 1.5561 (lit. 21 n25d 1.5590); nmr (neat) 
6 7.1-7.5 (m, 5, C6H5), 5.43 (q, 2, = C H 2).

The reaction of styrene was repeated at room temperature for 
a period of 20 hr. The reaction produced 4.5 g (26%) of di- 
chlorophenylethane and 8 .6  g (0.083 mol) of polystyrene. The 
inorganic by-product was a mixture of unreacted copper(II) 
chloride (6 .0  g) and copper(I) iodide ( 1 1 . 8  g); unreacted iodine 
(0 .0 2  mol) was determined by titration with thiosulfate.

Registry No.-—Copper(II) chloride, 7447-39-4; 1- 
chloro-2-iodoethane, 624-70-4; l-iodo-2-chloropropane, 
29568-69-2; l-chloro-2-iodopropane, 29568-70-5; 1-
chloro-2-iodocyclohexane, 29641-86-9; l-chloro-2-iodo- 
ethylacetate, 29568-71-6; 1,2-dichloro-l-phenylethane, 
1074-11-9.

Paramagnetic Metallocenes. Oxidation of Ferrocenyl Ketones1
John  J. M cD o n n e l l* an d  D onald  J. P ochopien
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Ferrocenyl ketones which have an a-niethylene group were oxicized to the stable paramagnetic semidiones. 
An excess of oxygen resulted in ortho oxygenation of the metallocene ring. The esr spectra indicated a remark
ably small amount of electron spin delocalization into the metallocene ring. The simplicity of the esr spectra 
permitted the elucidation of the relative rates of semidione formation as a function of substituent on metal ion. 
Interannular substituent effects on electron distribution were shown to be primarily inductive in nature. Hydro- 
gen-deuterium exchange of alkyl hydrogens a  to the semidione when the oxidation was conducted in DMSO-rf« 
was very slow; this observation was interpreted in terms of a dianior in the exchange reaction.

Ketones with an a-methylene group can be oxidized 
with molecular oxygen to the corresponding semidiones 
in dimethyl sulfoxide (DA ISO) solution containing an 
excess of potassium ferf-butoxide. The reaction is 
quite general and many semidiones prepared by this 
technique have been observed by esr spectroscopy.2 
Since our initial report on the conveniently prepared 
and stable semidione derivatives of metallocenes,3 
other stable metallocene radicals have been observed

( 1 )  S u p p o r t e d  b y  t h e  P e t r o l e u m  R e s e a r c h  F u n d  a d m i n i s t e r e d  b y  t h e  
A m e r i c a n  C h e m i c a l  S o c i e t y  ( G r a n t  1 3 7 5 - G l ) .

( 2 )  G .  A .  R u s s e l l ,  et a l., R ec . C h em . P ro g r .,  2 7 ,  3  ( 1 9 6 9 ) ;  a n d  E .  I .  K a i s e r  
a n d  L .  K e v a n ,  E d . ,  “ R a d i c a l  I o n s , ”  W i l e y ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 9 ,  C h a p t e r  
3 .

( 3 )  J .  J .  M c D o n n e l l ,  T etra h ed ron  L ett.,  2 0 3 9  ( 1 9 6 9 ) .

by esrC-7 These species are of interest from a view
point of electron spin delocalization, metal ligand inter
action, and chemical reactivity. Despite the applica
tion of metallocenes as antioxidants, combustion control 
additives, photoprotecting uv absorbers, and medicináis 
(areas which clearly involve radical chemistry), the 
chemical and physical properties of stable metallocene 
radicals have been almost uninvestigated8 until very re
cently. Most of the previous studies concerning radi-

( 4 )  J .  J .  M c D o n n e l l ,  G .  C a p e n ,  a n d  R .  M i c h e a l s o n ,  ib id .,  4 2 5 1  ( 1 9 6 9 ) .
( 5 )  A .  R .  F o r r e s t e r ,  S .  P .  H e p b u r n ,  R .  S .  D u n l o p ,  a n d  H .  H .  M i l l s ,  C h em . 

C om m u n .,  6 9 8  ( 1 9 6 9 ) .
(6 )  C .  E l s c h e n b r o i c h  a n d  M .  C a is ,  J . O rga n om eta l. C h em .,  1 8 ,  1 3 5  ( 1 9 6 9 ) .
(7 )  W .  C .  D a n e n  a n d  C .  T .  W e s t ,  T etra h ed ron  L ett.,  2 1 9  ( 1 9 7 0 ) .
(8 )  V .  M .  K a z a k a v a  a n d  Y .  K .  S y r k i n ,  Z h . S tru k t. K h im .,  3 ,  5 3 6  ( 1 9 6 2 ) .
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Table I
Hyperfine Splitting Constants of Radicals Observed on Initial Oxidation

X M R > R 2 R > R < X a a H , g a u s s 0

1 Ru c h 3 H H H la 4.25 (3H), 0.54 (2 H) 2.00642
2 Fe C1I3 H H H 2a 4.20 (3H), 0.50 (2 H) 2.00706
2' Fe c h 3 2,5-Dideuteriopropionylferrocene 2'a 4.20 (3 H), D not observed 2.00706
2 " Fe c h 3 Propionylferrocene-a1. 2"a 4.20 (3 H), D not observed 2.00706
3 Fe c h 2c h 3 II H H 3a 3.80 (2H), 0.50 (2 II) 2.00703
4 Fe CH(CH3)2 H H H 4a 1.75 (1 H), 0.50 (2 H) 2.00699
5 Fe CH2CH(CH3)2 H H H 5a 3.40 (2 H), 0.50 (2H) 2.00696
6 Fe c 6h 5 H H H 6a 1.70 (3 H), 0.50 (4 H) 2.00666
7a Fe c h 3 c o c h 3 H H 7a“ 4.38 (3H)

3.47 (4H), 0.43 (2H)
2.01604
2.00790

8 Fe c h 3 c h 2c h 2c h 2c h 3 h CH2CH2CH2CH3 8a 4.35 (3H), 0.42 (3H) 2.00714
9 Fe c h 3 c h 3 H c h 3 9a 4.30 (3 H), 0.45 (4H) 2.00717

10 Fe CH3 P-C6H,C1 H H 10a 4.17(3H ), 0 .50(1H ) 2.00694
11 Fe c h 3 H CH2CH2CH2CH3 CH2CH2CH2CH3 11a 4.25 (3 H), 0.50 (2H) 2.00737
12 Fe c h 3 H c h 3 c h 3 12a 4.25 (3 H), 0.50 (2H) 2.00742
13 Fe c h 3 H p-CeHjCl H 13a 4.20 (3H), 0.50 (2 H) 2.00680
14 Fe c h 3 H H C(CH3)3 14a 4.20 (3 H), 0.50 (2 H) 2.00706
15 Fe c h 3 II H p-c 6h »ci 15a 4.00 (3H), 0.52 (2 H) 2.00749
16 Fe c h 3 H H Br 16a 3.95 (3H), 0.55 (2H) 2.00700
17 Fe c h 3 H H Adamantyl ketone 17a 3.85 (3H), 0.52 (2H) 2.00728
18 Fe c h 3 H H COC(CPI3)3 18a 3.83 (3H), 0.52 (2H) 2.00728
19 Fe c h 3 H H COCH2CH(CH3)2 19a 3.82 (3H), 0.55 (2H) 

1.55 (1H), 0.55 (2H)
2.00728
2.00729

20 Fe c h 3 H H c o o c h 3 20a 3.82 (3H), 0.55 (2H) 2.00728
21 Fe c h 3 H H c o c h 2c h 2c h 3 21a 3.80 (3 H), 0.55 (2H) 

3.55 (2 H), 0.55 (2H)
2.00728
2.00729

22 Fe c h 3 H H c o c h 3 22a 3.80 (3 H), 0.55 (2 H) 2.00728
23 Fe c h 3 II II p-COC6H,CH3 23a 3.72 (3 H), 0.55 (2H) 2.00739
24 Fe c h 3 H H CN 24a 3.72 (3H), 0.55 (2H) 2.00709

“ 7 gives anomalous esr signals believed to arise from intramolecular condensation to form the p-benzoquinone type radical anions.

cal chemistry of metallocenes have been in the area 
of synthetic intermediates and one-electron oxidation of 
Fe2+ to Fe3+.9 In this paper some aspects of metallo
cene chemistry are discussed in terms of the stable para
magnetic semidione intermediate.

Results and Discussion
Ketones 1-24 (Table I) are oxidized initially to semi- 

diones under conditions described in the Experimental 
Section. The experimental data shown in Table I 
provide an unambiguous assignment of the hyperfine 
splitting const ants to the individual hydrogen atoms.

The quartet splitting of 4.20 G for entry 2 in Table I 
is assigned to “he methyl hydrogens a  to the semidione. 
As CH3 is replaced by CH2CH3 and CH(CH3)2, the 
quartet splitting is respectively replaced by a triplet 
splitting from 2 H of 3.80 G and a doublet splitting 
from 1 H of 1.75 G .10 When the ortho metallocene hy
drogens are replaced with deuterium, the two 0.5-G 
hydrogen hyperfine splittings (Figure 1A) are replaced 
with deuterium hyperfine splittings of 0.50/6.5 G

(9 )  M .  R o s e n b l u m ,  “ C h e m i s t r y  o f  t h e  I r o n  G r o u p  M e t a l l o c e n e s , ”  W i l e y ,  
N e w  Y o r k ,  N .  Y . ,  1 9 6 5 .

(1 0 )  T h e  d e c r e a s e  in  t h e  m a g n i t u d e  o f  t h e  2 - h y d r o g e n  s p l i t t i n g  c o n s t a n t s  
i s  a  r e s u lt  o f  a  t i m e - a v e r a g e d  d e c r e a s e  in  t h e  C - H  b o n d - s e m i d i o n e  it s y s t e m
a n g l e .

which are observed only as line broadening (Figure 
IB). The replacement of an ortho hydrogen by CH3 
(entry 9 of Table I) results in the appearance of a hyper
fine splitting pattern which requires the interaction of 
4 H, a11 = 0.45 G, indicating that the CH3 hyperfine 
splittings are the same as the hydrogen they replace. 
This is taken as evidence for a 7r delocalization mecha
nism into the metallocene ring in which a spin polariza
tion mechanism places the same amount of spin density 
on the ortho hydrogen as a hyperconjugative mecha
nism places on each of the ortho methyl hydrogens.11

Protons in the interannular ring do not interact with 
unpaired spin. Yet, polar substituent effects are con
ducted through the metallocene ring with facility. In 
fact, the methyl hyperfine splitting constants of ferro- 
cenyl methyl semidiones (Figure 2A) are as sensitive to 
1' substituents as phenyl methyl semidiones (Figure 
2B) are to meta substituents; the p value for the plot 
of meta CH3, Br, H, and CN values vs. a HCH’ for both 
radical series are identical. These results indicate that 
the interannular substituent effects are primarily in
ductive in nature and that inductive effects are rather 
efficiently transferred between metallocene rings. Fig-

(1 1 )  F o r  a  d is cu s s io n  o f  s p in  d e lo c a liz a t io n  m e ch a n is m s , s e e  P . B . A y s -
c o u g h , “ E le c t r o n  S p in  R e s o n a n c e  in  C h e m is t r y ,”  M e t h u e n  a n d  C o . ,  L o n d o n ,
1967 , p  74 .
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Figure 1.—Esr spectrum resulting from the oxidation of ketones 
2  (A) and 2 ' (B) in Table I.

Figure 2.—A: Plot of methyl hyperfine splitting constants of
methyl 1 '-substituted ferrocenyl semidione vs. <rm value of the 
interannular substituent. B: The corresponding plot for meta-
substituted phenyl methyl semidiones. The latter data taken 
from a study by E. T. Strom, J .  A m e r . C h em . S oc ., 8 8 , 2065 
(1966).

ure 3 illustrates excellent correlation between the rela
tive rates of solvolysis of l'-substituted methyl ferro
cenyl carbinyl acetates12 and the hyperfine splitting 
constants of methyl l'-substituted ferrocenyl semi
diones. The least-squares analysis shows a correlation 
coefficient of 0.9906 and standard deviation of 0.19. 
Statistical analysis of the solvolysis data by Hall, Hill, 
and Richards13 showed the best agreement when the 
rate data was plotted against inductive parameters 
(rp0 and <rm° and they proposed an inductive mechanism 
in which resonance effects are not effectively transmit
ted by ring-metal bonds.14 *

The ferrocene and ruthenocene nuclei are remarkably 
ineffective in delocalizing unpaired spin. The cyman-

( 1 2 )  D .  W .  H a l l ,  E .  A .  H i l l ,  a n d  J .  H .  R i c h a r d s ,  J . A m e r .  C h em . S o c .,  90, 
4 9 7 2  ( 1 9 6 8 ) .

( 1 3 )  T h e  a u t h o r s  o f  r e f  1 2  d e f in e  a n  a r b i t r a r y  p a r a m e t e r  (<rm +  2<rp )/ 2  
w h i c h  f i t s  b e t t e r  t h a n  <rm° o r  <rp°. T h i s  p a r a m e t e r  i s  n o t  c o n s i d e r e d  in  t h e  
p r e s e n t  w o r k .

( 1 4 )  U v  a b s o r p t i o n  d a t a  s h o w  v e r y  l i t t l e  i n t e r a n n u l a r  i n t e r a c t i o n .  S e e
r e f  9 ,  p  2 1 4 .

l°3 -krel.
Figure 3.—Methyl hyperfine splitting constants of methyl 

l'-substituted ferrocenyl semidiones vs. the relative rates of 
solvolysis of l'-substituted methyl ferrocenyl carbinyl acetates.

trene16 nucleus is somewhat more efficient in delocaliz
ing electron spin and this behavior most likely reflects 
in the differences in the electron availability of the cy- 
clopentadienyl anion ligands. For example, ferrocene 
>  ruthenocene >  cymantrene >  benzene is the order of 
electrophilic attack; these nuclei have the opposite 
tendency to delocalize an odd electron. Electron 
availability facilitates electrophilic attack and appears 
to inhibit electron spin delocalization.

These semidiones have somewhat high g values. An 
interesting observation is that g 1 <  g 2, an order opposite 
to that of the spin-orbit, LS, coupling constants for the 
metal ions involved (f R u2+ = 1140 cm-1, Fe2+ = 
410 cm-1). These results imply very little free electron 
density at the metal atom itse.f and this conclusion is 
supported by the absence of metal hyperfine splitting 
(Fe57, spin = 1/ 2, 2.245% natural abundance, R u", 
spin = 5/>, 12.81% natural abundance, or R u101, spin = 
6/ 2, 16.98% natural abundance). The metal appar
ently plays a more subtle role in its effect on the g value, 
perhaps by altering molecular orbital energy levels 
through E l g  (ring Flgr-metal dIB,„2) or E 2 g  (ring E ‘2 g -  
dz„ ,*!-„!) ring-metal interaction so that the odd elec
tron of ferrocene is in a higher energy orbital.16 This 
difference in g value between entries 1 and 2 of Table I, 
as well as the interannular substituent effect on g 
values and hyperfine splitting constants, is clear evi
dence tha j the metallocene moiety remains intact during 
the oxidation procedure.

Spin density calculations of the Hiickel-McLachlan 
type on v  system I are in reasonable agreement with 
experimental values. In these calculations the effect 
of the metal ion is accommodated by altering the colum- 
bic integral of the cyclopentadienyl ring carbons to 
a  = a  +  h B  where h — —0.3. This procedure makes 
the carbon atomic orbitals less electronegative and has 
the net effect of preventing spin delocalization into the 
cyclopentadienyl ring. The experimental values for 
the spin density, p, in position 1 and w  were obtained 
by using the equation a H = Q p. A Q  value of 30 was 
chosen from the sum of the hydrogen hyperfine splitting 
constants of the cyclopentadiene radical. The experi-

( 1 5 )  T h e  r i n g  p r o t o n s  o f  c y m a n t r e n e  ( c y c l o p e n t a d i e n y l m a n g a n e s e  t r i -  
c a r b o n y l )  s e m i d i o n e  h a v e  h y p e r f i n e  s p l i t t i n g s  o r  2 .1  G  o r t h o  a n d  0 .6  G  
m e t a ;  u n p u b l i s h e d  d a t a  f r o m  p r e s e n t  a u t h o r s .

(1 6 )  A .  F .  S t o n e ,  M o l. P h y s . ,  6 ,  5 0 9  ( 1 9 6 3 ) .
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mental spin density a t 3 was calculated from the 
methyl hyperfine splitting constant aHCH> = Q c-cm P  
(carbon 3), where Q c -c m  equals 23. A more complete 
treatment of spin density calculations involving the 
cyclopentadienyl ring will appear elsewhere. I t  is also 
interesting to point out that the odd electron may oc
cupy a ligand orbital which is not significantly involved 
in the metal ligand bonding.

I
Position Calcd Expt

1 0.015 0.0165
2 0.005 0.000
3 0.21 0.18

Oxidation Chemistry.—Steric and electronic factors 
control the rate of enolate anion oxidation (eq 1).

When equimolar concentrations of propionyl-, R = 
CH3, and butyryl-, R = C2H5, ferrocene are oxidized 
competitively, the esr signal shows the relative intensity 
of the resulting semidiones to be 8.6:1, respectively. 
When the ketones are oxidized in base independently 
and then mixed in the absence of oxygen, the relative 
signal levels are approximately the same as before mix
ing. For example, the mixed signals with the R = 
CH3 semidione are only twice the concentration as the 
R = E t semidione and this ratio is constant for the 
lifetime of the signal. These results indicate that 
equilibrium (eq 2) is not controlling the concentration

O - CH,

Fc—C =C
I

0 _

Fc

o -  c h 3

J U
o  c h 3

+  e +  e

. 0it :Fc—c —c
II
o

O - o- CH2CH3
I - e  \ /  ~ e

Fc—C = C —CH-CHj Fc—C =C

A- ' +- i
(2 )

o  c h 2c h 3-AFc—C—C
II
o

Figure 4.—Esr spectrum resulting from overoxidation of ferro- 
cenyl methyl semidione.

R u2+ ion. These reaction mechanisms are envisioned 
as the formation of equivalent amounts of each secon
dary anion in the large excess of very strong base fol
lowed by competition for a difficiency of oxygen. The 
detailed reaction mechanism is obscured by many 
competing reaction pathways.

The propionyl and butyryl moiety of l,l'-propinyl- 
butyrylferrocene (II) oxidize to the 1'-substituted semi
diones III and IV in a 8.6 to 1 ratio as did the monosub- 
stituted ketones. The former reaction requires a larger 
amount of potassium terf-butoxide and is also facilitated 
by the stronger base, cesium ferf-butoxide. This effect 
of base implicates oxidation of the 1,1' dianion V. 
The equilibrium VI fcy VII can be envisioned as lying 
in the direction of VI (Scheme I). In this regard, it is 
noteworthy that l,l'-diferrocenyl ketones dialkvlate17 
without monoalkylation, also implicating the dianion 
intermediate.

An excess of oxygen results in the disappearance of 
the original semidione and the appearance of a new 
paramagnetic species (Figure 4). These new para
magnetic species evidently result from ortho oxygena
tion of the metallocene ring. The data in Table II as-

Table II
Hyperpine Splitting Constants of Radicals 

Observed on Overoxidation

a 11 , g a u s 3 a

l a —  lb 4.30 (3 H), 0.55 (311) 2.00644
2a —  2b 4.25 (3 H), 0.5 (3 II) 2.00708
3a —  3b 3.70 (2  H), 0.5 (3 H) 2.00708
4a —  4b 1.71 (2 H), 0.5 (3 II) 2.00708

2'a — 2'b 4.25 (3 H), 0.5 (2 II) 2.00708
2"a  — 2"b 4.25 (3 H) 2.00708
11a — lib 4.25 (3 H), 0 .5 (4  II) 2.00740

Fc = ferrocene

of the radicals and that the intensities of the signals ob
served represent the kinetic rate of semidione forma
tion. The oxidation rate of propionylruthenocene is 
one-fourth that of the ferrocene analog. This dif
ference is probably the result of ground-state stabiliza
tion of the enolate anion by the more electronegative

sure that substitution is occuring in the ortho position 
and that the additional hydrogen hyperfine splitting 
originate in the metallocene ring. Homoannular elec
trophilic substitution of acetylferrocenes occurs ex
clusively in the ortho position18 but the yield in the

( 1 7 )  C .  R .  H a n s e r  a n d  T .  A .  M a s h b u r n ,  J .  O rg . C h em ., 2 6 ,  1 7 9 5  ( 1 9 6 5 ) .
( 1 8 )  J .  H .  R i c h a r d s  a n d  T .  J .  C u r p h e y ,  C h em . In d .  ( L o n d o n ) ,  1 4 5 6  ( 1 9 6 5 ) .
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S c h e m e  I

—CHCH,
O,

c — çh ch 2ch3

II
O

reaction is extremely low. The overoxidation is a 
fairly efficient process and it is therefore reasonable to 
propose that the oxygen directly attacks what should 
be a more nucleophilic semidione as opposed to the 
ketone or a  diketone.

Another unusual property of this class of semidione is 
the remarkably slow rate of hydrogen-deuterium ex
change of the alkyl hydrogens a  to the semidione when 
the oxidation is conducted in DMSO-de- This slow 
exchange rate is an indication that exchange is occurring 
from the dianion intermediate VIII. The powerful

o -  CH3 o - CH2
I /  I /

Fc— C = C  Fc—C = C
I + H+ I 

_o  o -
VIII

+  D  +

o- c d 3

Fc—C =CA.
Fc = ferrocene

electron-supplying property of the metallocene ring also 
serves to retard the formation of the dianion. Table 
I I I  list the times for complete H —►  D exchange. In 
general, the times of exchange are not affected by the

T a b l e  III
H y d r o g e n - D e u t e r i u m  E x c h a n g e

T i m e  f o r  c o m p l e t e
X  e x c h a n g e ,  m inX  e x c h a n g e ,  m in

1. H 40 ± 5
2. p-C6H4Cl 40 ±  5
3. COCH2CH2CH3 15 ±  5
4. COC(CH3)3 15 ±  5
5. CN 40 ±  5
6 . Adamantyl ketone 15 ±  5
7. “ H, CH2CH3 ->-CD2CH3 10 hr
8 . “ H, CH(CH3)2 — CD(CH3)2 72 hr

“ Entries 7 and 8  represent the times for complete exchange 
of the a  protons when the methyl group adjacent to the semi
dione is replaced by ethyl and isopropyl, respectively.

transannular substituent unless the substituent is a 
ketone, in which case the rate of exchange is substan
tially increased as in entries of 3, 4, and 6 (Table III). 
Interannular stabilization of the dianion IX  is most

Fe O

O-
IX

likely responsible for this effect. The protons a  to the 
semidione in entry 7 and 8 of Table III  were, as ex
pected, much slower to exchange because the exchange 
respectively requires the formation of a secondary and a 
tertiary anion.

Experimental Section
Esr Spectra.—The esr spectra were obtained on a Varian 4502 

Model spectrometer with field dial control.
General Procedure for the Preparation of the Semidione.—  

To 10-15 mg of the ferrocenyl ketone in one side of an H cell was 
added 0.9 cc of dry DMSO; to a 3-4 molar excess of potassium 
ierf-butoxide in the other half of the H cell was added 0.5 cc of 
dry DMSO. After thoroughly degassing both the solutions with 
N2 (5 min), the sealed H cell was inverted and the solutions were 
thoroughly mixed. Unstoppering the H cell for a second allowed 
sufficient oxygen to enter to form the semidione. The proce
dure has previously been described. 19

General Procedure for the Mixing of Semidione Solution.—  
The propionyl and butyryl semidiones were each prepared as 
described above in individual H cells and their approximate rela
tive radical concentration was determined by instrumental set
tings. One of the radical-containing solutions was transferred 
to the other cell by means of a hypodermic syringe in a dry bag 
filled with nitrogen. The esr spectrum was observed after 
thorough mixing.

General Procedure for Hydrogen-Deuterium Exchange.—
The semidione was prepared in the usual manner except that 
DMSO-d« (99.9%) was used in place of ordinary DMSO. The 
esr spectra was monitored as a function of time where t0 was re
corded at the addition of oxygen. * 86

( 1 9 )  G .  A .  U lu ss e ll , E .  G .  J a n s e n ,  a n d  E .  T .  S t r o m ,  J . A m e r .  C h em . S oc.
8 6 ,  1 8 0 7  ( 1 9 6 4 ) .
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Propionylruthenocene (1).—To 3.0 g (0.023 mol) of anhydrous 
AlCh in 75 ml of dry CH2C12 (MgS04) was added dropwise, with 
stirring, under N2, 2.32 g (0.010 mol) of ruthenocene and 1.30 g 
(0.010 mol) of propionic anhydride. After refluxing for 3 hr 
the solution was hydrolyzed with H20  and washed with water, 
and the layers were separated. The combined organic layer and 
the ether extract of the aqueous layer were dried (MgS04), 
concentrated to an oil, and chromatographed on alumina. Elu
tion with 10% ether in Skelly B produced two bands. The first 
band (pale yellow) was starting material. The second band 
(yellow) contained 1.18 g (41%) of 1: mp 70-71°; nmr (CDCI3) 
5 1.14 (t, 3, CHa), 2.63 (d, 2, CHa), 4.57 (s, 5, Rc), 4.65 (t, 2, 
Rc), and5.11 (t, 2, Rc).

A n a l . Calcd for Ci3Hi4ORu: C, 54.36; H, 4.88. Found: 
C, 54.24; H,4.95.

Propionylferrocene (2).—2 was prepared by the method of 
Rinehardt20 in 50% yield: mp 37.5-38° (lit. 20 38-39°); nmr 
(C6D6) S 1.12 (t, 3, CHj), 2.45 (m, 2, CH,), 3.90 (s, 5, Fc), and
4.10 (t, 2, Fc).

A n a l . Calcd for C13Hi4OFe: C, 64.46; H, 5.78. Found: C, 
64.20; H, 6.59.

2,5-Dideuteriopropionylferrocene (2').—2' was prepared by 
the method of Rausch21 employing ethyllithium instead of methyl- 
lithium in one step of the reaction: mp 36° (lit. 20 38-39°); 
nmr (CDCla) 5 1 . 2 0  (t, 3, CH,), 2.74 (m, 2 , CH2), 4.17 (s, 5, Fc), 
and 4.48 (s, 2 , Fc); m / e  244, 243, and 242 show greater than 96% 
deuterium incorporation.

Propionylferrocene-da (2 ").—Ferrocene-dio (1.0 g, 0.0051 mol), 
as prepared by the method of Pavlik, 22 0.72 g (0.0065 mol) of 
A1C13, and 0.60 g (0.0046 mol) of propionic anhydride were re
acted for 4 hr in the manner and under the conditions described 
for 4. Subsequent chromatography on silica gel produced two 
bands when eluting with Skelly B. The second band (orange) 
contained 0.5 g (38.5%) of 2 " :  mp 38° (lit. 20 38-39°); nmr 
(CDCla) 5 1.20 (t, 3, CHa) and 2.74 (m, 2 , CH2); m / e  251 to 242 
showed greater than 96% tf9 incorporation.

Butyrylferrocene (3).— 3 was prepared by the method of 
Schlogl23 in 75% yield: mp 34-35° [lit.23bp 144-145° (1.5 mm)]; 
nmr (CDCla) 1.00 (t, 3, CH2), 1.76 (m, 2 , CH2CH3), 2.68 (t, 2, 
COCH2), 4.17 (s, 5, Fe), 4.47 (t, 2, Fc), and 4.77 (t, 2, Fc).

A n a l. Calcd for CnHieOFe: C, 65.63; H, 6.25. Found: 
C, 65.58; H,6.35.

3- Methylbutyrylferrocene (4).—AICI3 (7.8 g, 0.0600 mol), 
10.0 g (0535 mol) of ferrocene, and 5.95 g (0.0536 mol) of 3- 
methylbutyryl chloride were reacted and worked up according 
to the method described for 1  except that the reaction mixture 
was not refluxed. Chromatography on alumina produced two 
bands when eluting with 10% ether in Skelly B. Of the two 
bands obtained, the first band (yellow) contained ferrocene. 
The second band (red) contained 7.86 g (56.2%) of 4: mp 
55-56°; nmr (CDCla) 6 1 . 0  (s, 6 , CH„), 2.28 (m, 1, CH), 2.58 
(d, 2, CH,), 4.17 (s, 5, Fc), 4.47 (t, 2, Fc), and 4.77 (t, 2, Fc).

A n a l . Calcd for CiaHiaOFe: C, 66.67; H, 6.67. Found: 
C, 66.53; H,6.69.

4- Methylvalerylferrocene (5).—AICI3 (7.2 g, 0.0540 mol), 10 g 
(0.0535 mol) of ferrocene, and 7.2 g (0.0537 mol) of 4-methyl- 
valeryl chloride were reacted and worked up as in the preparation 
of 4. Chromatography on silica gel produced two bands when 
eluting with 10% ether in Skelly B. The first band (yellow) 
contained ferrocene and the second band (red) contained 10.17 g 
(66.7%) of 5: mp 33-34°; nmr (CDCla) i 0.97 (d, 6 , CH,), 
1.55 (t, 2, CH,), 2.06 (m, 1, CH), 2.69 (t, 2, COCH2), 4.17 (s, 5, 
Fc), 4.47 (t, 2, Fc), and 4.77 (t, 2, Fc).

A n a l. Calcd for CieH20OFe: C, 67.61; H, 7.04 Found: 
C, 67.60; H, 7.18.

Benzylferrocenyl Ketone (6).— 6 was prepared according to 
the method of Dabard24 in 78% yield: mp 129-130° (lit. 24 130°); 
nmr (CDCla) 5 3.98 (s, 2, CH,), 4.00 (s, 5, Fc), 4.50 (t, 2, Fc),
4.83 (t, 2, Fc), and 7.33 (s, 5, Ph).

A n a l. Calcd for C18H160  Fe: C, 7105; H, 5.26. Found: 
C, 69.96; H,5.35.

l-Propionyl-2-acetylferrocene (7) and 1-Propionyl-l-acetyl-

( 2 0 )  K .  L .  R i n e h a r d t ,  R .  J .  C u r b y ,  a n d  P .  E .  S o k o l ,  J . A m e r .  C h em . 
S o c .,  7 9 ,  3 4 2 0  ( 1 9 5 7 ) .

(2 1 )  M .  D .  R a u s c h  a n d  A .  S ie g e l ,  J . O rga n om eta l. C h em ., 1 7 ,  1 ( 1 9 6 9 ) .
( 2 2 )  L .  P a v î i k ,  C o llecl. C zech . C h em . C o m m u n .,  3 1 ,  2 0 8 4  ( 1 9 6 6 ) .
(2 3 )  K .  S c h l o g l ,  A .  M o h a r ,  a n d  M .  P e t e r l i k ,  M o n a tsh . C h em .,  9 2 ,  9 2 1  

( 1 9 6 1 ) .
( 2 4 )  R .  D a b a r d  a n d  B .  G a u t h e r o n ,  C . R . A ca d . S c i .,  2 5 4 ,  2 0 1 4  ( 1 9 6 2 ) .

ferrocene (22).— 22 was prepared by the method of Furdik“  in 
62.8%: mp 58.5-59° (lit. 26 54-55°); nmr (CDCla) S 1.19 (t, 3, 
CH2CHa), 2.35 (s, 3, COCH3), 2.70 (m, 2, CH,), 4.49 (t, 4, Fc), 
and 4.77 (m, 4 Fc). Also obtained by chromatography (on 
silica gel) was 7 in 5.3% yield when eluting with 25% ether in 
Skelly B: mp 46°; nmr (CDCla) S 1.17 (t, 3, CH2CH3), 2.47 (s, 
3, COCHa), 2.86 (m, 2, CH,), 4.25 (s, 5, Fc), 4.58 (t, 1 , Fc), 
and 4.88 (d, 2 , Fc).

A n a l. Calcd for Ci5Hi60 2Fe (2 2 ): C, 63.38; H, 5.63. 
Found: C, 63.31; H,5.69.

A n a l. Calcd for Ci5H160 2Fe (7): C, 63.38; H, 5.63. Found: 
C, 63.28; H.5.71.

1,1 '-Di-re-butyl-2-propionylferrocene (8) and l,l'-Di-ra-butyl-3- 
propionylferrocene ( 1 1 ).—AICI3 (8 .0  g, 0.0602 mol), 1 0  g (0.0334 
mol) of l,l'-di-n-butylferrocene, and 5 g (0.0385 mol) of propionic 
anhydride were reacted for 15 hr according to the preparation of 4. 
Chromatography on silica gel produced four bands when eluting 
with Skelly B. The first band (yellow) contained 0.5 g of start
ing material. The second band (orange) contained 2.0 g (16.8%) 
of 8 : bp 170-172° (0.3 mm); nmr (CDC1,) S 1.17 (m, 17, 
CH2CH2CH3, COCH2CH3), 2.22 (t, 4, Fc CH,), 2.73 (m, 2, 
COCH2), 3.96 (s, 4, Fc), 4.25 (m, 2, Fc), and 4.54 (m, 1, Fc). 
The third band contained 7.7g (64.8%)of 1 1 : bp 177-179° (0.3 
mm); nmr (CDCla) 1.17 (m, 17, CH2CH2CH3, COCH2CH3),
2.23 (t, 4 H, Fc CH,), 2.68 (m, 2 , COCH2), 3.95 (s, 4, Fc),
4.28 (m, 1 H, Fc), and 4.58 (m, 2 H, Fc). The fourth band 
(red) was not characterized.

A n a l . Calcd for CnHaoOFe (8 ): C, 71.19; H, 8.47. Found: 
C, 71.15; H, 8.63.

A n a l . Calcd for C21H30OFe (11): C, 71.19; H, 8.47. Found: 
C, 71.08; H, 8.62.

1,1'-Dimethyl-2-propionylferrocene (9) and l,l'-Dimethyl-3- 
propionylferrocene (12).— A1C13 (7.14 g, 0.0536 mol), 7.12 g 
(0.0331 mol) of l,l'-dimethylferrocene, and 4.0 g (0.0307 mol) of 
propionic anhydride were reacted for 15 hr as in the preparation 
of 4. Chromatography on silica gel, eluting with 10% ether in 
Skelly B, produced three bands. The second band (orange) 
contained 1.62 g (18.1%) of 9: bp 138-141° (0.3 mm); nmr 
(CDC13) S 1.17 (t, 3, CH2CH3), 1.87 (s, 3, Fc CH,), 2.27 (s, 3, 
Fc CH,), 2.73 (m, 2, COCH2), 3.95 (s, 4, Fc), 4.27 (m, 2, Fc), 
and 4.54 (m, 1, Fc). The third band (red) contained 3.92 g 
(43.7%): bp 140-144° (0.3 mm); nmr (CDCla) S 1.18 (t, 3, 
CH2CH3), 1.88 (s, 3, Fc CH,), 2.02 (s, 3, Fc CH,), 2.70 (m, 2, 
COCH,), 3.96 (s, 4, Fc), 4.30 (m, 1, Fc), and 4.60 (m, 2, Fc).

A n a l . Calcd for CiaHigOFe (9): C, 66.42; H, 7.01. Found: 
C, 66.25; H, 7.05.

A n a l . Calcd for Ci6Hi9OFe ( 1 2 ): C, 66.42; H, 7.01. Found: 
C, 66.37; H,7.09.

l-Propionyl-2-p-chlorophenylferrocene (10), l-Propionyl-3-p- 
chlorophenylferrocene (13), and l-Propionyl-l'-p-chlorophenyl- 
ferrocene (15).—p-Chloroferrocene (4.20 g, 0.0141 mol) as 
prepared by the method of Weinmayer, 26 2.5 g (0.0187 mol) of 
A1C13, and 2.0 g (0.0153 mol) of propionic anhydride were re
acted for 4.5 hr in the manner and under the conditions described 
for 4.

After the starting material was separated by chromatography 
on silica gel when eluting with Skelly B, 15 was separated from 
the reaction mixture by selective recrystallization: 1.51 g
(30.2%); mp 102-103°; nmr (CDCl,) S 1.07 (t, 3, CH,), 2.47 
(m, 2, CH,), 4.33 (t, 4, Fc), 4.62 (m, 4, Fc), and 7.28 (s, 4, 
Ph). The remaining material was rechromatographed on silica 
gel eluting with 7% benzene in cyclohexane. Two major bands 
developed. The first band (orange) contained 0.93 g (18.6%) of 
13: mp 113°; nmr (CDC1,) 1.22 (t, 3, CH,), 2.77 (m, 2, CH,),
4.04 (s, 5, Fc), 4.90 (d, 2, Fc), 5.23 (m, 1, Fc), and 7.34 (m, 4, 
Ph). The second band (yellow) contained 0.77 g (15.4%) of 1 0 : 
mp 103°; nmr (CDCla) 6 1.17 (t, 3, CH3), 2.74 (m, 2, CH2), 4.20 
(s, 5, Fc), 4.60 (m, 2, Fc), 4.84 (m, 1, Fc), and 7.40 (m, 4, Ph).

A n a l .
Found:

Calcd for CisHnOCIFe 
C, 64.42; H, 4.92.

(15): C, 64.59; H, 4.81

A n a l .
Found:

Calcd for CisHnCClFe 
C, 64.61; H, 4.88.

( 1 0 ): c , 64.59; H, 4.81

A n a l .
Found:

Calcd for Ci9HnOClFe 
C, 64.45; H, 4.92.

(13): c , 64.59; H, 4.81

1-Propionyl-1 '-¿eri-butylferrocene (14).— te r i-B utylferrocene 
(2.3 g, 0.0093 mol), as prepared by the method of Neuse, 27 1.25

( 2 5 )  M .  F u r d i k ,  S .  T o m a s ,  a n d  J .  S u c h y ,  C h em . Z v esti,  1 5 ,  7 8 9  ( 1 9 6 1 ) .
(2 6 )  V .  W e i n m a y e r ,  J . A m e r . C h em . S o c .,  7 7 ,  3 0 1 2  ( 1 9 5 5 ) .
(2 7 )  E .  W .  N e u s e  a n d  D .  S .  T r i f a n ,  ib id .,  8 4 ,  1 8 5 0  ( 1 9 6 2 ) .
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g (0.0094 mol) of A1CU, and 1 . 2 0  g (0.0092 mol) of propionic 
anhydride were reacted according to the preparation of 4. Chro
matography on alumina produced four bands. The second band 
(orange) contained 0 .6  g (2 2 .0 % ) of 14: nmr (CDCU) 5 1.17 
(t, 3, CH2CH3), 1.22 (s, 9, C(CH„),), 2.70 (m, 2, CH2), 4.05 (m, 
2 , Fc), 4.15 (d, 2, Fc), 4.47 (m, 2, CH2), 4.05 (m, 2, Fc), 4.15 
(d, 2, Fc), 4.47 (m, 2, Fc), and4.75 (m, 2, Fc).

A n a l . Calcd for Ci7H22OFe: C, 73.28; II, 7.38. Found: 
C, 73.20; H, 7.47.

l-Propionyl-l'-bromoferrocene (16).—Bromoferrocene (2.44 g, 
0.0067 mol), as prepared by the method of Fish, 28 0.75 g (0.0057 
mol) of propionic anhydride, and 0.92 g (0.0069 mol) of A1C13 
were reacted as in the preparation of 4 but at 0°. Chromatog
raphy on silica gel produced two bands when eluting with Skelly
B. The first band (yellow) contained 1.45 g of bromoferrocene 
(59.5%) and the second band (orange) contained 0.61 g (20.9%) 
of 16: mp 31°; nmr (CDC13) 5 1.19 (t, 3, CH3), 2.78 (m, 2, 
CH2), 4.12 (t, 2, Fc), 4.41 (t, 2, Fc), 4.52 (t, 2 , Fc), and 4.82 (t, 2, 
Fc).

A n a l . Calcd for Ci3HuOBrFe: C, 48.60; 11,5.04. Found:
C, 48.52; H, 4.13.

l-Propionyl-l'-carboadamantylferrocene (17).—To 20 g
(0.1504 mol) of A1C13 in 150 ml of dry CH2C12 (MgSCfi) was added 
with stirring, under N2, 9 g (0.0481 mol) of ferrocene and 11 g 
(0.0554 mol) of adamantanecarboxyl chloride in 300 ml of dry 
CH2C12. The solution was refluxed for 30 hr. After the usual 
work-up, the oil was chromatographed on alumina and three 
bands were obtained. The second band (orange) was brought 
down with CH2C12 to yield 7.0 g (38.4%) of adamantylferrocenyl 
ketone: mp 147-148°; nmr (CDCU) 5 1.80 (m, 5, Ad), 4.18 
(s, 5, Fc), and4.90 (t, 2, Fc).

Adamantylferrocenyl ketone (1.7 g, 0.0049 mol), 4.5 g (0.0338 
mol) of AICI3, and 3.5 g (0.0269 mol) of propionic anhydride 
were allowed to react for 4.5 hr in the manner and under the 
conditions described for 4. Chromatography on alumina pro
duced two bands when eluting with 25% ether in Skelly B. The 
second band (orange brown) was brought down with ether and 
contained 1.4g (71%) of 17: mp89°; nmr (CDCI3) S 1.17 (t., 3,
CHj), 1.75 (m, 5, Ad), 2.00 (s, 10, Ad), 2.60 (m, 2, CHS), 4.43 
(m, 4, Fc), 4.77 (t, 2, Fc), and 4.87 (t, 2, Fc).

A n a l . Calcd for C2,H280 2Fe: C, 71.29; H, 6.93. Found: 
C, 71.17; H, 7.02.

l-Propionyl-l'-pivalylferrocene (18).—Pivalylferrocene (1.70 
g, 0.0062 mol), as prepared by the method of Stephenson, 29
4.5 g (0.0338 mol) of AICI3, and 3.5 g (0.0269 mol) of propionic 
anhydride were reacted for 4.5 hr in the manner and under 
the conditions prescribed for 4. Chromatography on alumina 
produced two bands when eluting with 10% ether in Skelly B. 
The second band (red) contained 1.67 g (81.4%) of 18: mp
32°; nmr (CDC1,) « 1 . 2 0  (t, 3, CH2CH3), 1.32 (s, 9, C(CH,)j), 
2.75 (m, 2, CH2), 4.48 (t, 4, Fc), 4.78 (t, 2, Fc), and 4.84 (t, 2, 
Fc).

A n a l . Calcd for Ci8H220 2Fe: C, 66.26; H, 6.75. Found: 
C, 6619; H, 6.77.

l-Propionyl-l'-3-methylbutyrylferrocene (19).—4 (3.65 g, 
0.0135 mol), 8.1 g (0.0609 mol) of AICI3, and 3.83 g (0.0294 mol) 
of propionic anhydride were reacted for 4.5 hr in the manner and 
under the conditions prescribed for 4. Chromatography on 
silica gel produced two bands when eluting with 1 0 % ether in 
Skelly B. The one band which developed yielded 3.52 g (79.5%) 
of 19: mp 42°; bp 193-194° (0.3 mm); nmr (CDCU) « 1 . 0 0  (d, 
5, CH(CH3)2), 1.19 (t, 3, CH2CH3), 2.25 (m, 1, CH),2.54 (d, 2, 
CH2CH), 2.70 (m, 2, CH2CH3), 4.47 (m, 4, Fc), and 4.77 (m, 4, 
Fc).

A n a l . Calcd for Ci8H220 2Fe: C, 66.26; H, 6.75. Found: 
C, 66.18; H, 6.79.

( 2 8 )  R .  W .  F is h  a n d  M .  R o s e n b l u m ,  J . O rg. C h em ., 2 9 ,  1 2 5 3  ( 1 9 6 4 ) .
( 2 9 )  R .  J .  S t e p h e n s o n ,  B r i t i s h  P a t e n t  8 6 4 ,1 9 7  ( M a r c h  2 9 ,  1 9 6 1 ) ;  Chem .

A b s tr . ,  8 6 ,  1 7 6 4 7  ( 1 9 6 1 ) .

1-Propionyl-1 '-carbomethoxyf errocene (20).—20 was prepared 
by the method of Perevalova: 30 mp 64° (lit. 64-65°); nmr 
(CDC1,) 6 1.18 (t, 3, CH2CH3), 2.73 (m, 2 , CH2), 3.80 (s, 3, 
OCHs), 4.38 (t, 2, Fc), 4.48 (t, 2, Fc), and 4.79 (t, 4, Fc).

A n a l. Calcd for C,6H160 3Fe: C, 60.00; H, 5.33. Found: 
C, 60.06; H, 5.44.

1 -Propionyl-l-butyrylferrocene (21).—3 (2.35 g, 0.0087 mol),
5.41 g, 0.0407 mol) of A1C13, and 2.50 g (0.0324 mol) of propionic 
anhydride were reacted for 4.5 hr in the manner and under the 
conditions prescribed for 4. Chromatography on silica gel pro
duced two bands when eluting wuth 10% ether in Skelly B. The 
second band (red) contained 2.0 g (73.2%) of 21: mp39.5°; bp
180-182° f0.3 mm); nmr (CDC13) 5 1.00 (t, 3, CH2CH2CH3),
1.17 (t, 3. COCH2CH3), 1.73 (m, 2, CH2CH2CH3), 2.63 (t, 2, 
COCH2CK2), 2.69 (m, 2, COCH2CH3), 4.45 (t, 4, Fc), and 4.76 
(t, 4, Fc).

A n a l . Calcd for Ci7H2o02Fe: C, 65.38; H, 6.41. Found: 
C, 65.19; H, 6.50.

1-Propionyl-l '-p-toluylferrocene (23).—p-Toluylferrocene 
(0.85 g, 0.0028 mol), as prepared by the method of Dabard, 24 
3.0 g (0.0226 mol) of A1C13, and 1.5 g (0.0115 mol) of propionic 
anhydride were reacted for 4.0 hr in the manner and under the 
conditions prescribed for 4. Chromatography on silica gel pro
duced a single band, when eluting with 10% ether in Skelly B, 
which yielded 0.91 g (90%) of 23: mp 103°; nmr (CDCU) 
5 1.10 (t, 3, CH2CH3), 2.43 (s, 5, Ph CHa), 2.60 (m, 2, CH2), 4.46 
(t, 2 , Fc), 4.53 (t, 2, Fc), 4.75 (t, 2, Fc), 4.89 (t, 2, Fc), and 7.51 
(m, 4, Ph).

A n a l . Calcd for C2iH20O2Fe: C, 70.00; H, 5.56. Found: 
C, 69.88; H,5.69.

l-Propionyl-l'-cyanoferrocene (24).—Cyanoferrocene (0.85 g, 
0.0040 mol), as prepared by the method of Broadhead, 31 2.0 g 
(0.0150 mol) of A1C13, and 1.56 g (0.0120 mol) of propionic an
hydride were reacted for 4 hr in the manner and under the condi
tions prescribed for 4. Chromatography on alumina produced 
two bands when eluting with 10% ether in Skelly B . The second 
band (orange) contained 1.00 g (93.3%) of 24: mp 53°; nmr 
(CDCU) 5 1.20 (t, 3, CH3), 2.78 (m, 2, CH2), 4.40 (t, 4, Fc), 
and 4.93 (t, 2, Fc); ir (neat) 2220 cm- 1  (C =N ).

A n a l . Calcd for CuH „0 NFe: C, 62.72; H, 4.87; N, 5.24. 
Found: C, 62.81; H,4.92; N,5.36.

Registry N o .— 1, 12512-44-6; la , 12512-42-4; lb , 
12512-39-9; 2, 1271-79-0; 2a, 12512-41-3; 2b, 12512- 
38-8; 2', 12512-40-2; 2'a, 12512-36-6; 2'b, 12512-35-5; 
2 " , 12512-34-4; 2"a, 12512-33-3; 2"b , 12512-32-2; 
3, 1271-94-9; 3a, 12512-49-1; 3b, 12512-48-0; 4, 
12512-59-3; 4a, 12512-57-1; 4b, 12512-53-7; 5, 12512- 
63-9; 5a, 12512-62-8; 6, 12512-69-5; 6a, 12512-68-4; 
7, 12512-56-0; 7a, 12512-51-5; 8, 12512-86-6; 8a, 
12512-85-5; 9, 12512-60-6; 9a, 12512-55-9; 10, 12512- 
77-5; 10a, 12512-76-4; 11, 12512-87-7; 11a, 12512-84- 
4; l ib ,  12512-83-3; 12, 12512-61-7; 12a, 12512-58-2; 
13, 12512-78-6; 13a, 12512-75-3; 14, 12512-67-3; 14a, 
12512-66-2; 15, 12512-79-7; 15a, 12512-74-2; 16,
12512-43-5; 16a, 12512-37-7; 17, 12512-89-9; 17a, 
12512-88-8; 18,12512-72-0; 18a, 12512-70-8; 19,12512- 
73-1; 19a, 12512-71-9; 20, 1272-28-2; 20a, 12512-52- 
6; 21, 12512-65-1; 21a, 12512-64-0; 22, 12512-54-8; 
22a, 12512-50-4; 23, 12512-81-1: 23a, 12512-80-0;
24, 12512-47-9; 24a, 12512-46-8; adamantylferrocene 
ketone, 12512-82-2.

( 3 0 )  E .  G .  P e r e v a l o v a ,  et a l., I z v . A k a d . N a u k  S S S R , S er . K h im .,  1 9 0 1  
( 1 9 6 4 ) ;  C h em . A b str .,  6 2 ,  2 7 9 2  ( 1 9 6 5 . .

(3 1 )  G .  D .  B r o a d h e a d ,  J .  M .  O s g e r b y ,  a n d  P .  L .  P a u s o n ,  J . C h em . S o c ., 
6 5 0  ( 1 9 5 8 ) .
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The Coupling Reaction of Phenyllithium with Allylic Chlorides.
The Influence of Methyl Substituents on the Distribution of Productsla,b

R onald  M . M a g id ,* 1c E dw ard  C. N ie h , and  R ichard  D. G andour  

D ep a r tm en t o f  C h em istry , W i ll ia m  M a rsh  R ice  U n iv e rs ity , H ou ston , T ex a s  77001  
R eceived  N ovem b er 20 , 1 9 70

The reaction of phenyllithium with each of the possible mono- and dimethyl-substituted allylic chlorides is re
ported. Included are chlorides in which the termini of the allylic system are made distinguishable by 2H or 14C 
labels [3-chloro-2-methyl-l-propene and 4-chloro-lran.s- (or c is - )  -2-pentene], although numerous attempts to pre
pare the latter compound exclusively tagged at one position were unsuccessful. The distribution of coupling 
products from the reaction with phenyllithium is discussed with respect to the influence of a - ,  0 - , or Y-methyl 
substituents on the position of attack. The total preservation of double bond geometry when tr a n s -  or c is - l -  
chloro-2 -butene and tra n s -  or c is - l-chloro-2 -methyl-2 -butene undergo a  attack is used to argue against previously 
proposed ion-pair and radical-pair mechanisms. The nonidentical product distributions from pairs of allylic 
isomers stand in contrast to earlier reports and are also most simply interpreted in terms of a concerted process.

Allylic halides couple with a wide variety of organo- 
metallic reagents, and several distinct mechanisms 
have been proposed. The first reasonable scheme was 
put forth by Wilson, Roberts, and Young2 to explain 
the nearly identical distribution of products from reac
tion of phenylmagnesium bromide with either a -  or
7 -methylallyl chloride. They suggested that coordina
tion of magnesium with chlorine sufficiently weakens the 
C-Cl bond tha t an ion-pair intermediate with almost 
no memory of its origin is formed; this intermediate 
then collapses to the two products (Scheme I). Reac-

metallic reagents produce products by the same general 
mechanism: heterolysis of the C-Cl bond by coor
dination to the metal followed by collapse of the ion 
pair to products (Scheme II). Differences between

S c h e m e  II
h 3c v  / H Hv / H'c=c c=:C

w  x ch2ci H3(J X CH2C1

jrc-Bu-M n̂-Bu-M

S c h e m e  I
Cl
I

ch3ch= chch2ci ch3chch= ch2

/ C J KCHsClW + ''CH 2

-  / C 1ph— Mgc:
x Br

CH3CH=CHCH2Ph +  CH3CHCH=CH2

72-77/o 28-23%

tion of the same two chlorides with phenyllithium 
in ether similarly was reported to produce identical 
product mixtures consisting of about 90% crotylbenzene 
and 10% a-methylallylbenzene; the ion-pair mechanism 
was, again, invoked.3

More recently, Czernecki, e t  a l . , 4 presented a detailed 
study of the reactions of c i s -  and t r a n s - c r o t y l  chloride 
and a-methylallyl chloride with n-butyllithium, n -  

butylsodium, and n - ,  s e c - ,  and (erf-butylmagnesium 
bromide. They concluded tha t all of the organo-

( 1 )  (a )  A  p o r t i o n  o f  t h is  w o r k  h a s  a p p e a r e d  in  p r e l i m i n a r y  f o r m :  R .  M .
M a g i d  a n d  R .  D .  G a n d o u r ,  J . O rg. C h em ., 35, 2 6 9  ( 1 9 7 0 ) .  ( b )  P a r t i a l  s u p 
p o r t  o f  t h i s  w o r k  b y  t h e  R o b e r t  A .  W e l c h  F o u n d a t i o n  is  g r a t e f u l l y  a c k n o w l 
e d g e d ,  a s  is  t h e  a s s i s t a n c e  o f  t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n  in  t h e  p u r 
c h a s e  o f  a  V a r i a n  A s s o c i a t e s  A - 5 6 / 6 0 A  n m r  s p e c t r o m e t e r ,  ( c )  T o  w h o m  
in q u i r i e s  s h o u l d  b e  a d d r e s s e d  a t  t h e  D e p a r t m e n t  o f  C h e m i s t r y ,  T h e  U n i 
v e r s i t y  o f  T e n n e s s e e ,  K n o x v i l l e ,  T e n n .  3 7 9 1 6 .

(2 )  K .  W .  W i l s o n ,  J . D .  R o b e r t s ,  a n d  W .  G .  Y o u n g ,  J . A m e r . C h em . S o c .,  
7 1 , 2 0 1 9  ( 1 9 4 9 ) .

( 3 )  ‘ S .  J .  C r i s t o l ,  W .  C .  O v e r h u l t s ,  a n d  J . S .  M e e k ,  ib id .,  73, 8 1 3  ( 1 9 5 1 ) .
(4 )  S .  C z e r n e c k i ,  C .  G e o r g o u l i s ,  B .  G r o s s ,  a n d  C .  P r e v o s t ,  B u ll . S oc . 

C h im . F r „  3 7 1 3  ( 1 9 6 8 ) .

H HI
H3C'y ^ ' CH 2 h Y ^ ch2

H h3c
n-BuMCl re-BuMCl

 ̂ re-Bu ^

HsC\  / H CH3CHCH=CH2 H\  / Hc=c c=cN
H nCH2-ti-Bu H3CT CH,-n-Bu

the various reagents were attributed to a delicate 
interplay of two factors: the relative electrophilicity 
of the metal (increasing from sodium to lithium to 
magnesium) and the relative nucleophilicity of the 
butyl group (decreasing along this series). In par
ticular, with Grignard reagents the ion-pair inter
mediate is presumed to be longer lived and capable of 
bond rotation, thereby allowing partial loss of double 
bond geometry in the products from c is -  and tra n s-  
crotyl chloride; with the lithium and, especially, sodium 
reagents, more rapid collapse to products results in 
essentially no loss of double bond stereochemistry. 
Differences in product distributions from the three 
chlorides were also interpreted within this framework.

A variation of this ion-pair mechanism was offered 
by Wawzonek, et a l.,5 to account for the purported 
loss of double bond integrity in the products from c is -  
and irans-crotyl chloride with phenyllithium and 
phenylsodium. In their view, the ion pair can return 
to covalent chloride and, to the extent tha t a-methyl- 
allyl chloride is thus generated, both c is -  and tra n s- 
crotylbenzene are expected (Scheme III). The rather 
high activation energy for rotation about the partial

( 5 )  S . W a w z o n e k ,  B .  J .  S t u d n i c k a .  a n d  A .  R .  Z i g m a n ,  J . O rg . C h em ., 34, 
1 3 1 6  ( 1 9 6 9 ) .
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double bond of long-lived allylic cations in strongly 
ionizing media6 would probably argue against Scheme II  
and for this variation.

A distinctly different sort of mechanism was sug
gested by Gough and Dixon7 8 9 10 for the coupling of allyl 
bromide with Grignard reagents. Based upon relative 
rate data, isolation and characterization of several 
minor products, and detection of an esr signal, a 
radical-pair intermediate was put forth (Scheme IY).

Scheme IV

CH2=CHCH2Br +  RMgX - h 2c*ch ' ch2

,-Br
R— Mg'

X

products
/C H X  

H2C ^  . +  MgBrX

Certainly, organolithium reagents also exhibit radical 
character in many of their reactions,8-10 thereby 
making the Gough-Dixon mechanism a likely pos
sibility for their interaction with allylic halides. I t  
should be noted, however, that c is - and irons-crotyl 
radicals have been studied by esr techniques which 
show tha t they undergo absolutely no interconversion 
at or below 0° in hydrocarbon solvent.11

Thus, all of the suggested mechanisms have invoked
( 6 )  ( a )  P .  v .  R .  S c h l e y e r ,  T .  M .  S u ,  M .  S a u n d e r s ,  a n d  J .  C .  R o s e n f e l d ,  

J . A m e r .  C h em . S o c .,  91, 5 1 7 4  ( 1 9 6 9 ) ;  ( b )  J .  M .  B o l l i n g e r ,  J .  M .  B r i n i c h ,  
a n d  G .  A .  O la h ,  ib id .,  92, 4 0 2 5  ( 1 9 7 0 ) .

(7 )  R .  G .  G o u g h  a n d  J .  A .  D i x o n ,  J .  O rg. C h em ., 3 3 ,  2 1 4 8  ( 1 9 6 8 ) .
( 8 )  E x c h a n g e  a n d  c o u p l i n g  r e a c t i o n s  w i t h  a l k y l  h a l i d e s :  ( a )  C .  G .

S c r e t t a s  a n d  J .  F .  E a s t h a m ,  J . A m e r . C h em . S o c .,  8 8 ,  5 6 6 8  ( 1 9 6 6 ) ;  ( b )  H .  R .  
W a r d  a n d  R .  G .  L a w l e r ,  ib id .,  89, 5 5 1 8  ( 1 9 6 7 ) ;  ( c )  H .  R .  W a r d ,  R .  G .  L a w 
le r ,  a n d  H .  Y .  L o k e n ,  ib id .,  90, 7 3 5 9  ( 1 9 6 8 ) ;  ( d )  H .  R .  W a r d ,  R .  G .  L a w l e r ,  
a n d  R .  A .  C o o p e r ,  ib id .,  91, 7 4 6  ( 1 9 6 9 ) ;  ( e )  A .  R .  L e p l e y ,  ib id .,  90, 2 7 1 0  
( 1 9 6 8 ) ;  ib id .,  91, 7 4 9  ( 1 9 6 9 ) ;  C h em . C o m m u n .,  6 4  ( 1 9 6 9 ) ;  ( f )  A .  R .  L e p l e y  
a n d  R .  L . L a n d a u ,  J .  A m e r . C h em . S o c .,  91, 7 4 8  ( 1 9 6 9 ) ;  ( g )  G .  A .  R u s s e l l  
a n d  D .  W .  L a m s o n ,  ib id .,  91, 3 9 6 7  ( 1 9 6 9 ) ;  ( h )  F .  G e r h a r t  a n d  G .  O s t e r m a n n ,  
T etra h ed ron  L ett., 4 7 0 5  ( 1 9 6 9 ) ;  ( i )  J .  W .  R a k s h y s ,  J r . ,  C h em . C o m m u n .,  5 7 8  
( 1 9 7 0 ) .

(9 )  A d d i t i o n s  t o  m u l t i p l e  b o n d s :  ( a )  H .  R .  W a r d ,  J . A m e r . C h em . S oc ., 
89, 5 5 1 7  ( 1 9 6 7 ) ;  ( b )  J .  E .  M u l v a n e y ,  S .  G r o e n ,  L .  J .  C a r r ,  Z .  G .  G a r d l u n d ,  
a n d  S . L .  G a r d l u n d ,  ib id .,  91, 3 8 8  ( 1 9 6 9 )  ; ( c )  C .  B l o m b e r g  a n d  H .  S .  M o s h e r ,  
J . O rga nom etal. C h em ., 13, 5 1 9  ( 1 9 6 8 ) ;  ( d )  J .  K .  C r a n d a l l  a n d  D .  J .  K e y t o n ,  
T etra h ed ron  L ett., 1 6 5 3  ( 1 9 6 9 ) .

( 1 0 )  I n t r a m o l e c u l a r  r e a r r a n g e m e n t s :  (a )  F .  G e r h a r t ,  ib id .,  5 0 6 1  ( 1 9 6 9 ) ;
( b )  J .  E .  B a l d w i n ,  J .  D e B e r n a d i s ,  a n d  J .  E .  P a t r i c k ,  ib id .,  3 5 3  ( 1 9 7 0 ) ;  ( c )  
E .  G r o v e n s t e i n ,  J r . ,  a n d  Y - M .  C h e n g ,  C h em . C om m u n .,  101  ( 1 9 7 0 ) .

( 1 1 )  J .  K .  K o c h i  a n d  P .  J .  K r u s i c ,  J . A m e r . C h em . S oc ., 90, 7 1 5 7  ( 1 9 6 8 ) .

an intermediate (ionic or radical) which, by separation 
from the leaving group,2’3 bond rotation ,4 or internal 
return ,6 has forgotten the identity of its precursor to 
some extent. In direct contrast to these proposals, 
the reaction of phenyllithium with the parent com
pound, allyl chloride, gives no evidence requiring the 
intervention of an intermediate. Allyl chloride, labeled 
at the a  position with either 2H or 14C, produces allyl- 
benzene, analysis of which shows that the majority of 
coupling has occurred at the y  position. 12 Clearly, a

CH2=CHCH2C1 +  PhLi — >

PhCH2CH =CH 2 +  CH2=C H CH 2Ph 
76% 24%

truly symmetrical intermediate (ionic or radical) is 
not involved here, nor can one account for the product 
distribution by secondary isotope effects. 12

In an effort to clarify the mechanistic details of the 
coupling reaction and tc reconcile the allyl chloride 
results with those that appear to demand an inter
mediate, we now report on the influence of variously 
situated methyl substituents on the relative amounts of 
phenyllithium attack at the a  and y  carbons. In the 
following paper, we describe the stereochemistry of 
the reaction.

Results
We have investigated the distribution of coupling 

products from phenyllithium with each of the possible 
mono- and dimethyl-substituted allylic chlorides (Chart 
I). Each of these materials is either commercially 
available or has been reported in the literature. In 
practice, however, none of these compounds (whether 
purchased or prepared) was sufficiently pure for use in 
the coupling reaction. Because of this and the further 
fact tha t several of these chlorides tended to decompose 
and/or isomerize during storage, it was necessary to 
carefully purify each material (see Experimental 
Section) and to use it immediately.

Since chlorides 4, 1 0 , and 1 1  are symmetrical in the 
sense that attack at either the a or 7  carbon would 
yield the same product, it was necessary to distinguish 
the termini of the allylic system by a suitable isotopic 
label (Chart II). Monomethyl compound 4-d2 was

(1 2 ) (a )  R .  M .  M a g id  a n d  J. G . W e lch , ibid., 88, 5681 (1 9 6 6 ) ;  (b )  R .  M .
M a g id  a n d  J . G . W e lch , ibid., 90, 5211 (1 9 6 8 ) .
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C h a r t  II

c h 3 h 3c H h 3c  h
1 \  / \  /

CH2=CCD2C1 c= c c = c
/  \ /  \

4 -d2 H CDC1 H CHC1

CH3 *CH3
10-d 10-14C

H H H H\/

\ /
c = c c = c

/  \ / \  *
H3C CD(CH3)C1 H3C CH(CH3)C1

11-d 11- 14C

easily prepared by adaptation of established procedures, 
but enormous difficulties were encountered in the 
attempted syntheses of 2H - or 14C-labeled 10 and 11.

A  suitable precursor for 10-14C is alcohol 12 which 
was prepared by standard methods; degradation of the 
alcohol confirmed the position of the radioactive 
carbon. Nearly every attempt to convert 12 into
10- 14C, however, led to complete (or nearly complete)

H 3C H
\  /

C = C  +  CH3M gI — >
/  \

H C H = 0

h 3c  h h 3c  h
\  / \  /

o 0 1 c = c
/  \

/\

H CHOH H CHC1I|
*c h 3 *c h 3

12

randomization of the label (see Experimental Section 
for a compilation of the unsuccessful methods).

The location of the radioactive carbon in 12 and in
10- 14C was determined by ozonolysis13 14 * and measurement 
of the activity of the resulting acetaldehyde. Since 
alcohol 12 was position-specific in its label, we con
sidered the possibility that some or all of the chloride- 
producing reactions had, in fact, afforded unscrambled

(13) This method of degradation was chosen because of its successful 
application in the analysis of 14C-labeled allyl chloride,121*14 and because the 
conditions can be adjusted to make it milder than other oxidation pro
cedures.

(14) S. H. Sharman, F. F. Caserio, R. F. Nystrom, J. C. Leak, and W. G.
Young, J. Amer. Chem. Soc., 80, 5965 (1958).

10- 14C and that randomization was occurring during 
the degradation itself;16 several reasonably attractive 
mechanisms for such a process can be imagined. To 
clarify this point, 2H-labeled alcohol 13 was prepared,

H3C H
\  /

C = C  -(- Li AID,
/  \

H C = 0
I

c h 3

h 3c H H 3C
\ / \

c= = c  — C = C
/ \ /

H CDOH (D)H

¿ h 3 h 3c

H
/

\
CCI

/  \
D(H)

13

the idea being that one can locate the label in 13 and 
its derived chloride by nmr analysis both before and 
after ozonolysis. The numerous failures with radio
active alcohol 12 were once again encountered when 
13 was treated with a variety of reagents. Complete 
or nearly complete scrambling was the general result, 
the largest label spreads at the a: y carbons being 57:43  
and 65:35 with phosphorous trichloride and phos
phorous oxychloride, respectively; in all cases, from 
3 to 8%  of cfs-chloride 11 was also produced. It 
would, therefore, appear that the difficulty resides in 
the synthesis of the chloride, and, in confirmation of 
this, ozonolysis of a sample of 10-d having 56%  of 
deuterium at the a carbon and 4 4 %  at the y yielded 
acetaldehyde which was deuterated to the extent of 
44% .

Thus, the method of degradation is reliable, and it 
must be concluded that none of the alcohol conversions 
that we tried were very satisfactory. Because of this, 
the synthesis of the even more labile cfs-chloride, 
11 -d or 11-UC, was not pursued.

The reactions of phenyllithium with monomethyl 
chloride 3 and dimethyl chlorides 5, 6, 7, 8, 9, 10-d, and 
10- 14C gave the corresponding coupling product(s) as 
the only isolable and identifiable materials; in addition 
to coupling product (s), chlorides 1 and 2 gave small 
quantities of l-methyI-2-phenylcyclopropane, and 
chloride 4 yielded variable amounts of 1-methyl-

(15) This possibility was suggested by Professor W. G. Young, private 
communication.
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T a b l e  I
Y ield s  and  P ro d u ct  D is t r ib u t io n s  in  t h e  C o u plin g  op P h e n y l l it h iu m  w it h  

M ono -  an d  D im e t h y l -S u b st it u t e d  A l l y l ic  C h lo r id e s '*
----- -------—---------------------------------------- Product yields, %■---------------------------------------------  ~ *

■a attack------------------------✓-------------------------------------- y attack-
Allylic Total Total Ratio,

chloride** Cis: trans yield Cis: trans yield a/y attack

V 0:100 36.3 12.4 74 .5 /25 .5
2C 100:0 30.2 9.9 75 .3 /24.7
3 0.7 17:83 76.2 1 .0 /99 .0
4-cfc 21.7 16.3 57/43
5 0 : 100* 74.8 3 .5 95 .5 /4 .5
6 100:0* 80.2 6.4 92 .6 /7 .4
7 7.8 30 ±  2:70 ±  2*'e 69.8 10.0/90.0
8 Trace 68.2 0/100
9 80.0 Trace 100/0

10-d> g 39.2 g 39.2 50/50
10-dh g 40.0 g 40.0 50/50
lO-14«?* 0 36.6 j 36.6 50/50

° The allylic chloride was added to a twofold excess of ethereal phenyllithium at 25°; product yields were determined by quantitative 
glpc. b The isomeric purity of each of the starting materials is given in the Experimental Section. c Reference la. * According to the 
naming of these compounds as l-phenyl-2-methyl-2-butenes, the trans compound has the geometry of 5, and the cis that of 6. e This 
material was obtained as an inseparable mixture of cis and trans alkenes; the isomer ratio was determined both by nmr peak areas and 
by glpc (300-ft capillary column, polyphenyl ether). f The starting material h id  57% deuterium at the a carbon and 43% at the y  
and contained 12.5% of the cis isomer. « In both cases, the cis: trans alkene ratio was 12:88, but, since neither starting material was 
free of cis isomer, the mechanistic significance is not clear. h The starting material had an a: 7 label spread of 65:35 and contained 7%  
of the cis isomer. * The starting material had 58.1% I4C at Cs and 41.9% at C,. ’ The cis: trans product ratio was not determined.

cyclopropene.16’17 The yields and product distribu
tions of the coupling products are summarized in Table 
I.

With the exception of halides 1 ,2 , and 4, 70%  or more 
of the starting material was converted into coupling 
product(s). Competing a elimination with 1, 2, and 4 
is one reason for the failure to achieve material balance; 
for the other chlorides, the remainder of material ap
pears to be in the form of unreacted chloride, nondistil- 
lable substances (perhaps by elimination of HC1 and 
anionic polymerization of the resulting diene), and high- 
boiling materials tentatively identified as the coupling 
products from starting material and biphenyllithium 
(formed during the preparation of phenyllithium). In 
no case do we find any C8 or C10 dienes (from Wurtz 
reaction of the 4- or 5-carbon allylic chlorides), nor are 
any low-boiling materials (substituted butadienes or 
dimethylcyclopropenes) produced from the dimethyl 
compounds.

W e can dismiss the possibility that some of the high- 
boiling materials result from abstraction of the benzylic 
proton of the hydrocarbon product producing an anion 
which then couples with starting material.18 * Such a 
complication would not only lower the overall yield of 
coupling product but, more seriously, might selectively 
remove one of the hydrocarbon products from the re
action mixture, thereby making the a/y  attack ratios 
in Table I unreliable. That this process is not occur
ring is shown by a number of observations: each of the 
products from monomethyl compounds 1 -4  and di
methyl compound 10 can be recovered unchanged when

(16) l-Methyl-2-phenylcyclopropane most likely results from phenyl
lithium addition across the double bond of 3-methylcyclopropene;la a elimina
tion leading to cyclopropene has been conclusively demonstrated to be the 
first stage in the formation of phenylcyclopropane from allyl chloride and 
phenyllithium.12

(17) Use of halide-free phenyllithium for reaction with chloride 4 provides
a highly efficient and convenient synthesis of 1-methylcyclopropene: R. M.
Magid, T. C. Clarke, and C. D. Duncan, J. Org. Chem., 36, 1320 (1971).

(18) Allylbenzene is quantitatively converted by n-butyllithium in THF
into phenylallyl anion which couples with allyl chloride in high yield: R. M.
Magid and S. E. Wilson, unpublished results.

subjected to the reaction conditions; in none of the 
reaction mixtures are any substituted styrenes found; 
products having a benzylic deuterium (from chlorides
4-d2 and 10-d) show no loss of the label during the reac
tion; optically active cis- and £rans-l-phenyl-2-butene- 
1-d containing a full deuterium at the benzylic carbon 
were obtained from phenyllithium and optically active
3-chloro-as-l-butene-/-d.:9 Thus, it is not unreason
able to assume that the lack of material balance is due, 
exclusively, to processes independent of the coupling 
reaction. Consequently, the a/y  attack ratios of Table 
I may be used for meaningful discussion.

Finally it should be no'ed that coupling products do 
not result from an alternate path involving halogen- 
metal exchange between phenyllithium and allylic 
chloride followed by coupling of the exchange products;20 
in the systems studied, neither chlorobenzene nor any 
C8 or Cio dienes are among the reaction products. Prod
ucts also do not arise by protonation of the allylic anion 
from phenyllithium addition to butadiene or isoprene, 
since such reactions give only polymeric materials. 
For control reactions on the lack of isomerization of the 
starting allylic chlorides during the reaction, see the 
Experimental Section.

Discussion

Several features are apparent from inspection of the 
data of Table I.

1. The product distribution from a-methylallyl 
chloride (3) is distinctly different from that of either 
trans- or c/s-crotyl chloride (1 and 2). Similarly, chlo
ride 7 gives a product ratio different from that of either 
of its allylic isomers 5 or 6, although the difference is 
less pronounced. The only other pair of allylic isomers, 
8 and 9, give the same product, free of its isomer.

2. In those cases involving a attack on pairs of 
geometric „somers (1 and 2 or 5 and 6), the stereochem-

(19) R. M. Magid and E. C. Nieh, J. Org. Chem., 36, 2105 (1971).
(20) Iodocyclopropanes and methyllithium do couple by such a two-step

process: R. M. Magid and S. E. Wilson, Tetrahedron Lett., 4925 (1969).
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istry is quantitatively preserved in the product. In 
cases where y attack can produce a mixture of geometric 
isomers, such a mixture does result (3 and 7).

3. Introduction of an a-methyl substituent dra
matically reduces the a/y  attack ratio (compare allyl 
chloride12 with 3 ,4  with 7 ,3  with 8 ,1  with 10).

4. A  7-methyl group similarly decreases the pro
portion of reaction at its point of attachment (compare 
allyl chloride12 with 1 or 2, 4 with 5 or 6, 1 or 2 with 9, 
3 with 10).

5. A  /3-methyl substituent tends to increase the 
a/y  attack ratio, although the effect is less substantial 
(compare allyl chloride12 with 4, 1 with 5, 2 with 6, 3 
with 7).

The first of the above features contradicts the ob
servations of Cristol, et al,,3 on the nearly identical 
product distributions from the reaction of phenyllith- 
ium with a-methylallyl chloride (3) and crotyl chloride 
(presumablyla a mixture of 1 and 2). It should be recog
nized, however, that their separation of products (be
fore the advent of gas chromatography) was accom
plished by distillation; consequently, they failed to 
identify l-methyl-2-phenylcyclopropane as a product in 
the crotyl chloride reaction since it most likely codis
tilled with crotylbenzene.21 If one adjusts their value 
of 90 -9 5 %  crotylbenzene from crotyl chloride by the 
amount of cyclopropyl compound actually produced, 
their a/y  attack ratio becomes similar to ours. Thus, 
one of the criteria for formation of an intermediate may 
be dismissed. The results with chlorides 5, 6, and 7 
also do not require a common intermediate nor do our 
earlier data with labeled allyl chloride.12 Only chlo
rides 8 and 9 give the same product distribution (a 
single compound) and it is possible, although not re
quired, that a change in mechanism to one involving 
an ionic or radical intermediate has occurred; certainly, 
the presence of two stabilizing substituents on either 
the a or 7 carbon, could result in such a change. Con
sistent with this, but once again not demanding it, 
compound 10 which is substituted at both ends of the 
allylic system gives equal amounts of a and y attack.

The second feature is in direct conflict with the 
claim of Wawzonek, et al./ that double bond geometry 
is not preserved in the reactions of phenyllithium with 
trans- and cis-crotyl chloride (1 and 2). As we have 
reported earlier,la this apparent loss of stereochemistry 
is due solely to the use of isomerically impure starting 
materials. It is significant that even the more highly 
substituted chlorides 5 and 6 undergo a attack with 
complete retention of their stereochemical integrity. 
Thus, another of the criteria for a multistep mechanism 
must be discarded. One of our principal reasons for 
investigating the reactions of chlorides 10 and 11 was 
to ascertain whether substrates bearing substituents 
that are capable of directly stabilizing an ionic or radical 
intermediate would still lead to products of retained 
stereochemistry. Unfortunately, the difficulties in 
synthesis described earlier prevented our accomplishing 
this task; the 12%  of cis isomer that does result from 
10 (Table I, footnote g) may merely be due to a com
bination of 7 attack on 10 and a attack on the small 
amount of cis impurity 11 that is present.

(21) l-Methyl-2-phenylcyclopropane and cis- and trans-crotylbenzene
are not resolved by a 10-ft, SE-30 glpc column, thus indicating their similar
boiling points.

Although all of our data are most simply interpreted 
without invoking an intermediate, the possibility still 
exists that ionic or radical22 species are involved but 
that they are not so free as to have lost all memory of 
the structure and stereochemistry of their precursors. 
One must acknowledge the chance that an intermediate 
is formed, but that the product-determining transition 
state is of lower energy than the barriers to significant 
separation of the leaving group,2'3 bond rotation,4 
or internal return.5 The three trends on the influence 
of a-, ¡3-, and 7-methyl substituents are not especially 
revealing with regard to drawing mechanistic con
clusions, and one can use them in arguing for either 
concerted or multistep processes.

Furthermore, the situation is certainly much more 
complex than the discussions of other workers would 
allow. It has been demonstrated that phenyllithium 
is predominantly dimeric in ether,23 * and the prospect 
exists that either the monomer or the dimer (or both) 
is the reactive species in the coupling reaction. One 
reasonably attractive idea is that a and 7 attack are 
both concerted processes occurring via six-membered 
transition states, the former with dimeric phenyl
lithium and the latter with monomeric reagent (Scheme
V). Kinetic studies should reveal whether the two

Sc h em e  V

(PhLi)2 2P tiLi

|cH2=CHCH2C1 CH2=CHCĤ )1

H2Ci-~*CH 2

ph, Li,Ph_

1
_ P'h-Li- C1 J

▼
H2C=CHCH2Ph

1
PhCH2CH =CH 2

reactions are, indeed, of different kinetic order in 
phenyllithium, but these have not yet been performed. 
Should any evidence supporting the idea of an inter
mediate be found, Scheme V  may easily be modified 
by altering the timing of bondmaking and bondbreaking 
so that the two transition states are replaced by ionic 
or radical species (Scheme V I). We prefer to defer

S ch em e  VI

(PhLi)2 -*-------- 2PhLi

|ch2= chch2ci jcH2=CHCH£l

Ĉ%H2 C1-Lil h ^ C% h 2

tPh Li/ C1_ .  +Ph Li/C 1  .

1
=CH CH :Ph

J
PhCH2CH =CH 2

* =  +  or- 
t =  — or-

(22) Nmr experiments (CIDNP) designed to probe for radical-pair pre
cursors of products gave only negative results: R. M. Magid and F. E.
Farrell, unpublished results.

(23) (a) P. West and R. Waack, J. Amer. Chem. Soc., 89, 4395 (1967);
(b) P. West, R. Waack, and J. I. Purmot, ibid., 92, 840 (1970).
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discussion of this point until the following paper in 
which the stereochemistry of the reaction is described.

Experimental Section

Instruments.— Analytical glpc was performed on a Perkin- 
Elmer Model 800 gas chromatograph (flame ionization detector) 
and utilized the following columns: A, 10 ft X '/s in., /3,/3'-oxydi- 
propionitrile (15%) on Chromosorb P; B, a 30 ft X Vs in. column 
composed of a 20-ft section of diethylene glycol succinate (20%) 
on Chromosorb P (HMDS) and a 10-ft section of Bentone 34 
(10%) on Chromosorb P (HMDS); C, 5.5 ft X Vs in., Carbowax 
20M (20%) on Chromosorb P; D, 20 ft X Vs in., Carbowax 20M 
(10%) on Chromosorb W. In those cases in which quantitative 
glpc was used for yield determinations, the internal standard 
method was employed. Peak areas (for yields or product ratios) 
were measured with a Disc integrator. Preparative glpc was 
performed on either a Varian Aerograph Model 202-1B gas chro
matograph (thermal conductivity detector) or a Hewlett-Packard 
F & M PrepMaster Jr., Model 776 (flame ionization detector) 
and utilized the following columns: P, 20 ft X 3/s in., SE-30 
(30%) on Chromosorb P; Q, 10 ft X 3/s in., SE-30 (20%) on 
Chromosorb P; R, 8 ft X 1 in., /3,/3'-oxydipropionitrile (15%) 
on Chromosorb P; S, 10 ft X 3/s in., Carbowax 20M (20%) on 
Chromosorb W; T, 5 ft X 0.25 in., SE-30 (20%) on Chromosorb 
P; U, 10 ft X 3/s in., XF-1150 (10%) on Chromosorb P.

Nmr spectra were obtained on a Varian Associates A-56/60A 
spectrometer. Radioactivity measurements were made with a 
Packard Tri-Carb Model 3365 liquid scintillation spectrometer. 
All reactions involving either lithium or organolithium reagents 
were run in an argon atmosphere.

Materials.— Reagent grade commercial materials were used 
without further purification, except for the following: thionyl 
chloride (Matheson Coleman and Bell) was purified by the method 
of Fieser and Fieser,24 distilled through a glass helices packed 
column, and used directly; phosphorus trichloride (J. T. Baker 
Chemical Co.) was fractionated through a glass helices packed 
column immediately before use; methyl-14C iodide (50 p C i  from 
Amersham/Searle) was diluted with 500 g of methyl iodide 
(Matheson Coleman and Bell). Phenyllithium was prepared 
by the slow addition of bromobenzene in ether to lithium shot26 
in ether at 0-10°, after which the mixture was stored at 0° for 
12 hr and filtered through glass wool. By performing this 
reaction slowly and at relatively low temperature, both the 
quality and the appearance of the reagent is improved; analysis 
of the solution was done by the “ double titration”  method.26 
Halide-free phenyllithium was prepared by the reaction of di- 
phenylmercury and lithium.

Preparation and Purification of Allylic Chlorides.—Each of 
the starting materials, whether purchased or synthesized, was 
purified as indicated below and used immediately. The details 
for l-chloro-frares-2-butene (1) and l-chloro-cis-2-butene (2) 
have already been reported.1“ All of the materials gave spectra 
consistent with their structures.

A. 3-Chloro-l-butene (3).— Commercial material (Aldrich 
Chemical Co.) was purified by preparative glpc (column P) 
and shown to be >99%  isomerically pure (column A).

B. 3-Chloro-2-methyl-l-propene-3,.?-d2 (4-d2).— Commercial 
methacrylic acid was converted into its acid chloride27 which was 
reduced by Li All), according to established procedures;28 the 
deuterated alcohol was then converted without allylic rearrange
ment into chloride 4-d2 by thionyl chloride and tri-re-butylamine 
in di-n-butyl ether.14 Purification (>99% , column A) was ac
complished by preparative glpc (column P); nmr analysis of 
both the precursor alcohol and chloride 4-d, indicated that the 
samples were >97%  dideuterated at the desired position.

C. l-Chloro-3-methyl-2-butene (9).— Commercially available 
material (Eastman) was washed with cold 2%  NallCOa, dried 
over Drierite, and distilled through a glass helices packed column 
yielding a substance whose nmr spectrum and glpc analysis 
(column A) indicated >98%  purity.

(24) L. F. Fieser and M. Fieser, “ Reagents for Organic Synthesis,” Wiley, 
New York, N. Y., 1967, p 1158.

(25) L. R. Worden and A. W. Burgstahler, J . C h em . E d u c ., 45, 425 (1968).
(26) H. Gilman and F. K. Cartledge, J .  O rga n om eta l. C h em ., 2, 447 (1964).
(27) C. E. Rehberg, M. B. Dixon, and C. H. Fisher, J . A m e r . C h em . S o c .,  

67, 208 (1945).
(28) R. D. Schuetz and F. W. Millard, J . O rg . C h em ., 24, 297 (1959).

D . l-Chloro-2-methyl-ir<ms-2-butene (5).— Following the pro
cedure of Young, et a l . , n  3-hydroxy-2-methyl-1-butene was 
treated in dilute ether solution with thionyl chloride at —50°. 
Glpc analysis (column A) showed that the crude product was 
composed of 68% of the desired chloride 5, 30% of m-chloride 
6, and 2%  of allylic isomer 7. Preparative glpc (column R) 
yielded material which, by nmr and glpc, was judged to be 
>97.5% isomerically pure; no improvement in purity could be 
achieved even after a second preparative glpc.

E. l-Chloro-2-methyl-cfs-2-butene (6).— Angelic acid (2- 
methyl-cis-2-butenoic acid) was prepared from butanone in five 
steps, according to the procedure of Buckles and Mock.30 Re
duction with LiAlH, yielded l-hydroxy-2-methyl-cfs-2-butene 
which, after fractionation through a glass helices packed col
umn, was judged (nmr and glpc analysis, column D) to be >99%  
pure. Conversion into chloride 6 was achieved by thionyl chlo
ride and tri-n-butylamine in ether at —50°.29 Flash distillation 
yielded a material which was >90%  chloride 6 (column A); 
preparative glpc (column R) yielded material which was >99%  
pure.

F. 3-Chloro-2-methyl-1-butene (7).— Chlorine was bubbled 
into a solution of 2-methyl-2-butene and 1 equiv of NaHCCh in 
ether at 0° ,31 Fractional flash distillation yielded a sample which 
contained 85% (column A) of the desired chloride; two more 
flash distillations increased the purity to >98% .

G. 3-Chloro-3-methyl-1-butene (8).— The reaction of gaseous 
HC1 with isoprene in ether at —50°,32 followed by neutralization 
with NaHCOs and distillation through a glass helices packed 
column [bp 30-32° (120 mm)], yielded material which (nmr and 
glpc analysis, column A) was >97%  pure.

H. 4-Chloro-frans-2-pentene-J-d (10- d ) .— Reduction of t r a n s -
2-penten-4-one with LiAlD, produced the corresponding alcohol 
13 which, by nmr analysis, was at least 98% monodeuterated 
at C-4. Reaction of the alcohol with PCL and pyridine at —40°33 
yielded material which, after two flash distillations, was shown 
(column D) to be composed of 87.5% trans chloride and 12.5%  
cis; nmr analysis showed that substantial allylic rearrangement 
had occurred, 57% of deuterium being at C-4 and 43% at C-2. 
When POCI3 was substituted for PCI3 in the above reaction, a 
somewhat greater label spread was achieved: 65% of deuterium 
at C-4 and 35% at C-2; 7%  of the cis chloride was present.

I. 4-Chloro-Zr<m,s-2-pentene-.5-14C (10-14C).— The reaction of 
methyl-14C-magnesium iodide with crotonaldehyde yielded 4- 
hydroxy-fraras-2-pentene-i5-14C (12); the position of the label 
was confirmed by ozonolysis (>99.5% at C5). Numerous at
tempts to convert this alcohol into the corresponding chloride 
while avoiding allylic rearrangement were made, but most of 
them failed. To summarize, the following reagents led to com
plete (or nearly complete) scrambling of the label (as determined 
by ozonolysis): PCI3 and pyridine in ether at either 0 or —30°; 
PC13 and LiCl in hexamethylphosphoramide at —5°; hexa- 
chloroacetone and triphenylphosphine at 15° (modeled after 
the established procedure with CC14 and triphenylphosphine34 35 
which is unsuitable because of the similar boiling points of CC1< 
and product); thionyl chloride in ether, with or without pyridine 
(an attempt to prepare the chloride with complete allylic re
arrangement29). The procedure of Stork, et a l . , 36 but with meth- 
yllithium replaced by pyridine led to extensive elimination.

The best sample of 14C-labeled chloride was obtained by ap
plication of the procedure used to prepare 2H-labeled chloride 
10-d having a 65/35 label spread. From 4.30 g (0.050 mol) 
of 4-hydroxy-iron.s-2-pentene-5-t4C (12) (2.53 X 106 dpm/mol),
7.60 g (0.050 mol) of POCI3 , and 1 ml of pyridine was obtained
3.60 g (69%) of labeled chloride, ozonolysis of which produced 
acetaldehyde whose dimedone derivative had an activity of
1.06 X  106 dpm/mol; thus the distribution of 14C in the chloride 
is 58.1% at C5 , 41.9% at Ci.

(29) W. G. Young, F. F. Caserío, Jr., and D. D. Brandon, Jr., J . A m e r .  
C h em . S o c ., 82, 6163 (1960).

(30) R. G. Buckles and G. V. Mock, J . O rg. C h em ., 24, 297 (1959).
(31) Adapted from the method of A. Lauchenauer and H. Schinz, H elv . 

C h im . A c ta , 34, 1514 (1951).
(32) A. J. Ultée, J .  C h em . S o c ., 530 (1948).
(33) (a) P. A. Levene and H. L. Haller, J . B io l . C h em ., 81, 703 (1929); 

(b) H. W. J. Hills, J. Kenyon, and H. Phillips, J . C h em . S o c ., 576 (1936).
(34) (a) I .  M. Downie, J. B. Lee, and M. F. S. Matough, C h em . C o m m u n ., 

1350 (1968); (b) R. G. Weiss and E. I. Snyder, ib id ., 1358 (1968); (c) R. G. 
Weiss and E. I .  Snyder, J . O rg . C h em ., 35, 1627 (1970).

(35) G. Stork, P. A. Grieco, and M. Gregson, T etrahedron  L ett., 1393
(1969).
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General Procedure for Ozonolysis of Labeled Allylic Alcohols, 
Allylic Chlorides, and Coupling Products.— The procedure of 
Young and coworxers14 for cleavage of allyl chloride was modified 
to allow milder conditions and to trap acetaldehyde as it was 
formed. Excess ozone was bubbled through a solution con
taining ca. 0.02 mol of the substrate in 30 ml of methylene chlo
ride maintained at —15°. Solvent was removed with a rotary 
evaporator (without external heating) and the residue was added 
to 5 g of zinc dust, and 50 ml of 10% aqueous acetic acid at room 
temperature. Acetaldehyde, thus generated, was swept by a 
stream of argon (30 ml/min) through an ice-water condenser and 
into a dimedone trap (ca. 300 ml of 0.1 N  dimedone in sodium 
acetate-acetic acid buffer, adjusted to pH 5.8).36 After ca. 
30 min, the decomposition was complete; the contents of the 
trap were acidified to pH 4 with acetic acid. Typically, 80% 
(based upon dimedone) of the 1:2 derivative, mp 140-143°, 
was formed. Three recrystallizations from methanol-water 
followed by drying in a vacuum desiccator provided the pure de
rivative, mp 142-143°.

General Procedure for Reaction of Allylic Chlorides with 
Phenyllithium.— All reactions were performed by adding a 20% 
ethereal solution of 0 .02- 0.10 mol of freshly purified allylic chlo
ride over 15 min to a twofold excess of 0 .7 -0 .8 N  phenyllithium 
in ether at room temperature. The reaction mixture was stirred 
for 2 hr and was hydrolyzed with water. The organic phase 
was washed with water, dried over Drierite, and concentrated. 
Quantitative glp^ analysis for product yields (ethylbenzene, in
ternal standard) and product distribution were performed on 
columns B or C for the monomethyl compounds and A or D

(36) G. W. Gaffney, W. A. Williams, and H. McKennis, Jr., Anal. Chem.,
26, 588 (1954).

for the dimethyl. All materials amounting to more than 1% 
of the total were purified by reduced pressure distillation followed 
by preparative glpc using columns M  or U for the monomethyl 
compounds and columns S, T , Q, or U for the dimethyl. All 
products thus isolated were pure (> 99% ) and their structures 
were confirmed by nmr analysis and by comparison with authen
tic samples when available. For reactions in which low-boiling 
products (methyl-substituted butadienes and cyclopropenes) 
were anticipated, a stream of argon was swept through the re
action vessel into a Dry Ice-acetone trap whose contents were 
analyzed by glpc (column D ); in every case, the only materials 
found were ether and unreacted allylic chloride. High-boiling 
materials (formed in low yield) which would not distil easily 
at reduced pressure were analyzed by nmr without further puri
fication; they appeared to be mixtures of polymeric material 
and the coupling products from biphenyllithium and starting 
material.

Control Reactions.— All of the products were stable to the 
reaction conditions. In no case was phenyllithium-promoted 
isomerization to a substituted styrene detected, and alkenes with 
a benzylic deuterium showed no loss of label. All of the mono
methyl allylic chlorides were subjected to the reaction conditions; 
analysis of aliquots removed at various times showed no isom
erization (positional or geometric) and no conversion into 
allylic bromide (by reaction with LiBr present in phenyllithium). 
For the monomethyl allylic chlorides, inverse addition of phenyl
lithium gave no significant change in product yield or distribu
tion nor did the use of halide-free phenyllithium.

Registry N o .—3, 563-52-0; 4, 563-47-3; 5, 23009-
73-6; 6, 23009-74-7; 7, 5166-35-8; 8, 2190-48-9 ; 9, 
503-60-6; 10,18610-33-8; phenyllithium, 591-51-5.
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R o n a l d  M . M a g i d * u> a n d  E d w a r d  C. N ie h

Department of Chemistry, William Marsh Rice University, Houston, Terns 77001 

Received November 20, 1970

The stereochemistry of y  coupling of phenyllithium with optically active 3-chloro-cfs-l-butene-l-d has been de- 
terrmned. The results are interpreted in terms of a mechanism (concerted or stepwise) which proceeds greater 
than 95% by attack of phenyllithium syn to the leaving group.

In the preceding paper,2 several mechanisms for the 
coupling of allylic chlorides with phenyllithium were 
discussed. Product and geometric isomer data from 
the reactions of mono- and dimethyl-substituted allylic 
chlorides led to the conclusion that the coupling at both 
the a and y carbons either is a direct one-step process 
or involves intermediates (ionic or radical) which are 
separated from products by a relatively low energy 
barrier (i.e., their lifetimes are not long enough to 
allow loss of memory of the structure and geometry of 
their precursors). In this paper, we report on the 
stereochemistry of the coupling reaction with optically 
active allylic chlorides.

Results

In order tc fully elucidate the stereochemistry of the 
coupling reaction, a substrate which meets all of the 
following conditions is required.

(1) (a) Partial support of this work by the Robert A. Welch Foundation 
is gratefully acknowledged, as is the assistance of the National Science 
Foundation in tie  purchase of a Varian Associates A-56/60A nmr spec
trometer. (b) T d whom inquiries should be addressed at the Department 
of Chemistry, The University of Tennessee, Knoxville, Tenn. 37916.

(2) R. M. Magid, E. C. Nieh, and R. D. Gandour, J. Org. Chem., 36, 2099
(1971).

1. It must have an asymmetric a-carbon atom-
2. Two different substituents must be present on 
the t carbon, and the geometry of the double bond must 
be well defined. 3. Coupling reaction should occur 
at both allylic positions, and the a- and 7-coupling 
products must be cleanly separable, one from the other.
4. 7 attack must produce a separable mixture of
cis and trans olefins. 5. The absolute configuration 
and maximum rotation of the allylic chloride and of 
its coupling products should be able to be determined 
with a reasonable degree of accuracy.

The reaction of phenyllithium with a substrate (of 
generalized structure 1) meeting all of these conditions 
is illustrated in Scheme I .3 Our initial plan was to use 
optically active 4-ehloro-irans-2-pentene (1, R , =  Ri 
=  CH3; R 2 =  Rs =  R 5 =  H ), unsymmetrically labeled 
with either 2H or UC. Unfortunately, we were unable 
to prepare this material with a sufficiently large label 
spread and with clearly defined double bond geometry.2 
Furthermore, we were doubtful of the likelihood of ob
taining this substance in an optically stable form in view

(3) The terms syn or anti used for 7  attack refer to processes in which 
coupling occurs on the same or opposite side of the allylic system, respec
tively, as the departing chloride.
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Sch em e  I

a

i

of the known tendency of cyclic allylic chlorides to 
readily racemize via ion-pair formation.4

We were therefore forced to consider using a less 
reactive allylic chloride, one that is only monosub- 
stituted. A substrate such as l-chloro-frans-2-butene- 
1-d (2), or the corresponding cis isomer, satisfies all 
but condition 4. The two products of y attack cannot 
be separated and, since the newly generated asymmetric 
centers of 3 and 4 would be of opposite chirality, the 
total sample would give no rotation.

H H H

J- 1 Ph D Dl, uH Cl

CH3CH 

Ph H 
4

Thus, we turned our attention to optically active 
3-chloro-cfs-l-butene-f-d (13) as the substrate for this 
study. Unfortunately, 3-chloro-l-butene is known to 
couple almost exclusively by y attack,2 and thus con
dition 3 is not met. In order to determine the stereo
chemistry of a attack, a compound such as 2 is required. 
Since there are numerous reports on the coupling re
actions of organometallic reagents with nonallylic 
chiral substances,6 we concentrated our entire effort on 
the preparation and reactions of 13 for which the stereo
chemistry of allylic attack can be determined.

The synthesis of optically active 3-chloro-cis-l- 
butene-f-d (13) is summarized in Chart I. In general, 
these reactions were performed so as to obtain pure 
materials at each step; the yields reported in the 
Experimental Section are for the isolated, > 9 9 %  pure, 
products of each reaction. Some of the steps of the 
synthesis merit a few words of explanation.

Conversion of alcohol 5 into benzoate 6 was nec
essary for two reasons. First, deuterium exchange on 
5 is difficult because its miscibility with water makes 
isolation of 5 after each exchange laborious; use of 6 
and the two-phase exchange system not only avoids 
this recovery problem but also allows the exchange to be 
conveniently monitored by nmr. Second, hydrobora-

(4) H. L. Goering, T. D. Nevitt, and E. F. Silversmith, J. Amer. Chem. 
Soc., 77, 5026 (1955).

(5) (a) J. Sauer and W. Braig, Tetrahedron Lett., 4275 (1969); (b) W. D. 
Korte and L. Kinner, ibid., 603 (1970); (c) L. H. Sommer and W. D. Korte, 
J. Org. Chem., 35, 22 (1970); (d) G. M. Whitesides, W. F. Fischer, Jr., 
J. S. Filippo, Jr., R. W. Bashe, and H. O. House, J. Amer. Chem. Soc., 91, 
4871 (1969).

tion of alcohol 5 produces none of the desired reduction 
product, whereas benzoate 6 gives quite acceptable 
yields.

The disiamylborane-protonolysis method for stereo
specific cis reduction of an alkyne has been studied in 
some detail,6 but the reproducibility of yields appears 
to be rather poor. For example, Brown and Zweifel6a 
claimed an 80%  conversion of 1-hexyne into 1-hexene, 
but the same reaction in the hands of Murray and 
Williams6b gave only 40% . In the case of deuterated 
benzoate 7, the literature procedure6® gives 8 in only 
10-15%  yield. We discovered, however, that, if both 
hydroboration and protonolysis are carried out at — 5 
to 0° and if protonolysis is performed immediately after 
completion of the first stage, quite acceptable yields 
(typically 40% ) of 8 could be realized. One can spec
ulate that the low yields with the literature procedure 
result from a competing reaction in which the initial 
adduct 14 undergoes intramolecularly catalyzed elimi
nation to an allene before acetic acid is added; 7 proceeds 
regiospecifically to 14 because of the directing influence 
of the adjacent ester. A  similar rationalization was

R,BH D— Cs=C-

H— B.
R7 i  o = c :

/C H 3
CH>

R +
Ph

CH3

Dv  / HA
C = C  t  _ C P h

D
V

R> ,
B H'/

C = C = C H C H 3 +  RjBOCPh

O
R
14

offered by Brown and Gallivan7 in the hydroboration 
of allylic acetates; Zweifel, et al.,M have indeed found 
that disiamylborane reduction of internal propargylic 
chlorides yields an intermediate which undergoes inter- 
molecular base-catalyzed elimination to allenes.

That the reduction does, in fact, proceed stereo- 
specifically cis is clearly demonstrated by first-order 
analysis of the nmr spectra of 8, 9, 10, and 13 as com
pared to their undeuterated analogs (see Experimental 
Section for the complete spectral data). Briefly, (1) each 
of the labeled compounds is lacking the lower field of the 
two absorptions due to the terminal vinyl hydrogens in 
unlabeled material;8 at most, 2 %  of the trans-reduced 
product is present. (2) The remaining pair of vinyl 
hydrogens gives JV1C =  10.0 Hz (typical of cis coupling); 
the other J vic =  16.6-17.3 Hz found in the unlabeled 
compounds is absent.9 (3) Each of the deuterated 
compounds shows coupling of the internal vinyl hydro-

(6) (a) H. C. Brown and G. Zweifel, ibid., 83, 3833 (1961); (b) R. W. 
Murray and G. J. Williams, J. Org. Chem., 34, 1896 (1969); (c) A. Streit- 
wieser, Jr., L. Verbit, and R. Bittman, ibid., 32, 1530 (1967); (d) G. Zweifel, 
A. Horng, and J. T. Snow, J. Amer. Chem. Soc., 92, 1427 (1970).

(7) H. C. Brown and R. M. Gallivan, Jr., ibid., 90, 2906 (1968).
(8) (a) U. E. Matter, C. Pascual, E. Pretsch, A. Pross, W. Simon, and S. 

Stern hell, Tetrahedron, 25, 691 (1969); (b) S. W. Tobey, J. Org. Chem., 34, 
1281 (1969).

(9) (a) F. A. Bovey, “ Nuclear Magnetic Resonance Spectroscopy,” 
Academic Press, New York, N. Y., 1969, p 128 ff; (b) D. J. Pasto and C. R. 
Johnson, “ Organic Structure Determination,”  Prentice-Hall, Englewood 
Cliffs, N .J., 1969, p 187 ff.
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C h a r t  I

H M Ç H C H 3 phcoc, h c^ c c h c h . DCsCCHCH,

OH NC— Ph

d2o- do~

CCI, O,N C— Ph
II
O

H / H

n / = C \
D ÇHCH,

OPhth

10

z *> <D' CH— CH3 

OH

LiAlH,

H,

1. (Sia)2BH
I2.HOAC

S . / H

D/ C = C \ CHCH,
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gen to deuterium, J =  2 .0-2.5 Hz, as expected for their 
trans relationship.9

Optically active (+)-phthalate 11 (75.6%  optically 
pure10) yields (+)-alcohol 12, known to have the S 
Configuration1111 (75.7%  optically purellb), which is 
converted into (¿2)-( — )-chloride 13 (50.4% optically 
pure11). Reaction of this chloride with phenyl- 
lithium produces three coupling products, 15, 16, and 
17, in a ratio of 86 .0 :13 .5 :0 .5 . Pure samples of 15 and 
16 could be obtained by preparative glpc. Identifi
cation was based upon glpc and nmr comparisons with 
undeuterated materials; both products displayed a full 
deuterium atom at the benzylic position. The product 
of a coupling, 17, could not be isolated but its identity

15 16 17

was established by glpc retention times on three differ
ent columns. Based upon the preservation of double 
bond geometry when 7-substituted allylic chlorides 
are converted into unrearranged coupling products,2 
the stereochemistry shown in 17 is assumed.

(10) J. Kenyon and D. R. Snellgrove, J. Chem. Soc., 1169 (1925).
(11) (a) W. G. Young and F. F. Caserio, Jr., J. Org. Chem., 26, 245 (1961);

(b) K. G. Oliver and W. G. Young, J. Amer. Chem. Soc., 81, 5811 (1959);
(c) W. G. Young and J. S. Franklin, ibid., 88, 785 (1966).

Careful distillation of the crude reaction mixture 
afforded an 86 .0 :13 .5 :0 .5  mixture of 15, 16, and 17, 
2.500 g of which was diluted to 9.500 g with a sample of 
authentic unlabeled racemic materials of exactly the 
same composition. Spinning band distillation then 
gave an 86.5:13.5 mixture of 15 and 16, free of 17 
whose removal is important because of its expected 
large rotation. This sample was diluted with an 
exactly equal weight of unlabeled racemic 15 and 16 in 
the same ratio. The mixture now contains 13.2%  of 
deuterated materials.

Since neither the absolute configuration nor maxi
mum rotation of alkenes 15 and 16 is known, this 
sample was divided into two portions, A  and B, which 
were treated as follows. A  was reduced with diimide 
to (R)-( — )-l-phenylbutane-l-d (18a),12 a 27D —0.0253 
±  0.0002° (neat, l = 0.298). B, by preparative glpc, 
yielded pure 15 which was similarly reduced to 18b, 
a27D -0 .0 3 2 9  ±  0.0002° (neat, l = 0.298). Adjust-

h n = n h
A ------------=- PhCHDCH2CH2CH3

18a
glpc H N =N H

B -------— >  I S ----------- >- PhCHDCH2CH2CH3
18b

ment of these observed rotations for the fact that the 
samples are only 13.2% deuterated leads to specific 
rotations: 18a, [ a ] 27D —0.780° (neat) and 18b,
[ a ] 27D — 1.02° (neat), corresponding to optical puri
ties12 of 35.0 and 45.6% , respectively.

(12) (a) A. Streitwieser, Jr„ J. R. Wolfe, Jr., and W. D. Schaeffer, Tetra
hedron, 6, 338 (1959); (b) V. E. Althouse, D. M. Feigl, W. A. Sanderson, 
and H. S. Mosher, J. Amer. Chem. Soc., 88, 3595 (1966); (c) L. Verbit, 
Progr. Phys. Org. Chem., 7, 51 (1970); (d) D. Arigoni and E. L. Eliel, Top. 
Stereochem., 4, 127 (1969).
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Discussion S ch em e  II

One of the plausible mechanisms for y  coupling 
discussed in the preceding paper2 involves concerted 
C-Cl cleavage and C -C  formation in a six-membered 
transition state. Were such a mechanism in fact

(S)-16
H

D* ^ — c h 2c h 2c h ,
Ph
(S M + M 8

(« ) - (—)-13 (fi)-i5

operative, the phenyl group would enter syn to the de
parting halide. Other mechanisms proceeding via ionic 
or radical intermediates could also result in syn attack if 
it is assumed that coordination of metal with halide is 
the initial step and that the intermediate collapses to 
product without rotation about the partial double bond.

CH
/ \

h 2c  c h 2

CH
/  %

H2C CH2 +  LiCl 

Ph

By either view, the mechanism resembles that for the 
reaction of secondary amines with allylic chlorides13 
for which syn attack has been established with a cyclic 
allylic ester.14’15 * *

Only a relatively long-lived intermediate would fail 
to produce a highly stereospecific interaction of the 
reaction partners, and evidence presented earlier2 
would argue against such a situation. A possible 
variation of the above would involve coordination of 
phenyllithium to halide concerted with, or followed by, 
attack of a second molecule of phenyllithium either 
from above (anti) or below (syn) the plane.

The optical rotations observed for reaction of (R )-  
( —)-13 with phenyllithium can easily be interpreted in 
terms of a mechanism proceeding by syn attack. 
Scheme II illustrates the expectations for such a 
process: cis product 16 should have the S configura
tion and on reduction should produce (S)-(+)-18,

(13) (a) W. G. Young, I. D. Webb, and H. L. Goering, J. Amer. Chem. Soc., 
73, 1076 (1951); (b) A. Fry, Pure Appl. Chem., 8, 409 (1964); (c) F. G. 
Bordwell, Accounts Chem. Res., 3, 281 (1970).

(14) G. Stork and W. N. White, J. Amer. Chem. Soc., 78, 4609 (1956).
(15) It is unfortunate that the stereochemistry of reaction with an acyclic 

substrate has not been determined, since the observed syn attack on the 
cyclohexenyl system14 may be due to conformational factors (antiparallel
attack) peculiar to such a cyclic system rather than to any inherent stereo-
electronic preference of the Sn2' reaction.

Ph
H.> — c h 2c h 2c h 3

n

whereas wans olefin 15 should be R and should give 
( « ) - ( - ) - 1 8 .

Sample B, above, from which pure trans olefin 15 
could be isolated, led to (K)-( — )-18 which was 45.6% 
optically pure. Since starting chloride (R)-( — )-13 
was 50.4% optically pure, this corresponds to an 
asymmetric transfer to the extent of 91% (he., >95%  
syn attack). Because of the uncertainty in the 
maximum rotation of 18,12 it is not unlikely that syn 
attack is ".he exclusive process.

Sample A containing 15 and 16 in a ratio of 86.5:13.5 
produced (/?)-( — )-18 which was 35.0% optically pure. 
If one assumes 100% syn attack leading to the two 
components, then the result may be analyzed as follows. 
Product 18 should be composed of 86.5% of the (R)- 
( —) enantiomer and 13.5% of the (£ )-(+ ). Since 
chloride 13 was only 50.4% optically pure, one expects 
a contribution of —0.97° from (R)-( — )-18 [( — 2.23). 
(0.504) (0.865)] and of +0.16° from (S )-(+)-18 
[(+2.23)(0.504)(0.135) ] making the net rotation 
—0.81°, in excellent agreement with the observed 
[a]27o —3.78°. To exactly reproduce this number, 
one need only assume that both reactions are stereo
specific to the extent of 95%.

Thus the conclusions of the preceding paper2 on 
the mechanism of coupling are reinforced: either the 
reaction is concerted or any intermediates go to prod
ucts without suffering bond rotation.

Experimental Section

Instruments.— Analytical glpc was performed on a Perkin- 
Elmer Model 800 gas chromatograph (flame ionization detector) 
and utilized the following columns: A, 5.5 ft X  Vs in., Carbowax 
20M (10%) on Chromosorb W ; B, 10 ft X  Vs in., TCEP (10% ) 
on Chromosorb W ; C, 20 ft X  Vs in-, Carbowax 20M (20%) 
on Chromosorb P; D, 10 ft X Vs in., SE-30 (10%) on Chromo
sorb W . In those cases in which quantitative glpc was used for 
yield determinations, the internal standard method was em
ployed. Peak areas (for yields or product ratios) were measured 
with a Dis : integrator. Preparative glpc was performed on 
either a Varian Aerograph Model 202-1B gas chromatograph 
(thermal conductivity detector) or a Hewlett-Packard F & M 
PrepMaster Jr., Model 776 (flame ionization detector), and uti
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lized the following columns: P, 8 ft X 1 in., Carbowax 20M 
(20%) on Chroir.osorb W; Q, 10 ft X %  in., TCEP (15%) on 
Chromosorb W.

Nmr spectra were obtained on a Yarian Associates A-56/ 
60A spectrometer. Optical rotations were measured with 
a Bendix automatic polarimeter; the cell length was 0.298 
dm. Rotations were taken either of solutions (reported 
as [a] td ) or of neat liquids (reported as a Tu adjusted to a 
path length of 1 dm or as [ a ] r D  adjusted for path length 
and density). All reactions involving lithium or organolithium 
reagents were run in an argon atmosphere.

Materials.— Reagent grade commercial materials were used 
without further purification except for the following: thionyl 
chloride (Matheson Coleman and Bell) was purified according 
to the method of Fieser and Fieser,16 distilled through a glass 
helices packed column, and used directly; phenyllithium was 
prepared as in the preceding paper;2 diglyme (Matheson Cole
man and Bell) was purified according to the procedure of Zweifel 
and Brown;17 d siamylborane was prepared according to the 
literature procedure.17

Preparation of Optically Active 3-Chloro-r/s-l-butene-t-d (13). 
A. l-Butyn-3-yl Benzoate (6).— To a mixture of 210 g (3.0 
mol) of l-butyn-3-ol (5), 234 g (3.0 mol) of pyridine, and 300 
ml of ether was added 415 g (3.0 mol) of benzoyl chloride over 
20 min. The resulting solution was gently refluxed for 2 hr. 
Pyridine hydrochloride which precipitated upon cooling was re
moved, and the filtrate was washed with 300 ml of 1 A  acetic 
acid, 300 ml of 5%  Na2CC>3, and 300 ml of water, and was dried 
(CaS04). Solvent was removed (rotary evaporator) and 1.5 1. 
of pentane was added. The white prisms which separated were 
combined with a second crop obtained by concentration of the 
mother liquor. The combined solids were crystallized once 
from pentane yielding 432 g (83%) of ester 6 : mp 46-47°;
nmr (CC14) 5 1.60 (d, 3, J =  7 Hz, methyl), 2.38 (d, 1, J  =  2 Hz, 
acetylenic), 5.54 (d of q, 1, J  =  2 and 7 Hz, methine), and ca.
7.4 and 8.0 (m, 5, aromatic).

B. l-Butyn-7-d-3-yl Benzoate (7).— Benzoate 6, 430 g, was 
dissolved in 500 ml of CC14 and was stirred for 6 hr with 20 ml 
of a 1% solution of sodium methoxide in D20  (99.8%, Stohler 
Isotope Chemicals). This procedure was repeated 12 times with 
fresh portions of FLO solution until the area of the nmr acetylenic 
absorption peak had decreased to less than the area of one of 
the 13C satellites of the methyl protons (ca. 98.5% exchanged). 
The organic layei was dried (CaS04), concentrated (rotary evap
orator), and treated with pentane as above to induce deposition 
of the product. One crystallization from pentane afforded 414 
g (96%) of deuterated ester 7: mp 46-47°; nmr (CCh) 5 1.59 
(d, 3, J — 7 Hz, methyl), 5.55 (q, 1, J — 7 Hz, methine), and 
ca. 7.4 and S.O (m, 5, aromatic).

C. c/s-l-Buten-l-d-3-yl Benzoate (8 ).— By adaptation of the 
method of Brown and Zweifel,6“ a solution of 51.0 g (0.29 mol) 
of acetylenic benzoate 7 in 100 ml of dried ether was added over 
30 min to 400 ml of 0.9 N  disiamylborane in TIIF17 which was 
stirred under argon and maintained at —5 to 0°. The mixture 
was stirred at this temperature for an addit ional 15 min at which 
time glpc analysis (column A) showed that no starting'material 
was left. With the temperature of the mixture held at —5 to 
0°, 200 ml of glacial acetic acid was added over 25 min, and the 
resulting solution was stirred for an additional 4 hr at the same 
temperature. The solution was extracted thoroughly with sev
eral portions each of ice-water, saturated NaaCOj, and water, 
and was dried (CaS04). Removal of solvent (rotary evaporator) 
produced a residue which was distilled through a 14-in. glass 
helices packed cclumn, and the fraction boiling from 65 to 85° 
(0.6 mm) was treated with 100 ml of 30% H20 2. The organic 
layer after washing and drying was distilled through a spinning 
band column giving allylic ester 8 in yields ranging from 30 to 
46% (glpc yields, column A, before oxidation were typically 50 
to 85% ): bp 67-68° (0.5 mm); nmr (CC14) 5 1.41 (d, 3, J  =
6.8 Hz, methyl), 5.03 (d of d, 1, J =  10.0 and 1.0 Hz, terminal 
vinyl), 5.52 (m, 1, consisting of a quartet, J =  6.8 Hz, each 
line of which is split into a doublet of doublets, J =  5.3 and 1.0 
Hz, methine), 5.85 (m, 1, consisting of a doublet of doublets, 
J  = 10.0 and 5.3 Hz, each line of which is further split into a 
1:1:1 triplet, J =  2.5 Hz, internal vinyl), and ca. 7.3 and 7.9 (m, 
5, aromatic).

(16) L. F. Fieser and M. Fieser, “ Reagents for Organic Synthesis,” Wiley, 
New York, N. Y „  1967. p 1158.

(17) G. Zweifel and H. C. Brown, Org. Read.. 13, 1 (1963).

D. 3-Hydroxy-cfs-l-butene-i-d (9).— According to the method 
of Doering and Zeiss,18 a solution of 140 g (0.79 mol) of ester 8 
in 150 ml of dried ether was added dropwise over 1 hr to a stirred 
suspension of 25.0 g (0.66 mol) of LiAlH4 in 500 ml of ether at
0-5°. The mixture was allowed to warm to room temperature 
and was stirred for an additional 1 hr. Saturated NH4C1 was 
carefully added and the ether layer was decanted leaving a 
powdery residue which was thoroughly triturated with several 
100-ml portions of ether. The combined ether solutions were 
washed with saturated NaCl, dried (BaO), and concentrated 
at atmospheric pressure through a 14-in. glass helices packed 
column. Distillation of the residue through a spinning band 
column gave 41.4 g (72%) of allylic alcohol 9: bp 97-98° (lit.10 
bp 96-97° for 3-hydroxy-l-butene); glpc analysis (column B) 
>99%  pure; nmr (CC14) 5 1.19 (d, 3, J =  6.5 Hz, methyl), ca.
3.8 (broad s, 1, hydroxyl, concentration-dependent chemical 
shift), 4.13 (m, 1, consisting of a quartet, J =  6.5 Hz, each line 
of which is further split into a doublet of doublets, J =  5.5 and
1.0 Hz, methine), 4.88 (d of d, 1, /  =  10.0 and 1.0 Hz, terminal 
vinyl), and 5.75 (m, 1, consisting of a doublet of doublets, J =
10.0 and 5.5 Hz, each line of which is further split into a 1:1:1 
triplet, J =  2.5 Hz, internal vinyl).

E. cis-l-Buten-l-rf-3-yl Hydrogen Phthalate (10).— Following 
the procedure of Kenyon and Snellgrove,10 a mixture of 41.0 g 
(0.56 mol) of labeled alcohol 9, 44.5 g (0.56 mol) of pyridine, and
84.0 g (0.57 mol) of phthalic anhydride in 150 ml of dried ether 
was stirred at 50° for 5 hr. The cooled clear solution was poured 
into 500 ml of 2 A  HC1 at 0°. The resulting mixture was stirred 
vigorously for 5 min, the organic layer was separated, and the 
aqueous phase was extracted with several 100-ml portions of 
ether. The combined organic phases were dried (CaS04) and 
concentrated (rotary evaporator). Benzene (100 ml) was added 
and the small amount of phthalic anhydride which precipitated 
was removed. The solution was again concentrated (rotary 
evaporator) and the last trace of benzene was removed by heating 
at 40° (1 mm). The residue, 110 g (89% ) of a colorless oil, was 
the desired phthalate 10: nmr (CC14) S 1.41 (d, 3, J  =  6.3 Hz, 
methyl), 5.03 (d, 1, J =  10.0 Hz, terminal vinyl), 5.46 (m, 1, 
consisting of a quartet, J — 6.3 Hz, each line of which is further 
split into a doublet, J  =  6.0 Hz, methine), 5.82 (m, 1, consisting 
of a doublet of doublets, J  = 10.0 and 6.0 Hz, each line of which 
is further split into a 1:1:1 triplet, J =  2.0 Hz, internal vinyl), 
ca. 7.4 (m, 4, aromatic), and 12.3 (s, 1, carboxyl).

F. Optically Active cis- 1-Buten-1 -c/-3-yl Hydrogen Phthalate
( 11).— According to the method of Kenyon and Snellgrove,10 
a solution of 110 g (0.50 mol) of phthalate 10 in 100 ml of acetone 
was added to 240 g (0.61 mol) of anhydrous brucine in 700 ml 
of warm acetone. The pale yellow solution was stirred and the 
white salt which precipitated was crystallized seven times to 
constant mp 160-162° (lit.10 mp 120-122°), 43 g. Systematic 
work-vip of the mother liquor yielded two more crops of the less 
soluble diastereomer, 55 g. Hydrolysis of the combined salts 
was accomplished by shaking with 400 ml of 4 A  HC1 at 0°. 
The solution was extracted with ten 50-ml portions of ether, 
and the combined extracts were dried (CaS04) and concentrated 
(rotary evaporator), and the last trace of ether was removed at 
40° (1 mm). The residue, 32.5 g (30% ), was the desired op
tically active ester 11: nmr identical with that of racemic ester
10; [a] “ d +30.6° (c 2.12, EtOH) (75.6% optically pure10).

The mother liquors from the fractional crystallization were 
concentrated and decomposed with 4 A  HC1, as above, yielding
43.7 g (40%) of optically active ester 11: W ^ d —19.9° (c
5.03, EtOH) (49.2% optically pure10).

G. Optically Active 3-Hydroxy-cfs-l-butene-l-d (12).— Op
tically active ( —)-phthalate 11, 44.0 g (0.20 mol), was treated 
with 22 g (0.58 mol) of LiAlH4 according to the procedure de
scribed above for benzoate 8 . Work-up and spinning band dis
tillation gave 9.8 g (67%) of optically active allylic alcohol 12: 
bp 96-98°; « ’•d —14.1° (neat) (51.1% optically pure11).
Similarly, 33.2 g (0.15 mol) of ( + )-phthalate gave 7.9 g (72%) 
of ( +  )-alcohol: a MD +20 .9° (neat) (75.7% optically pure11).

H. Optically Active 3-Chloro-cts-l-butene-l-d (13).— Follow
ing the procedure of Young, el al.,19 13.0 g (0.11 mol) of thionyl 
chloride in 30 ml of dried ether was added dropwise over 30 min 
to a solution of 7.7 g (0.11 mol) of (+ )-aleohol 12 and 21.5 g 
(0.12 mol) of tri-n-butylamine in 180 ml of ether at —50°. The

(18) W. von E. Doering and H. Zeiss, J. Amer. Chem. Soc., 72, 147 (1950).
(19) W. G. Young, F. F. Caserio, Jr., and D. D. Brandon, ibid., 82, 6163

(1960).
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mixture was stirred for 3 hr during which time it slowly warmed 
to —20° and was flash-distilled into a Dry Ice-acetone trap. 
The distillate after drying (CaSO<) was shown by glpc (column 
A) to contain a 69:31 ratio of 3-chloro-l-butene and 1-chloro-
2-butene in an overall yield of 92% . Concentration of the solu
tion followed by preparative glpc (column P) gave 4.6 g (48%) 
of ( —)-chloride 13: o®d —30.8° (neat) (50.4% optically 
pure11); nmr (CCh) 8 1.58 (d, 3, J  =  6.5 Hz, methyl), 4.42 
(m, 1, consisting of a quartet, J =  6.5 Hz, each line of which is 
further split into a doublet of doublets, J =  7.0 and 0.8 Hz, 
methine), 5.00 (d of d, 1, /  =  10.0 and 0.8 Hz, terminyl vinyl), 
and 5.86 (m, 1, consisting of a doublet of doublets, J  =  10.0 
and 7.0 Hz, each line of which is further split into a 1:1:1 triplet, 
J  =  2.5 Hz, internal vinyl).

Reaction of Optically Active 3-Chloro-cis- 1-butene-/-d (13) 
with Phenyllithium.— Optically active ( —)-chloride 13, 4.0 g 
(0.044 mol), in ether was added to 0.8 N  phenyllithium in ether 
according to the general procedure of the previous paper.2 Anal
ysis of the crude reaction mixture by glpc (column B) revealed 
a 73%  yield of three hydrocarbons in a ratio of 86.0:13.5:0.5. 
Preparative glpc (column Q) of a small portion of the crude 
product led to isolation of the major component, 1-phenyl- 
trans-2-butene-l-d (15), identified by comparison with unlabeled 
material and by its nmr spectrum (CCh) 8 1.65 (m, 3, methyl),
3.2 (m, 1, methine), 5.4 (m, 2, vinyl), and 7.0 (m, 5, aromatic). 
A small sample of the next most abundant product was similarly 
isolated and identified as l-phenyl-cfs-2-butene-f-d (16). The 
third component was not present in sufficient quantity to permit 
isolation, but its structure was confirmed as 3-phenyl-1-butene 
(presumably deuterated at Ci with cis geometry, 17) by glpc 
comparison (columns B, C, and D ) with authentic unlabeled 
material.

Distillation of the crude product yielded 2.80 g of a mixture of 
15, 16, and 17 in a ratio of 86.0:13.5:0.5, bp 62-64° (10 mm). 
A 2.500-g portion of this distillate was diluted to 9.500 g with a 
mixture of optically inactive compounds in exactly the same 
ratio. Careful distillation through a spinning band column gave
5.15 g of a mixture containing only hydrocarbons 15 and 16 
in a ratio of 86.5:13.5 which was then diluted to twice its weight 
with 5.15 g of the identical mixture of unlabeled materials. 
This mixture (containing 13.2% of deuterated optically active 
hydrocarbons) was separated into two portions.

A 5.0-g portion (0.038 mol) was reduced by diimide [formed by 
treatment of 30.0 g of anhydrous hydrazine in 50 ml of ethanol 
(containing a few crystals of CuS04) with oxygen, 30 ml/min 
for 24 hr] .20 After the usual work-up, the organic layer was dis
tilled through a 6-in. Vigreux column yielding 2.94 g (59%) of
1-phenylbutane-f-d (18a): tp  62° (10 mm); [a] 27n —0.780° 
(neat).

From a 5.3-g portion, preparative glpc (column Q) gave 4.30 
g of pure trans olefin 15 which was reduced with diimide to 2.30 g 
(53%) of l-phenylbutane-7-d (18b): bp 62° (10 mm); [a ]27D 

- 1.02° (neat).

Registry N o .—6, 29333-27-5; 7, 29333-28-6; 8,
29333-29-7; 9, 29333-30-0; 10, 29333-31-1; ( + ) - l l ,  
29333-32-2; (+ )-1 2 , 29453-55-2; ( —)-13, 29333-33-3; 
( —)-18, 29453-61-0; (+ )-1 8 , 14159-12-7; phenyl
lithium, 591-51-5.

(20) E. J. Corey, W. L. Mock, and D. J. Pasto, Tetrahedron Lett., 347
(1961).

Reductions of Some Aliphatic 0 Diketones with Lithium Aluminum Hydride

J o h n  W . F r a n k e n f e l d * a n d  W il l ia m  E . T y l e r , III 

New Investments Research Ixiboralory, Esso Research and Engineering Company, Linder, New Jersey 07036

Received August 20, 1969

The reduction of /3 diketones with lithium aluminum hydride (LiAlH,) under forcing conditions affords prod
ucts of elimination as well as the expected 1,3-diols. The elimination products (unsaturated alcohols) are ob
tained in yields which correspond to the enol content of the starting diketone. The reaction is highly stereospe
cific, giving rise to trans olefins exclusively. The unsymmetrieal diketone, 2,4-hexanedione, affords two unsatu
rated alcohols, 3-hexen-2-ol and 2-hexen-4-ol, with the former predominating. The ratio of these two products 
and their stereochemistry are discussed in light of the most likely reaction mechanism.

The reduction of enolizable /3-keto esters,1'2 malonic 
enolates,3 and (i diketones 4 with lithium aluminum 
hydride (LiAlH4) gives rise to products of elimination 
as well as the expected 1,3-diols. In discussing the 
mechanism of the reaction, Dreiding and Hartman1 
proposed that the elimination products (unsaturated 
alcohols) resulted from the action of LiAlII4 on the enol 
forms of the compounds, the diols arising from the 
nonenolized portions. The applicability of Dreiding 
and Hartman’s mechanism to systems other than ali- 
cyclic or aromatic ¿J-dicarbonyl compounds has been 
questioned by other investigators. Marshall, Ander
sen, and Hochstetler3 reported that the proposed 
mechanism could not account for the saturated mono- 1 2 3 4 5 6

(1) A. S. Dreiding and J. A. Hartman, J. Amer. Chem. Soc., 75, 939 (1953).
(2) E. Romann, A. J. Frey, P. A. Stadler, and A. Eschenmoser, Helv. 

Chim. Acta, 40, 1900 (1957).
(3) (a) J. A. Marshall, N. H. Andersen, and A. R. Hochstetler, J. Org. 

Chem., 32, 113 (1967); (b) W. J. Bailey, M. E. Humes, and W. A. Klein, 
ibid., 28, 1724 (1963); (c) W. F. Gannon and E. A. Steck, ibid., 27, 4137
(1962).

(4) A. S. Dreiding and J. A. Hartman, J. Amer. Chem. Soc., 75, 3723 (1953).
(5) L. A. Pohoryles, S. Sarel, and R. Ben-Shoshan, J . Org. Chem., 24, 1878 

(1959).
(6) (a) G. Stork and F. H. Clarke, Jr., J. Amer. Chem. Soc., 83, 3114 

(1961); (b) A. Luttringhaus and N. Engelhard, Angew. Chem., 73, 218 
(1961).

alcohols observed by them in the reduction of malonic 
enolates and suggested a considerably more complicated 
reaction scheme. Pohoryles, Sarel, and Ben-Shoshan5 
reacted acetylacetone wbh lithium aluminum hydride 
under forcing conditions and observed a higher ratio 
of elimination product to diol than would be expected 
from the enol content of acetylacetone. None of these 
investigators report on the stereochemistry of the un- 
saturated reaction products.

We have examined the reductions of acetylacetone 
and 2,4-hexanedione with LiAlH4 in some detail. We 
were especially interested in identifying all reaction 
products, in determining the direction of the elimination 
in the case of the unsymmetrieal dione, and in eluci
dating the stereochemistry of the reaction. This report 
describes our results and their bearing on the mechanism 
of the reduction-elimination reaction. Of especial 
interest is the stereochemical control exhibited during 
the elimination. The unsaturated reaction products 
are exclusively trans (Scheme I).

Results

Acetylacetone was a logical choice for most of our 
studies, because it is the most readily available, sym-
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Sch em e  I

0  0  OH OH OH OH

Ch Ü c H J c H3 - L‘ - H>  CH3C H = C H (Ìh CH3 +  c h 3Ì h c h 2c h c h 3 +  c h 3c h 2c h 2(Ìh c h 3
1 3 (trans) 4 5

0  0  OH OH
Il II LiAIHi '

CH3CCH2CCH2CH3---------->- CH3C H C H =C H CH 2CH3 +  CH3CH =C H C H C H 2CH3
2 6 (trans) 7 (trans)

OH OH OH OH

CHriCHCH^IICILCIIs +  CH3CHCH2CH2CH2CII3 +  CH3C H ^ H C H 2CH2CH3
8 10

metrical 2,4 diketone and because the products of the 
reduction-elimination reaction are easily separated and 
identified. The selection of 2,4-hexanedione as a model 
of an unsymmetrical system was dictated not only by 
its convenience but also because we were interested in 
this compound in another connection.

The LiAlH4 reduction of these diones proceeds well 
only under forcing conditions. A  sixfold excess of 
hydride and 16 hr in refluxing ether were required to 
complete the reaction.

The results of the LiAlH4 reductions carried out in 
this study are given in Table I. The data obtained

T a b l e  I
R ed u c tio n - E l im in a t io n s  w it h  LiAlH4“

% of
Product product isolated6 % yield5
Acetylacetone (1) (Excess LiAlH4)

trans-3-Penten-2-ol (3) 85.5 82.5
2,4-Pentanediol (4) 11.5 11.0
2-Pen tanol (5) 3.0 3.0

Acetylacetone (1) (Stoichiometric LiAlH4)'
irons-3-Penten-2-ol (3) 78
3-Penten-2-one (12) 20
2,4-Pentanediol (4) 2
2-Pentanol (5) Trace

2,4-Hexanedione (2) (Excess LiAlH4)
trans-3-Hexen-2-ol (6 ) 52.0 41.0
irans-2-Hexen-4-ol (7) 21.0 17.0
2,4-Hexanediol (8 ) 18.5 14.5
2-Hexanol (9) 6.5 5.0
3-Hexanol (10) 2.0 1.5

3-Penter.-2-one (Methyl Propenyl Ketone, 12) 
3-Penten-2-olli 95.5
2-Pentanol (5) 3 .5
1,3-Pen tadiene' 1.0

cis-3-Penten-2-ol
c/s-3-Penten-2-ol 100
iraras-3-Penten-2-ol (3) 0
2- Pentanol (5) 0

2,4-Pentanediol (4)
2,4-Pentanediol (4) 100
3- Pen ten-2-ol (3) 0
2-Pentanol (5) 0

“ Similar reaction conditions for all reductions. b Expressed 
as mole per cent. c Product breakdown was not obtained ac
curately, since more than 90% of the starting material was re
covered. Ratio of 3-penten-2-ol to 3-penten-2-one was 3.5:1. 
Presence of a trace of 2-pentanol was indicated but not confirmed. 
No yield data were obtained. d Stereochemistry undetermined. 
‘  Apparently an artifact arising from pyrolysis of the 3-penten- 
2-ol in the entry port of the gas chromatograph.

for acetylacetone and 2,4-hexanedione were confirmed 
in duplicate experiments. The reaction of LiAlH4 with 
acetylacetone was especially clean. Only three com
pounds were obtained, trans 3-penten-2-ol (3), 2,4- 
pentanediol (4), and 2-pentanol (5), and these accounted 
for 96%  of the starting material. The reduction of
2,4-hexanedione was more complicated. Two unsat
urated and two saturated alcohols are possible as well 
as the diol7 and all were observed.

The various reaction products were identified by 
direct comparison of their gas chromatographic be
havior and spectral properties with those of authentic 
samples. The cis and trans isomers of 3 were prepared 
as shown in Scheme II.

S ch em e  II

CH3CH2MgBr +  CH3C = C H ----->-
CHsCHO

CH3C = C M g B r--------- >
H ./Pd-BaS04

CH3fe C C H C H 3----------------- >- 3 (cis)
I I quinoline

LiAlH< OH

3 (trans)

The corresponding isomers of both 3-hexen-2-ol (6) 
and 2-hexen-4-ol (7) were synthesized in an analogous 
fashion. The cis and trans forms of the various unsat
urated alcohols are readily separable by gas chromatog
raphy.8 The nmr spectra (see Table II) allowed an 
unambiguous assignment of the stereochemistry of the 
double bonds of all of the alcohols. The olefinic protons 
for the trans configuration are grouped at r 4.43-4.50  
while the olefinic protons for the cis configuration are 
at r 4.62. The ir spectra provided confirmatory evi
dence for our assignments. The structures of all inter
mediates leading to those olefin alcohols which we syn
thesized were confirmed by their nmr and ir spectra.

The amount of elimination vs. reduction correlates 
very well with the enol content of the two diones under 
the reaction conditions (Table III). The per cent of 
the enol form in ether and CDCI3 was estimated from 
the nmr spectra by comparing the integrated inten
sities of the singlets due to the enol (r 7.97 in CDCI3,

(7) A referee has pointed out that 2,4-hexanediol (8) can exist as a mix
ture of erythro and threo forms. We recognize this possibility but have ob
tained no evidence that such a mixture actually exist in this instance. We 
did observe what appeared to be a mixture of diastereomers for 2,4-pentane- 
diol (4) in the nmr spectrum and on thin layer plates. Since the character 
of these mixtures is not important to our discussion, we have chosen to avoid 
confusion by referring to 4 and 8 in the singular throughout this paper.

(8) The cis forms have somewhat longer retention times. For example, 
ci's-3-penten-2-ol has a retention time about 2 min longer than the trans 
isomer on a 12-ft Carbowax 20M column at 40°. Further details on the 
chromatography of these materials are given in the Experimental Section.
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T a b l e  I I
T a b u l a t io n  o f  N m b  S p e c t r a

-----------------------------Chemical shift, t (multiplicity,“ coupling constant6-
Compd (solvent) Registry no. a b c d e f

CHaCOCH2COCHi (CDC1*) 7.79 (s) 6.37 (s) 7.79 (s)
a b c

ir
CH,COCH=COHCHi 1522-20-9 7.97 (s) 4.42 (s) 7.97 (s)

a b c d  
CHaCOCHiCOCHiCHa (CDCla) 7.81 (s) 6.43 (s) 7.48 (q, Jcd 8.98 (t, J cd

a b c d
ir

CH,COCH=COHCHjCHa

= 7 Hz) = 7 Hz)

29494-98-2 7.99 (a) 4.46 (a) 7.71 (q, Jde 8.90 (t, Jd.
a b c d e =  7 Hz) =  7 Hz)

CHaC=CCHOHCHa (CDCla) 27301-54-8 8.21 (d, Jab 5.53 (qq, J  ab 6.06 (a) 8.62 (d, Jbd
a b e d =  2 Hz) =  2 Hz, 

Jbd =  6.5 
Hz)

= 6.5 Hz)

CHaC=E=CCHOHCH2CHa (CDCla) 20739-59-7 8.18 (d, Jab 5.75 (tq, Jbd 6.05 (s) 8.32 (dq, Jbd 9.03 (t, J  de
a b c d e = 2 Hz) =  7 Hz, =  7 Hz, = 7 Hz)

Jab =  2 Jde =  2
Hz) Hz)

CHaCHiC^CCHOHCHa (CDCla) 109-50-2 8.88 (t, Jnb 7.79 (dq, «/ab 5.49 (qt, Jce 5.99 (a) 8.59 (d, Jcb
a b  c d e = 7.5 Hz) = 7.5 Hz, =  7.5 Hz, =  7 .5 Hz)

Jbc = 2 Jbe ^ 2
Hz) Hz)

Irans-CHaCH— CHCHOHCHa (CC1.) 8.36 (dd, Jab 4.48 (m) 5.85 (m) 5.64 (a) 8.86 (d, Jce
a b  b ' c d e = 5 Hz, 

Jab' = 1 
Hz)

= 6.5 Hz)

cis-CHjCH=CHCHOHCH> (CC1.) 24652-50-4 8.38 (d, Jab 4.62 (m) 5.44 (dq, Jb'c 5.73 (a) 8.84 (d, Jc.
a b V  c d e =  5 Hz) =  6 Hz, 

Jce = 6 
Hz)

= 6 Hz)

(rons-CH,CH=CHCHOHCH 2CH3 8.34 (dd, J  ab 4.50 (m) 6.13 (dt, J b'c 5.76 (a) 8.48 (m) 9.14 (t, Jet
a b  b ' c d e f = 5 Hz, =  6 Hz, =  7 Hz)

(CCD Jab' = 0 .5 Je« = 6
Hz) Hz)

e»a-CH,CH=CHCHOHCH,CHj 29478-30-6 8.37 (d, Jab 4.62 (m) 5.73 (dt, Jb'c 5.96 (a) 8.48 (m) 9.14 (t, Jet
a b  b ' c d e f =  5 Hz) = 6 Hz, = 7 Hz)

(CC1.) Jce — 6
Hz)

iraas-CHjCH,CH=CHCHOHCHi 9.02 (t, J  ab 7.98 (m) 4.43 (m) 5.78 (m) 6.23 (a) 8.80 (d, Jdf
a b e  c ' d e f = 7 Hz) = 6 Hz)

(CCD
cis-CH!CH2CH=CHCHOHCH, 29478-31-7 9.04 (t, Jab 7.93 (m) 4.63 (m) 5.41 (m) 6.58 (a) 8.82 (d, Jdf

a b c c ' d e f = 7 Hz) = 6H)
(CCD

lrans-CH3CH=CHCOCH> (CDCD 8.27 (dd, Jab 3.27 (dq, J  ab 3.92 (dq, Jac 7.80 (a)
a b c d = 6.5 Hz, =  6 .5 Hz, =  1.5 Hz,

J ac =  1.5 «/be =  16 Jho =  16
Hz) Hz) Hz)

CHiCHOHCHjCOCHi (CDCD 4161-60-8 8.83 (d, Jab 5.80 (tq, Jab 5.80 (a) 7.44 (d, Jbd 7.85 (a)
a b e d  e = 6 Hz) =  6 Hz) =  6 Hz)

CHiCHOHCHjCHOHCHj 8.82 (d, Jab 6.04 (tq, Jab 5.21 (a) 8.49 (t, Jbd
a b c d b c a = 6 Hz) = 6 Hz, = 6 Hz)
(CDCDc J bd s= 6 

Hz)
CHjCHsCHOHCHjCHOHCHs 9.09 (t, Jab 8.40 (m) 6.14 (m) 5.16 (a) 8.52 (t, Jce 8.83 (d, Jcf

a b  e d e e d f = 6. 5 Hz) = 6. 5 Hz) = 6. 5 Hz)
(CCD“

“ s =  singlet, d =  doublet, t =  triplet, q =  quartet, m =  multiplet. 6 The absolute values of the coupling constant are given to 
± 0 .5  Hz. e Probably a mixture of diastereomers.

T a b l e  III
C o r r e l a t io n  of E n o l  C o n t e n t  and  E l im in a t io n  

vs. R e d u ction

Elimina
tion

products, --------------- Enol contents, % b-------------- *
Compd % ° Ether CDCb Lit.

Acetylacetone 88.5 88.5 84.0 81,' 91,* 94*
2,4-Hexanedione 81.5 807 8(F

“ Includes unsaturated alcohols and saturated monoalcohols. 
b Solutions 10% in dione. c In cyclohexane: L. W. Reeves, 
Can. J. Chem., 35, 1351 (1957). d In hexane: J. B. Conant 
and A. F. Thompson, Jr., J. Amer. Chem. Soc., 54, 4039 (1932). 
'  In ether: K. H. Meyer, Ber., 47, 826 (1914). < Accurate de
termination is difficult because of multiplicity of peaks and over
lapping of signals.

r 8.05 in ether) and keto (r 7.79 in CDCI3, t  7.88 in 
ether) methyls, the keto methylenes ( t  6.39 in CDC13,

obscured in ether), and the enol - C H =  ( t  4.42 in 
CDCb, t  4.55 in ether).

The direction of elimination with the unsymmetrical
2,4-hexanedione (2) was in the favor of the ethyl-sub
stituted olefin, 3-hexen-2-ol (6). This isomer predom
inated over 2-hexen-4-ol (7) by 2 .5 :1 . This ratio was 
constant throughout several repetitive experiments.

The stereochemistry of the elimination is especially 
interesting; the products were trans in all cases. None 
of the cis olefins were observed, indicating an extraor
dinary degree of stereochemical control. The trans 
forms of *he olefins are apparently the primary reaction 
products and do not result from rearrangement of 
the cis isomers, since as-3-penten-2-ol was recovered 
unchanged when treated with LiAlH4 under the same 
conditions employed for reduction of the dione. The 
corresponding keto alcohols and 1,3-diols were similarly
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excluded as precursors of the transolefinic alcohols. 
Reduction of 4-hydroxy-2-pentanone (11) with excess 
LiAlHt gave a quantitative yield of 2,4-pentanediol
(4).9 No unsaturated alcohol was observed. In a 
separate experiment, 4 was recovered unchanged under 
the conditions of the reduction-elimination reaction.

Methyl propenyl ketone (3-penten-2-one, 12), how
ever, could not be excluded as an intermediate to 3- 
penten-2-ol (3). In fact, evidence for its transitory 
presence during the reaction was obtained. When 
acetylacetone was treated with a limited quantity of 
Li AIR,, 12 was obtained along with 3 in the ratio of 
1:3 .5 .12 In addition, when 12, prepared by chromic 
acid oxidation of 3, was allowed to react with LiAlH4 
under the reduction-elimination conditions, both 3 
penten-2-ol (3) and 2-pentanol (5) were isolated. The 
stereochemistry of the double bond of all of these com
pounds was found by their nmr spectra (see Table II) 
to be trans and to remain so during all transformations. 
The amount of 5 (3% ) was virtually the same as that 
obtained from the reduction-elimination of acetyl
acetone (Table I). The possibility that 5 might have 
arisen from 3 must be considered, since reduction of 
allyl alcohol to 1-propanol has been observed under 
forcing conditions.13 However, 3 was recovered un
changed when subjected to the reaction conditions 
which produced 5 from both 1 and 12.

O
CrOs ||

3 -------- >- c h 3c c i i= c h c h 3
acetone 12

^excess LiAlIU

3 +  5

Discussion

Our results are consistent with reaction path 1. 
The two forms of the diketones appear to react inde
pendently, the enolic portions giving rise predominantly 
to the elimination products 3, 6, and 7 along with the 
saturated alcohols 5, 9, and 10, while the diketo forms 
are reduced normally to the diols. This scheme is 
supported by the data in Table III and by the fact 
that we have shown that the intermediates which lead 
to the diols, i.e., the hydroxy ketones, or the diols 
themselves are not converted to elimination products

(9) The 4-liydroxy-2-pentanone (11) was prepared in surprisingly good 
yield (50-60%) by tl e partial hydrogenation of acetylacetone over platinum 
black. Previous attempts to hydrogenate acetylacetone to the ketol in 
which other catalysts were employed have met with varying success. Poor 
yields were obtained using Raney nickel10 while rhodium on carbon was more 
effective.11 We found no difficulty in stopping at the ketol stage. Only 
under forcing conditions was some 2,4-pentanediol observed. It appears 
that good yields of hydroxy ketones such as 11 can be obtained by taking 
advantage of the high enol content of the diketone. The olefinic function 
apparently can be recuced preferentially. Our results suggest that platinum 
black in ethanol is a good choice of catalyst and solvent for this transforma
tion.

(10) P. S. Stutsman and H. Adkins, J. Amer. Chem. Soc., 61, 3303 (1939).
(11) P. N. Rylancer, “ Catalytic Hydrogenation over Platinum Metals,” 

Academic Press, New York, N. Y., 1967, pp 265-266.
(12) The unsaturated ketone 12 was identified by gas chromatography 

(retention time identical with an authentic sample) and time-of-flight mass 
spectrometry. The .ntensity ratios of m/e 69:41 of near unity and the fact 
that the intensity of the parent peak (m/e 84) is about 30% of the m/e 69 
peak strongly suggests the trans configuration for 12; see A. Cornu and R. 
Massot, “ Compilation of Mass Spectral Data,”  Heyden and Sons Ltd., 
London, 1966.

(13) F. A. Hochstein and W. G. Brown, J. Amer. Chem. Soc., 70, 3483
(1948).

diketone . > enol

i
hydroxy ketone
I

l .
0-diketone enolate 

1
\

diol
V

0-hydroxy ketone enolate (1) 
1
T

unsaturated ketone 
1
T

unsaturated alcohol +  saturated 
alcohol

under the conditions of the reaction. We also dem
onstrated that compounds resulting from reduction of 
the enol forms, the unsaturated ketones or unsaturated 
alcohols, do not give rise to any appreciable quantities 
of diols.14

The saturated alcohols 5, 9, and 10 arise from 1,4 
addition of hydride to the enones 12, 16, and 17 which 
appear to be true intermediates in the reaction scheme. 
Several pieces of evidence point strongly in this di
rection. In the first place, compounds such as 12, 16, 
and 17 with carbonyl functions conjugated to double 
bonds, frequently afford 1,4 addition products when 
reduced by LiAlH.4 under forcing conditions.13'16'16 
Secondly, a trace of 12 was actually isolated in some of 
the acetylacetone reductions. Finally, when 12 was 
reduced under the same conditions as acetylacetone, 
2-pentanol (5) was obtained in the identical amount, 
relative to 3-penten-2-ol (3), as in the case of the dike
tone. It appears that elimination of one oxygen occurs 
before reduction at the second.

Dreiding and Hartman postulated analogous inter
mediates in the reduction-elimination of alicyclic and 
aromatic 0-dicarbonyl compounds.1'4 However, their 
proposed mechanism has been criticized as failing to 
account for the formation of fully saturated products 
obtained in the reduction of malonic enolates, and 
evidence was given for a somewhat more complicated 
reaction scheme.3a In the case of malonic enolates, 
the reaction may take a somewhat different course.

In the case of the unsymmetrical dione (2), the reac
tion is somewhat more complicated as indicated by 
Scheme III. Here we have used a convenient cyclic 
representation for the intermediate enolate 13 although 
a noncyclic form involving two complexed aluminum 
atoms would serve as well. The initial hydride can be 
attached either to a or b, and it is this which 
ultimately determines the product distribution (e.g., 
relative amounts of 6 and 9 vs. 7 and 10). The pre
dominant attack occurs at b (adjacent to the ethyl 
group) which is the more electropositive site. An 
alternate scheme would involve representing the two 
possible enols 18 and 19 as existing and reacting sep
arately. The relative amounts of 6 and 7 would then

(14) It has been suggested by a reviewer that the enolate of a /3-hydroxy 
ketone, e.g., 14 or 15, could be reduced to the corresponding diol. We feel 
this occurs to a very small extent if at all. We have no direct evidence for 
this but others2,38,4 have reported the complete absence of such reductions 
in the case of pre-formed enolates.

(15) N. B. Gaylord, “ Reduction with Complex Metal Hydrides,” Inter
science, New York, N. Y., 1956, Chapter 15.

(16) J. C. Richer and R. Clarke, Tetrahedron Lett., 935 (1964); M. Mous- 
seron, R. Jacquier, M. Mousseron-Canet, and R. Zagdoun, Bull. Soc. Chim. 
Fr., 19, 1042 (1952); W. R. Jackson and A. Zurquiyah, J. Chem. Soc., 5280 
(1965).
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Sc h em e  III

CH3- r C ^ ? 'T C H 2CH3
J  I (  )  1 

a 0  M 'O

13
a /

f f  '
CH3— ¿ h £ > C C H 2CH3

M
14

I

\ b H 
\  1 ,/H

c h 3c * S f c c h 2c h 3

M
15

1
T

c h 3. / H  
jc— a

w  x c c h 2c h 3 

0
16

t

H . / C H 2CH
> = <  

c h 3c  h

II
0

17

|MH |MH
▼

7 + 1 0 6 +  9

reflect the proportion of the two enolic forms (an allylic 
rearrangement occurs during the reaction so that 18 
gives rise to 7 and 19 to 6). Our results do not permit 
a choice between these two schemes.

CH3C C H =C C H 2CH3
II 1

CH3C =C H C C H 2CH3 
1 II

<ü> ¿H OH 1)
18

|

19

1

1 6 ---- >  7 +  10 17 — >■ 9 +  6

One of the most interesting aspects of the reaction 
is its high degree of stereospecificity. All of the unsat
urated alcohols obtained were trans with no trace of the 
cis isomers observed. As discussed above, the config
uration of the double bond in the final products is fixed 
by the elimination step (14 —► 16 or 15 —► 17 in Scheme
III). An examination of models as illustrated in 
structures 20 and 21 shows that there is considerably 
less crowding when the confirmation around the incip
ient double bond is trans than if it were cis. The 
transition state (21) for the formation of cis-16 forces

the 1-methyl group into close proximity to the oxygen 
at carbon 4 with the result of rather severe steric inter
actions. In the transition state (20) for the formation 
of trans-16, it is the hydrogen at carbon 2 that interacts 
with the oxygen at carbon 4, with a resulting reduction 
of steric crowding. An additional factor is the alu
minum-oxygen bonding which we feel would constrain 
the intermediate 14 or 15 in a cyclic configuration and 
into a pseudoboat conformation. This would accen
tuate the interactions described above. It is most 
probably the formation of the aluminum-oxygen bonds

that provides most of the driving force for this elim
ination reaction.

The synthetic utility of the reduction-elimination 
reaction has been recognized in only a few instances6'17 
and in these cases the stereochemistry was not impor
tant. Because of its stereospecificity, however, the 
reaction should have considerable value in the prep
aration of pure trans-unsaturated alcohols. In such 
syntheses the yield of elimination product can be im
proved by conditions favoring a high degree of enoliza- 
tion in the parent dicarbonyl compound. This can 
frequently be accomplished by converting the starting 
material to its enolate prior to reduction with 
LiAlH42'3'17 or by addition of substances to the reaction 
which stabilize the enol form of the dicarbonyl com
pound.18 It should be emphasized that the effect of 
such additions on the stereochemical control of the 
reduction-elimination is not known.19

Experimental Section20

General.— Commercial acetylacetone (Matheson Co.) and
2,4-hexanedione (Eastman Kodak) were used without purifica
tion Lithium aluminum hydride was obtained from Ventron, 
Inc., Beverly, Mass. The 2-pentanol, 2-hexanol, and 3-hexanol 
were obtained from the Matheson Co.; the 2,4-pentanediol from 
Frinton Laboratories. Authentic samples of ¿mns-3-penten-2-ol 
and <raws-2-hexen-4-ol were obtained from Aldrich Chemical 
Co. and J. T . Baker Chemical Co., respectively. The assigned 
stereochemistry of these samples was confirmed by independent 
synthesis and by comparison of their infrared traces with pub
lished spectra.21 The reduction-elimination products were 
identified by comparison of gas chromatographic retention times 
and, where appropriate, ir and nmr spectra with those of authen
tic samples.

Reduction-Elimination of Acetylacetone (1) with LiAlH4.—
To a slurry of 13.0 g of LiAllh in 100 cc of ether was added, drop- 
wise, a solution of 10.0 g (0.1 mol) of acetylacetone in 100 cc of 
ether. The resulting mixture was refluxed for 16 hr after which 
the unreacted LiAlH, was decomposed by the successive addi
tion of 13 ml of water, 10 ml of 20% NaOH, and 20 ml of water. 
The inorganic salts were filtered and washed with ether. The 
ether washings were combined and dried over MgSCL, and the 
solvent was removed. An oily residue (9.4 g) remained. A
I . 0-g portion of the residue was removed and analyzed by gas- 
liquid partition chromatography (glpc). The results are given 
in Table I. The remaining product was distilled. Two frac
tions were obtained. The first (6.1 g, bp 115-121.5°) was 
analyzed by glpc and found to contain 96% ¿rana-3-penten-2-ol 
(3) and 4%  2-pentanol (5). No other materials were detected. 
The second fraction (pot residue, 2.0 g) was analyzed by glpc 
and nmr. The two methods were in excellent agreement and 
showed that the residue contained 50-52% <rarrs-3-penten-2-ol
(3) and 48-50%  of what was probably a mixture of diastereo- 
meric 2,4-pentanediols (4). After adjusting for the aliquot 
removed tnese two fractions amounted to a 96% recovery of 
products. A duplicate experiment gave virtually identical re
sults.

(IT) J. A. Marshall and N. Cohen, J. A m er . C h em . S o c ., 87, 2773 (1965);
J. A. Marshall and N. Cohen, J. O rg. C h em ., 30, 2475 (1965); J. A. Marshall 
and R. D. Carroll, T etra h ed ron  L ett., 4223 (1965).

(18) For example, L. W. Reeves [C a n . J. C h em ., 35, 1351 (1957)] has 
shown that acetylacetone is converted totally to its enol form in the presence 
of triethylair.ine.

(19) Triethylamine, for example, forces enolization by coordinating 
strongly with the enol hydroxy group of acetylacetone.18 This may inhibit 
formation of intermediates such as 15 and thereby reduce the stereospecificity 
of the reaction. In addition, as discussed above, the mechanism may 
be different in the case of pre-formed enolates.

(20) The nmr spectra were obtained on. a Varian A-60 spectrometer and 
the infrared spectra on a Perkin-Elmer Model 137 spectrophotometer. Gas 
chromatographic separations were made on either a F & M 500 (tc detector), 
F & M 609 'flame ionization), or P & E 226 (capillary) gas chromatograph. 
A summary of columns used and retention times is given in Table IV.

(21) R. Heilmann, G. de Gaudemaris, and P. Arnaud, B u ll. S oc . C h im . F r ., 
119 (1957).
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T a b l e  IY

G as  C h r o m a to g r a p h y  D a t a

----------------------------- Retention time (min) on column»’*-
Compd Ac B' CJ D<* E* F" G*

cfs-3-Hexen-2-ol 21.5/ 37.5/
iraras-3-Hexen-2-ol (6) 21.6/ 9.8» 42.0* 33.5/ 12.2*
cis-4-Hexene-3-ol 22.7/
(rnns-4-Hexen-3-ol (7) 20.4/ 9.0» 40.0* 12.2* 4 .0 ’
2-Hexanol (9) 9.5* 3.0>'
3-Hexanol (10) 8 .0’ 2 .8’'
2,4-Hexanediol (8) 
eis-3-Penten-2-ol 22.5* 7.5*'

5 .5 ’

irans-3-Penten-2-ol (3) 21.0* 6 . 2* 7.0*' 0 .8*
2-Pentanol (5) 
2,4-Pentanediol (4)

14.0* 4.8*' 5.0*
5.0*

Acetylacetone (1 ) 2 . 1*'
3-Penten-2-one (12) 6 .0*'

“ Column A, 50-ft capillary (0.02 in. i.d.) support coated with Carbowax 1540; B, 50-ft capillary (0.02 in. i.d.) support coated with 
Carbowax 600; C, 12-ft stainless steel Chromosorb W ; D, 10-ft stainless steel (0.25 in. i.d.) packed with 10% Carbowax 20M on Chro- 
mosorb W ; E, 10-ft stainless steel (0.25 in. i.d.) packed with 10% Carbowax 20M on Chromosorb W ; F, 6-ft stainless steel (0.25 in. 
i.d.) packed with 10% Carbowax 20M on Chromosorb W ; G, 4-ft stainless steel (0.25 in. o.d.) packed with 10% Carbowax 20M on 
Chromosorb W. 6 Du Pont Model 310 curve resolver was used in resolution. c Used in P & E Model 226 capillary gas chromatograph, 
flame ionization detector. d Used in F & M Model 609 gas chromatograph, flame ionization detector. ‘  Used in F & M Model 500 gas 
chromatograph, tc detector. f At 50°. » At 70°. *A t40°. * At 75°. ’ At 100°. 1 At 125°.

Reduction-Elimination of 2,4-Hexanedione (2) with LiAlH<.—
The reduction was carried out with 11.4 g (0.1 mol) of 2,4-hex- 
anedione (2) and 6.5 g of LiAlII< as described above except that 
the entire reaction mixture was distilled. (Before distillation 
the crude mixture was analyzed by glpc. The results are shown 
in Table I .)  Three fractions were collected, weighed, and ana
lyzed by glpc. The first (0.55 g, bp 100-139°) consisted of 60% 
of a mixture of unsaturated alcohols 6 and 7 and a small amount 
of 2- and 3-hexanol (9) and (10), 40%  of solvent, and a small 
amount of unreacted 2. Fraction two (6.0 g, bp 139.5-140°) 
consisted of 90% of the two unsaturated alcohols, 8.5%  of 9 
and 2.0%  of 10, and less than 0.5%  of trace impurities. The 
third fraction was the pot residue; it was analyzed by glpc and 
nmr and was shown to be 95%  2,4-hexanediol (8 ) (probably a 
mixture of erythro and threo forms)7 and 5%  of a mixture of 
unsaturated and saturated alcohols similar to fraction two. The 
product recovery amounted to 79% . The two unsaturated 
alcohols, 6 and 7, were not separable readily by distillation. 
Each of the above fractions and the crude product mixture were 
analyzed by glpc using various columns and conditions (see 
Table IV ). In every case the mixture consisted of 71% trans- 
3-hexen-2-ol (6 ) and 29% irans-4-hexen-3-ol (7). None of the 
corresponding cis isomers were detected.

The reaction was repeated with similar results except that only 
a 65% recovery of reaction products was obtained.

Reduction of 12 with LiAlH4.— To 2.2 g of LiAlH< in 25 ml of 
anhydrous ether was added 2.0 g of 12 in 25 ml of anhydrous 
ether. The reaction was refluxed overnight and worked up as 
described above. The product was shown by glpc to contain 
95.5% 3, 3.5%  5, and 1%  1,3-pentadiene (see footnote e, Table 
!)•

4-Hydroxy-2-pentanone was prepared by reduction of 40 g 
of 1 in 150 ml of absolute ethanol over a total of 5.5 g of PtCh. 
The catalyst was added in five equal portions during the uptake 
of 1 molar equiv of hydrogen. The product was distilled after

removal of the catalyst and solvent. It amounted to a 92% 
yield, bp 110-112° (90 mm) [lit.22 bp 74-75° (18 m m )].

Reaction of 2,4-Pentanediol (4) with LiAlH4.— The diol 4, in 
ether, was refluxed overnight with excess LiAlH4. The reaction 
was worked up as described above and the crude mixture was 
analyzed by glpc. Only unchanged starting material was iso
lated.

Reduction of 4-Ketopentanol-2 (11) with LiAlH4.— To a
vigorously stirred suspension of 3.2 g of LiAlH( in 50 ml of ether 
was added, dropwise, 2.5 g of 11. The resulting mixture was 
refluxed overnight and worked up as described. The crude re
action mixture was shown by glpc analysis to contain only 2,4- 
pentanediol (4).

Reaction of c?'s-3-Penten-2-ol with LiAlH4.— A solution of 1.3 g 
of e?'s-3-penten-2-ol (contaminated with 15% of the trans isomer) 
in 10 ml of ether was dropped into a vigorously stirred slurry of
1.8 g of LiAlH4 in 20 ml of ether. The resulting mixture was 
refluxed overnight and worked up as described above. The sol
vent was removed by distillation and the residue was analyzed 
by glpc (Table IV ). It contained the identical mixture of cis- 
(85%) and trans- (15%) 3-penten-2-ol as the starting material.

Registry N o .— 1, 123-54-6; 2, 3002-24-2; 3, 3899- 
34-1; 4, 625-69-4; 5, 6032-29-7; 6, 29478-26-0; 7, 29478- 
27-1; 8, 19780-90-6; 9, 626-93-7; 10, 623-37-0; 12, 
3102-33-8; lithium aluminum hydride, 16853-85-3.
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In the presence of palladium and platinum catalysts, 1,3-dienes react with active methylene and methyne 
compounds such as /3-keto esters, 0 diketones, dialkyl malonates, ar-formyl ketones and esters, a-cyano and 
ff-nitro esters, and ethyl phenylsulfonylacetate to form corresponding 2,7-alkadienyl derivatives. In the pal
ladium-catalyzed reactions of active methylene compounds with 1,3-butadiene, 1:2 adducts 1 and 1:4 adducts 
2 are obtained as main products, and small amounts of branched 1:2 adduct 3 are isolated as by-products. 
Addition of isoprene to active methylene compounds gives 2,7-dinethyl-2,7-octadienyl derivatives 4 and S, 
derived from tail-to-tail dimerization of isoprene, almost selectively In contrast to the addition of isoprene, 
the reaction of 1,3-pentadiene affords a head-to-tail adduct 6. In the platinum-catalyzed reaction of 1,3-buta- 
diene with active methylene compounds, a ratio of the branched 1:2 adduct 3 to all the adducts is larger than that 
observed in the palladium-catalyzed reaction, and 1:1 adduct and 1:3 adduct are isolated as by-products besides 
1, 2, and 3. A reaction intermediate 7 involving a four-coordinated palladium system derived from the tertiary 
phosphine complex of palladium(O) is postulated.

Oligomerization of 1,3-butadiene to cyclic or linear 
products is catalyzed by some transition metal com
plexes.2’3 4 Recently, a new type of linear dimerization 
of 1,3-butadiene catalyzed by transition metal com
pounds of group V III of the periodic table, which is 
completed by addition of a compound having at least 
one active hydrogen atom, has been found. Tertiary 
phosphine complexes of palladium(O) were reported to 
catalyze the reaction of 1,3-butadiene with methanol 
and phenol to give l-methoxy-2,7-octadiene and 1-phen- 
oxy-2,7-octadiene, respectively.4-6 A  mixture of pal
ladium chloride and sodium phenoxide is quite a 
selective catalyst for the latter reaction.7 Similar re
actions have been reported to take place using primary 
and secondary amines, carboxylic acids,5 and active 
methylene and methyne compounds.1’8 A  reaction of 
trimethylsilane with 1,3-butadiene catalyzed with 
(maleic anhydride) bis(triphenylphosphine)palladium- 
(0)9 and that of amines with the diene in the presence 
of a triethyl phosphite complex of nickel (0)10 proceed 
in a little different way to give corresponding 2,6- 
octadienyl derivatives.

Part of our work on the reaction of the active methy
lene and methyne compounds with 1,3-dienes has been 
reported in a preliminary communication.1 The pres
ent paper describes the reaction in detail.

An active and easily available catalyst is prepared by 
mixing dichlorobis(triphenylphosphine) palladium and 
basic sodium compounds such as sodium phenoxide, 
sodium methoxide, sodium carbonate, and sodium salts 
of the active methylene and methyne compounds used

(1) G. Hata, K. Takahashi, and A. Miyake, Chem. Ind. (London), 1836 
(1969).

(2) G. Wilke, M. Kroner, W. Oberkirch, K. Tanaka, E. Steinrdcke, D.
Walter, and H. Zimmerman, Angew. Chem., 75, 10 (1966).

(3) P. Heimbach, P. W. Jolly, and G. Wilke, “ Advances in Organometallic 
Chemistry,”  Vol. 8, Academic Press, New York, N. Y., 1970, p 29.

(4) S. Takahashi, T. Shibano, and N. Hagiwara, Tetrahedron Lett., 2451 
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as the starting reagents. A  mixture of palladium 
chloride and sodium phenoxide showed the same 
catalytic behavior, but a quite low catalytic activity. 
Ammonia and pyridine complexes of palladium salts 
are more effective than palladium chloride but less 
effective than the triphenylphosphine complex. The 
low reactivity observed on using palladium chloride 
and the ammonia and pyridine complexes as catalyst 
components seems to be due to decomposition of the 
catalytic species to metallic palladium which appeared 
during the reaction. On the other hand, in the presence 
of triphenylphosphine, no separation of metallic pal
ladium was observed and the solution remained pale 
yellow after completion of the reaction. Zero valent 
palladium complexes such as tetrakis (triphenylphos
phine) palladium (0) and (maleic anhydride)bis(tri- 
phenylphosphine)palladium(0) showed catalytic ac
tivity without the basic sodium components.

The reaction was applied to compounds with a 
methylene and methyne group to which two electro
negative groups, such as carbonyl, alkoxycarbonyl, 
formyl, cyano, nitro, and sulfonyl groups, are attached. 
The reaction of the active methylene compounds with 
butadiene gave two kinds of main products, 1 :2  ad
ducts 1 and 1 :4  adducts 2. At an early stage of the 
reaction the product consisted mainly of 1. Further 
addition of butadiene to 1 afforded 2.

The reaction products were identified by means of 
elemental analysis, molecular weight measurement, 
and ir and nmr spectral measurements.

The results on the reaction of 1,3-butadiene with 
/3-keto esters, ¡3 diketones, dialkyl malonates and their 
derivatives, a-formyl ketones, a-formyl esters, a-cyano 
and a-nitro esters, cyanoacetamide, and ethyl phenyl- 
sulfonylacetate are summarized in Tables I and II. 
The analytical and physical data of the products are 
listed ir. Table III. The infrared spectra of the 
products showed absorptions due to out-of-plane de
formation of -C H = C H o  near 910 and 990 cm-1 , and 
trans -C H = C H -  near 960 cm-1 . No absorption due 
to out-of-plane deformation due to cis -C H = C H -  was 
observed. This fact indicates that the internal double 
bond of “he 2,7-octadienvl group consists exclusively or 
mainly cf the trans form.

The reaction of ethyl acetoacetate with 1,3-butadiene 
in the presence of the PdCl2(PPh3)2-PhONa catalyst
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Table I
Palladium-Catalyzed Reaction of Ethyl Acetoacetate (0.1 mol) with 1,3-Butadiene

■Products,“ % b-
------------------------------ Catalyst (mmol)'

Pd compd Basic Na compd
Butadiene,

mol
Temp,

°C
Time,
min

CH,COCHR-
COiCjH,

CHiCOCRî-
COsCjHs

PdCl2(Ph3P )2 (0.02) PhONa (2) 0.3 85 25 78 12
PdCl2(Ph3P )2 (0.01) PhONa (1) 0.3 85 60 78 16
PdCl2(Ph3P )2 (0.05) PhONa (3) 0 .5 85 210 26 70
PdCl2(Ph3P )2 (0.02) NaCH(COCH3)- 

C 0 2C2H5 (2) 0.3 85 25 52 1
Pd(Ph3P )4 (0.25) 0.3 85 30 20 Trace
Pd(Ph3P)2-M Ac (0.02) 0.3 85 75 39 0.6
PdCl2(Ph3P )2 (0.05) PhONa (0.4) 0.3 50 30 11 Trace
PdCl2(Ph3P )2 (0.05) PhONa (0.4) 0.3 60 30 59 3
PdCl2(Ph3P )2 (0.05) PhONa (0.4) 0.3 70 30 63 4
PdCl2(Ph3P )2 (0.05) PhONa (0.4) 0.3 85 30 72 28
PdCl2 (2) PhONa (6) 0.3 130 180 63 6
P d(N 02)2(NH3)2 (0.5) PhONa (5) 0 .3 85 120 70 22
PdCl2(NH3)2 (0.5) PhONa (5) 0.3 85 120 82 5
PdCl2(Py)2 (0.5) PhONa (5) 0.3 85 120 69 4
PdCl2(Ph3As)2 (0.5) PhONa (5) 0.3 85 120 53
: = -C H 2C H =C H (C H 2)3C H = C H 2. b Based on ethyl acetoacetate employed. c M A =  maleic anhydride.

R>

R 3— ¿H  +  CH2= C H C H = C H 2 — s-
I

R 3
R>
I

R3—C— CH2C H =C H (C H 2)3C H = C H 2 +
I

R 3
1

R>

i - [CH2C H =C H )C H 2)3C H = C H 2]2 (1)

R 3
2 (R 3 =  H)

l 2 R 1 R* R 1
a a c o c h 3 c o 2c 2h 5 H
b b c o c h 3 c o 2c h 3 H
c c COCI Li COCHa H
d d c o 2c 2h 5 c o 2c 2h 5 H
e e c o 2c h 3 c o 2c h 3 H
f CHO c o ,c 2h 5 Ph
g c o c h 3 CN CH:
b h COPh CN H
i i c o 2c 2h 5 CN H
j j CN CN H
k k c o n h 2 CN H
1 1 c o 2c 2h 5 n o 2 H

m C02C2H5 S02Ph H

gave la  and 2a as major products. The reaction oc
curred slowly at 50° but quite rapidly at 85°, as shown 
in Table I. Acetylacetone and diethyl malonate re
acted with the diene to give lc  and 2c, and Id and 2d, 
respectively. Selectivities of the products based on 
the converted active methylene compounds in the above 
three reactions were about 90% . As by-products, 
small amounts of branched 1:2 adducts, i.e., l-vinyl-5- 
hexenyl derivatives 3, were isolated. Ethyl aceto-

R> C H = C H 2

¿ H — CH(CH2)3C H = C H 2
I

R 2
3a,c,d

acetate and acetylacetone were more reactive than 
diethyl malonate. The effectiveness of the catalyst is 
shown by the fact that 10,000 molecules of ethyl aceto-

acetate per molecule of dichlorobis(triphenylphos- 
phine)palladium could react in 60 min, as shown in 
Table I.

Ethyl 2-oxocyclopentanecarboxylate, 2-acetylcyclo- 
hexanone, and trimethyl 1,1,3-propanetricarboxylate 
reacted with the diene to yield the corresponding
2,7-octadienyl derivatives in 73, 87, and 83%  yields, 
respectively. The reaction of the diene with 2-oxo- 
cyclohexanecarbaldehyde, 2-oxocyclododecanecarbalde- 
hyde, and ethyl phenylformylacetate also afforded the 
1:2  adducts in high yields. Ethanolysis of 2-acetyl-2- 
(2,7-octadienyl)cyclohexanone which was obtained 
from the above reaction resulted in the formation 
of 2-(2,7-octadienyl)cyclohexanone. The same com
pound was obtained by elimination of the formyl group 
of l-(2,7-octadienyl)-2-oxocyclohexanecarbaldehyde, as 
expected. Although it seemed certain that the product 
from the reaction of 1,3-cyclohexanedione with the 
diene contained a 1 :2  adduct besides a 1 :4  adduct, the 
1:2  adduct has not been identified owing to a poor 
separation in a fractional distillation.

(3-Keto esters, /3 diketones, a-formyl ketones, and 
a-formyl esters are in equilibrium between keto and 
enol forms. Therefore, it might be possible that the 
hydroxy groups of the enol forms react with 1,3- 
butadiene to yield 2,7-octadienyl derivatives in which 
the octadienyl group is bonded to the oxygen atom, 
as methanol and phenol do. No such products, how
ever, were observed. The addition of 1,3-butadiene to 
the carbon atom of the active methylene and methyne 
is quite selective.

Compounds having a cyano group in place of a 
carbonyl or an ester group of /3-keto esters reacted in 
the same way. The reaction of ethyl cyanoacetate 
with 1,3-butadiene gave the linear adducts li and 2i 
with a small amount of a branched adduct, ethyl 
(l-vinyl-5-hexenyl)cyanoacetate. The results on the 
reaction of the diene with 3-oxo-2-methylbutyronitrile, 
cyanoacetamide, benzoylacetonitrile, and malononitrile 
are listed in Table II. Low yields of the products in 
the reaction of the diene with nitroacetone and ethyl 
nitroacetate seem to be due to decomposition of the 
catalyst. Ethyl (phenylsulfonyl)acetate reacted with 
the diene to yield lm  in a 9 1%  yield.



Pa
ll

ad
iu

m
-C

at
al

yz
ed

 R
ea

ct
io

n
 o

f
 A

ct
iv

e 
M

et
h

yl
en

e 
an

d
 M

et
h

yn
e 

C
o

m
po

u
n

d
s 

w
it

h
 1

,3
-B

u
ta

d
ie

n
e

2118 J. Org. Chem., Voi. 86, No. 15, 1971 Hata, T akahashi, and M iyake

a ao o
d o
OO
Pip?
o oo o
o o
MM
o o

a
Üo
q
pio
oo
a
o

k m
o o
d o
o o
9 9
Pi Pi

3
•§

y-i COcO ^

a a
9 9  o o  
o o  
a a  
a a  o o  
o o  
o o  o
a ao o

CO CO05

CO a CO00 o ^CO^ oo
d COHN -,

" O  ò=0

a
o
do
a
o

ao
o
q
a
o

\  /  
a  
o

a a a
o o o  2 - 
o o o
o o o  j
a a a  g  
a a a  w g

Ü - Ô  - o
o o o

Pi W O

^ a

^ a R
o o Q
d o “ Mq q o
a a
o o
a a

a
o
d
o
a
o

\  /
ao

«  o

a .s 
s  a

IO oCM XfH o05 o00 oCO o  ooo oo
w

aa ü

a 5 
a

B
3  >o lOW 00 00w
-2©
«
<0.

03 - _
g o
a £

S3
ao
a

io00

03
a
o
a

03
£o
a
o

aS®A!
5
<a

IO IOQOOOiO

a_ _ o
<n o r ?  
c3 o 3 ~ -

a  15 3o c q
-S-Ç *a a ?

c3
£oJ3a

c3
£o

03a_o'aS
§

e^co
<3 c3 
£ £  
OO
PhPh

o3
£o
wo

o

T3aoj
do
©
a
t ,
ea<O

c3
£
opd
Ph

ÇU
rSPh cm N- O O CMO o too CM CM OO CMO CM CMO CM »0

COo
o o  o d d d d  d d d d  © d d

m
ol 

Pd
i

CO CO CM CM *oCO CO Ti< »0 T—H CO CO co »0
o  d d d d o d d d d d  d d d

£  a
£  §

.. a> >» -C
o a< a

CO>oo

g

o

5=0

aq
o  d

aooo
a
o

\ . /  
a  o

CDCOo

o

< 5

B o a
^ X 9

9 9 a
o o So o
a ao o

ao
do
ao

\  /
a
o

d

u

- o



1,3-Dienes with Active M ethylene Compounds J. Org. Chem., Vol. 36, No. 15, 1971 2119

to

HH
Z Z o
g g o
« « o
Ü Ü  rSo o pg o o
* ¿ 2

w w

2 2o og o
« «o o

d o

CD

'Z'z
£ o
g o
o og o

Ph
J3
«
•a
Ph

t»00

o
05

M
O
oo

o 2  
M «

«  F n  2

0) CO
£ p § S -

o g g g
e 3 « « g
o w w g
o u o S
o o o p
j o o RW jp jpg
o o -Ph :̂

h  CO CO ̂

MW
d o
o oo o
MM
Og
£ £
o o

ë w

* § 2g o o
w w 2
o o o
g o *

O

B
LO

O
T3Ph

O
BL
a

>C lO
X  X

& o  o  o  o® O CO O CD"(■0 05 O
w
o
cc3
>>

O
ID *C iO »O 
X  X  X  X

°  O(M O o  03

lO >o
X  x

O o oCOO T* 05 TjH

Î3oH »C iO »O
£  X  00 X

►J
►J
H
O

TJ
£2
o
a
a
o

c
>>

rO

T3
C
c3
03
Cl0)

M
o
da3

çq ai LO CO tO lO »o 1C io
s—' « 03 ft 03 03 b b 03 03 03s3 c3 ■■—■" —-■

£ £  ̂ <à c3 c3 <3 c3 c3
o o ïsïs&iz; £ £ £
fW KH o o o o o o o o oMH J3& JS J3O o Ph Ph Ph Ph « « P-iPhPl,

•*>
lO CO »O id >C *0 >C »o »OrH 03 1-H 03 03 03 03 03 03 03

b b b o o b b b OOO

iO 03 03 > 0 *o iO »oT“H CO 1-H --H 03 CO i-H »”H CO 03 1-H
b b b o b  b o b b o b

00 --•s

d
o

T3
03ry3
g3

«

w
o  .

II HP
Il d

W £
Q  n

o

¡ 1  
o  S

o

X>§

^  *-o ip o  O o o S  
'O o o  » 
ti2 ''—'MM
o ^ ^ o
w 2 2 o
S a w o
o o o p

gssgO Ph Ph £h

O ©
HH MH HH MH
d otN
O O
o o

m” m
o o
£ £
o d

. o o
o

x S - K

2 ® 0
£ 0 2
2 2 g
w « 2
o o 9
O O Î
ZZP* Q -g  «  S

° <

Addition of isoprene to ethyl acetoacetate resulted 
in the formation of 2,7-dimethyl-2,7-octadienyl deriv
atives 4a and 5a in 95%  yield (eq 2, Table IV, p 2121).

According to positions of the methyl groups on the 
chain, there are four possible dime thy 1-2,7-octadienyl 
chains if the dimerization of isoprene occurs at random. 
However, the reaction has been found to afford the 
isomers derived from tail-to-tail dimerization of iso
prene almost selectively. In the palladium-catalyzed 
reaction of phenol with isoprene, the lower selectivity 
(55% ) of the product due to the tail-to-tail dimerization 
of isoprene has been reported.6 The compounds 4a 
and 5a showed an ir absorption at 886 cm“ 1 due to 
out-of-plane deformation of > C = C H 2 and an nmr 
signal due to the olefinic protons at r 5.4 (s, 2 H), which 
apparently indicate that one of the methyl groups of 
the side chain is on C-7. A  doublet at r 7.6 ascribed 
to the C -l protons of the side chain of 4a and a singlet 
at t 7.4 due to those of 5a show that the other methyl 
group is attached to C-2 but not to C-3. Acetylacetone 
also reacted with isoprene to afford 4c and 5c in 91%  
yield. The nmr spectrum of 4c showed two kinds of 
signals due to the C -l protons of the side chain. A  
doublet at t 7.5 and a singlet at t 7.1 are ascribed to 
the keto and enol form of 4c, respectively. The ratio 
of the keto form to the enol one was 6 :4 .

Addition of 1,3-pentadiene to ethyl acetoacetate 
yielded a 2 :1  adduct. Absorptions due to out-of- 
plane deformation of -C H = C H 2 at 912 and 994 cm-1 
and to trans-CH = C I I -  at 973 cm-1 and a doublet due 
to an active methyne proton at t 6.8 indicate that the 
product has the structure 6. In contrast to the tail-

CH3C 0C H C 02C2H5

CH3iH C H = C H C H 2CHCH2C H = C H ,

¿ h 3
6

to-tail addition of isoprene, this reaction affords the 
product derived from a head-to-tail addition of the
1,3-diene.

The reaction of 2 ,3-dimethyl-l,3-butadiene with 
ethyl acetoacetate resulted in the formation of ethyl 
2-acetyl-2,3,6,7-tetramethyl-2,7-decadienoate. The re
activity of the diene was very low compared with the 
reactivities of 1,3-butadiene and isoprene.

As platinum complexes often show the same catalytic 
behavior as palladium complexes, it is expected that 
platinum complexes would also catalyze the reaction 
of the active methylene compounds with 1,3-butadiene. 
In fact, the same adducts as obtained in the palladium- 
catalyzed reactions were formed. A  combination of 
PtCl2(Pli3P)2 and sodium phenoxide catalyzed the 
reaction of acetylacetone with 1,3-butadiene to afford 
the same products as formed in the palladium-catalyzed 
reaction. The ratio of the branched 1 :2  adduct 3c 
to all the adducts was 0.16. The value is larger than 
that observed in the palladium-catalyzed reaction 
(0.04). It is interesting to note that the reaction 
catalyzed by a combination of Pt(Ph3P)4 and sodium 
phenoxide gave 1 :1  and 1 :3  adducts as well as the 1 :2  
and 1 :4  adducts (eq 3). Apparently the platinum 
catalysts were much less effective than the palladium 
catalysts.
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T a b l e  III

P h y sic a l  an d  A n a l y t ic a l  D a t a  o f  t h e  P ro d u cts“

Product6 Registry no. Bp, °C (mm) n«D
Empirical
formula

Molecular weight 
Caled Found

RCH(COCH3)2 29330-76-5 135-6 (7) 1.4800 C13H20O2 208 208'
R2C(COCH3), 29330-77-6 170-1 (3) 1.4837 C21H32O2 316 316
CH2= C H (C H 2)3C H =C H C H 2C- 

(CH2C H =C H C H 3 ) (COCHj )j 29331-16-6 129-30 (3) 1 AHQ0d C17H26O2 264 257
CH2= C H (C H 2)3C H (C H =C H 2)-

CH(COCH3)2
CH2= C H C H (C H 3)CH(COCH3)2

26450-24-8
29149-83-5

105-7 (11) 
199

1.4630
1.4497

C13H20O2
C 9H14O2 1.54 155

RC H (C0C H 3)C 02C2H5 26561-31-9 139 (5) 1.4580 C14H22O3 238 238'
R 2C (C 0C H 3)C 02C2H5 26561-32-0 189 (5) 1.4758 C22H34O3 346 346'
CH2= C H (C H 2)3C H (C H =C H 2)-

CH (C0CH 3)C 02C2H5 29085-37-8 98-102 (20) 1.4539 C14H22O3 238 232
RC H (C0C H 3)C 02CH3 29330-83-4 111 (1.5) 1.4588 C13H20O3 224 228
R 2C (C 0C H 3)C 02CH3 29330-84-5 181 (3.5) 1.4775 C21H32O3 332 335
R C H (C 02CHj)2 29330-85-6 111-7 (1) 1.4563 C13H20O4 240 238
R 2C (C 02CH3)2 29330-86-7 162 ( 1) 1.4735 C21H32O4 348 351
R C H (C 02C2H5)2 29330-87-8 134-5 (3) 1.4496 C15ÏÏ24O4 268 276
R 2C (C 02C2Hs)2 29330-88-9 179 (2) 1.4672 C23H36O4 376 376'
CH2= C H (C H 2)3C H (C H =C H 2)-

C H (C 02C2H5)2 29330-89-0 100 (1.3) 1.4483 C15H24O4 268 263

C 0 2CH j 29453-58-5 130 (2) 1.4776 C15H22O3 250 256

COjQH,

CH30 2CCH2CH2CR (COCH3 )C 02CH3 
CH30 2CCH2CH2CR (C 02CHs )2

0

P hC R (C H 0)C 02C2H5
RCH (CN )Z
R 2C(C N )2
RCH(CN)COOC2H5
R2C (C N )C 00C 2H.-,
CH3CR(CN)COCH3
R2C(CN)CONH2
RCH(CN)COPh

R2C(CN)COPh

R C H (N 02)C 0 0C 2H5
R 2C (N 02)C 0 0C 2H5
RC H (S02P h)C 00C 2H5

29330-90-3 137-8 (3) 1.4739 C16H24O3 264 260

29330-91-4 149 (3.5) 1.4759 C16H24O2 248 246

29330-92-5 149-151
(0.001) 1.4983 C22H32O2 328 325

29453-59-6 154-7 (1) 1.4655 C17H26O5 310 311
29330-93-6 161-2 (1) 1.4652 C17H26O6 326 323

29330-94-7 158 (4.5) 1.4880 C,5H220 2 234 234

29330-95-8 169-173
(0.02) 1.4993 C2iH340 2 318 311

29330-96-9 156-9 (0.1) 1.5075 Cl9H240 3 300 306
29330-97-0 115 (2) 1.4626 c „ h 14n 2 174 170
29330-98-1 174-6 (4) 1.4800 Ci9H2eN2 282 278
29453-60-9 120-129.5 (2) 1.4553 C13H19N 0 2 221 221
29330-99-2 161-2 (2) 1.4747 c 21h 31n o 2 329 317
29331-00-8 111-2 (4) 1.4652 c 13h 19n o 205 199
29331-01-9 172 (0.002) C^H^NíO 300 294
29331-02-0 134-6

d o -* ) 1.5293 c „ h 19n o 253 261
29331-03-1 156-8

(io -* ) 1.5210 c 25h 31n o 361 353
29331-04-2 110-2 (2) 1.4619 c 12h 19n o 4 241 239
29331-05-3 154-6 (2) 1.4820 c 2„h 31n o 4 349 330
29331-06-4 156-7

d o -* ) 1.5176 CisH 24S04 336 334

“ All compounds in Tables III and V gave C, H (and N when present ) analyses within ±0.4. The analytical data were made available 
to the editors and to the referees. 6 R = -C H 2C H =C H (C H 2)3C H = C H 2. 'Determined by mass spectroscopy. The others were 
measured by vapor pressure osmometry. d n!0n.
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CH3COCH2COCH3 +  CH i=CH CH =CH 2 — >
CH2=CHCH(CH3)CH(COCH3)2 +  lc +  3c +

13% 21%  24%
CHi!=CH (CH2)3CH=CHCH2

^CCCOCHs^ +  2c (3)
/  H %

CH3CH=CHCH2
10%

From the fact that the tertiary phosphine complexes 
of palladium(O) show catalytic activity, the catalytic 
species must be derived from the complexes of pal
ladium (0) . The following tentative reaction inter
mediate involving a four-coordinated palladium system 
may be postulated. The coupling between the sub
stituted allyl group and the other ligand would give
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R3P—*-Pd

/ CH\
R1 R2

7

the product and regenerate a tertiary phosphine com
plex of palladium (0). A  ligand-ligand coupling in 
acetylacetonato(ir-allyl)palladium(II) in the presence 
of a donor such as carbon monoxide has been reported 
to take place between the active methylene carbon 
of the acetylacetone group and the 7r-allyl group, 
accompanied by a precipitation of metallic palladium.11 
In our reaction, the addition of the 2,7-octadienyl group 
to acetylacetone also occurs at the active methylene 
carbon. The chelation of the active methylene or 
methyne compounds to palladium atom, however, is 
not requisite for the reaction, since 1,3-cyclohexane- 
dione, dialkyl malonates, and malononitrile, which are 
not chelating agents, react smoothly. This fact 
implies that the active methylene or methyne com
pounds act as unidentate ligands rather than bidentate 
ligands. In the former ligand-ligand coupling, there 
remains a possibility that a conversion of the O-bonded 
acetylacetone complex to a C-bonded one takes place 
before the coupling. Several complexes of platinum 
having C-bonded acetylacetone group (s) such as 
Me3Pt(acac)dpy,12 K[Pt(acac)2C l],13 Na2[Pt(acac)2- 
Br2]-2H 20 , 14 and KPt(acac)314 have been reported. 
In the present reaction, such a metal-carbon bonding 
seems probable.

Experimental Section

Reagents.— PdCl2(Ph3P )2,16 Pd(Ph3P ),,16 Pd (Ph3P )2 (maleic
anhydride),17 P d(N 02)2(NH3)2,18 PdCl2(NH3)2,19 PdCl2(Py)2,M

(11) Y. Takahashi, S. Sakai, and Y. Ishii, Chem. Commun., 1092 (1967).
(12) A. G. Swallow and M. R. Truter, Proc. Roy. Soc., Ser. A, 254, 205 

(1960).
(13) B. N. Figgis, J. Lewis, R. F. Long, R. Mason, R. S. Nyholm, P. J. 

Pauling, and G. B. Robertson, Nature (London), 195, 1278 (1962).
(14) J. Lewis, R. F. Long, and C. Oldham, J. Chem. Soc., 6740 (1965).
(15) L. Malatesta, ibid., 1186 (1955).
(16) L. Malatesta and M. Angolleta, ibid., 1186 (1957).
(17) P. Fitton and J. E. Mckeon, Chem. Commun., 4 (1968).
(18) J. C. Bailar, Jr., Inorg. Syn., 4, 179 (1953).
(19) H. F. Holtzclaw, Jr., ibid., 8, 234 (1966).
(20) H. D. K. Drew, F. W. Pinkard, G. H. Preston, and W. Wardlaw, 

J. Chem. Soc., 1895 (1932).
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T a b l e  V
P h y sic a l  an d  A n a l y t ic a l  D a t a  o p  t h e  P ro d u cts“

Product Registry no. Bp, °C (mm) n“ D
Molecular
Calcd

weight
Found

CH2= C (C H 3)(CH2)3C H = C (C H 3)CH2CH(COCH3)COOC2H5 29085-27-6 103-104 (0.05) 1.4629 266 270
[CH2= C (C H 3)(CH2)3C H = C (C H 3)CH2]2C(COCH3)COOC2H3 29085-29-8 160-162 (0 .01) 1.4847 402 395
CH2= C (C H 3)(CH2)3C H = C (C H 3)CH2CH(COCH3)2 29085-32-3 96-98 (0.02) 1.4808 236 234
[CH2= C (C H 3)(CH2)3C H = C (C H 3)CH2]2C(COCH3)2 2908.5-33-4 150-152 (0.001) 1.4910 372 377
CH2= C H C H 2CH(CH3)CH2CH =CH C H (CH 3)CH(COCH3)COOC2H5 29331-11-1 104-105 (0.35) 1.4569 266 265
CH2= C H C H 2CH(CH3)CH2CH =CH C H (CH 3)CH2COOC2H5 29331-12-2 74-76 (0.02) 1.4482 224 223

0112=0 (CH3)- 29085-31-2 122 (3) 1.4700 294 290
CH(CH3)CH2CH2C(CH3)= C (C H 3)CH2CH(COCH3)COOC2H5

“ See footnote a in Table III.

PdCl2(Ph3As)2,21 PtCl2(Ph3P )2,22 and Pt(Ph3P ),22 were prepared by 
the previously reported methods.

Acetylacetone, ethyl aeetoacetate, methyl acetoacetate, di
ethyl malonate, dimethyl malonate, and malononitrile were 
purified by distillation under vacuum. Ethyl 2-oxocyclopen- 
tanecarboxylate,23 methyl 2-oxocyclopentanecarboxylate,23 2- 
acetylcyclohexanone,241,3-cyclohexanedione,25 oyanoacetamide,26 
3-oxo-2-methylbutyronitrile,27 ethyl nitroacetate,28 and ethyl 
(phenylsulfonyl)acetate29 were prepared by the methods described 
in the literature. Dimethyl 2-acetyl-l ,3-propanedicarboxylate 
and trimethyl 1,1,3-propanetricarboxylate were prepared by 
reactions of methyl acrylate with methyl acetoacetate and di
methyl malonate, respectively, in the presence of sodium methox- 
ide. 2-Oxocyclohexanecarbaldehyde was synthesized by the re
action of cyclohexanone and methyl formate.30 2-Oxocyclo- 
dodecanecarbaldehyde31 and ethyl phenylformylacetate were 
prepared by the same method as employed in the preparation of 
2-oxocyclohexanecarb aldehyde.

Purification of 1,3-butadiene was accomplished by vaporization 
of the liquid diene containing triethylaluminum. Isoprene, 1,3- 
pentadiene, and 2 ,3-dimethyl-l,3-butadiene were distilled under 
argon atmosphere.

General Procedure for Reaction of Active Methylene or Meth- 
yne Compounds with 1,3-Dienes.—A 100-ml stainless steel auto
clave was charged with an active methylene or methyne compound 
and catalyst components, followed by cooling with Dry Ice-meth
anol . After removal of the air withirt the autoclave under vacuum,
1,3-butadiene was vaporized from the liquid diene containing tri
ethylaluminum to be condensed in the autoclave. The reaction 
was carried out by stirring at 85°. The reaction mixture was 
distilled and analyzed by vpc without further treatment.

Reaction of Acetylacetone with 1,3-Butadiene.— A mixture of 
0.1 mol of acetylacetone, 0.02 mmol of PdCl2(Ph3P )2, 2 mmol of 
sodium phenoxide, and 0.3 mol of the diene was stirred at 85° for 
3 hr. The products consisted of 3c (0.6 g, 3% ), lc  (12.9 g, 62% ), 
2c (5.8 g, 18%), and a residue (0.5 g). Spectroscopic data of the 
products are as follow. 3c: rmax 1703 (ketone), 1644, 996, and 
915 cm “ 1 (-C H = C H 2); t 8.7 (m, -C C H 2C -), ~ 8 .0  (= C C H 2- 
CCH2C = ) ,  8.0 and 7.9 (CHjCO-), 7.1 (m, -C H C C O -), 6.3 (d, 
-C H C O -), and 4.0-5.3 (m, olefinic protons), lc: 1723,
1703, and 1610 (/3 diketone), 1639, 993, and 911 (-C H = C H 2), 
969 cm' 1 (trans (-C H = C H -); r 8.6 (m, -C C H 2C -), ~ 8 .0  
(-C H 2CCH2- ) ,  8.0 and 7.9 (CHaCO -), 7.5 (t, -C H 2CCO-, keto 
form), 7.1 (br s, -C H 2CCO-, enol form), 6.3 (t, -C H C O -, keto 
form), 4.6-5.0 (olefinic protons), and —6.7 [s, -C (O H )= C C O -, 
enol form ]. 2c: rmai 1702 (ketone), 1644, 994, and 912 ( -C H =  
CH2), 967 cm“ 1 (trans -C H = C H -); r 8.6 (m, -C C H 2C -),

(21) J. L. Burmeister and F. Basolo, Inorg. Chem., 3, 1587 (1964).
(22) L. Malatesta and C. Cariells, J. Chem. Soc., 2323 (1958).
(23) A. H. Blatt, ‘ ‘Organic Syntheses,”  Collect Vol. II, Wiley, New York, 

N. Y., 1943, p 116.
(24) R. M. Manyik, F. C. Frostick, J. J. Sanderson, and C. R. Hauser, 

J. Amer. Chem. Soc., 75, 5030 (1953).
(25) H. C. Horning, ‘ ‘Organic Syntheses,” Collect. Vol. I l l ,  Wiley, 

New York, N. Y., 1953, p 278.
(26) H. Gilman, ‘ ‘Organic Syntheses,”  Collect. Vol. I, Wiley, New York, 

N. Y., 1941, p 179.
(27) S. Yamada and C. Kawaki, J. Pharm. Soc. Jap., 71, 1356 (1951).
(28) F. Arndt and J. D. Rose, J. Chem. Soc., 6 (1935).
(29) W. C. Ashley and R. L. Shriner, J. Amer. Chem. Soc., 54, 4410 

(1932).
(30) W. S. Johnson and H. Posvic, ibid., 69, 1361 (1947).
(31) V. Prelog, L. Ruzicka, and O. Metzler, Helv. Chim. Acta, 30, 1882 

(1947).

~ 8 .0  (= C C H 2CCH2C = ) ,  8.0 (s, CH3C O -), 7.5 (d, -C H 2C C O -), 
and 4.0-5.1 (m, olefinic protons).

Reaction of Ethyl Acetoacetate with Isoprene.—A mixture of 
0.1 mol of ethyl acetoacetate, 0.3 mol of isoprene, 0.1 mmol of 
PdCl2(Ph3P)2, and 2 mmol of sodium phenoxide was stirred at 
85° for 20 hr. The product consisted of 4a (17.8 g, 67% ), 5a 
(11.0 g, 28% ), and a residue (0.9 g). The former compound 
showed the following spectral characteristics: »m.i 1740 and
1718 (keto ester), 1652 and 886 cm-1 (> C = C H 2); r 8.8 and 5.9 
(t, and q, -0 C H 2CI13), ~ 8 .5  (-CCH 2C -), 8.4 and 8.3 [2 s, 
-C 'C H 3)= C - ) ,  ~ 8 .0  (m, = C C H 2CCH2C = ) ,  7.9 (CH3C O -),
7.6 (d, -C H 2CC O -), 6.5 (t, -C H C O -), 5.4 (s, > C = C H 2), and
4.8 (t, -C H = C < ) .  The latter compound showed following 
spectral characteristics: rmax 1740 sh and 1712 (keto ester), 1651 
and 886 cm -1 (> C = C H 2); t 8.8 and 5.9 (t, and q, -O CH 2CH3), 
~ 8 .5  (-CC H 2C -), 8.5 [s, -C (C H 3)= C - ] ,  8.3 [s, -C (C H 3)= C - ] ,  
~S.O (= C C H 2CCH2C = ) ,  7.9 (s, CH3C O -), 7.4 (s, -COCCH 2- ) ,
5.4 (s, > C = C H 2), and 4.9 (t, -C H = C < ) .

Reaction of Acetylacetone with Isoprene.— A mixture of 0.1 mol 
of acetylacetone, 0.3 mol of isoprene, 0.25 mmol of PdCl2(Ph3P )2, 
and 2.5 mmol of sodium phenoxide in 15 ml of benzene was stirred 
under the same conditions as those of the previous experiment to 
yield 4c (15.8 g, 67% ) and 5c (9.0 g, 24% ). The former com
pound showed the following spectral characteristics: rmax 1728 
sh, 1700, and 1602 (/3 diketone), 1649 and 886 cm-1 (> C = C H 2); 
r ~ 8 .5  (-CC H 2C -), —8.4 H C H 3)C = C -] ,  8.0 (= C C H 2- 
CCH2C = ) ,  8.0 and 7.9 (s, CH3CO -), 7.5 (d, -CI12C C 0, keto 
form), 7.1 (s, -C H 2CCO-, enol form), 6.3 (t, -C H C O -), 5.4 (s, 
> C = C H 2), and 4.9 ( -C H = C < ). The latter compound ex
hibited the following spectral characteristics: rmax 1699 (ketone), 
1651 and 886 cm“ 1 (> C = C H 2); t —8.5 (-CC H 2C -), 8.6 and
8.3 [2 s. -C (C H 3)= C - ) ,  - 8 .1  (= C C H 2CCH2C = ) ,  8.0 (s, 
CH3C O -), 7.3 (s, -C H 2CCO-), 5.4 (s, > C = C I I2), and 4.9 
(t, -C H = C < ).

Reaction of Ethyl Acetoacetate with 1,3-Pentadiene.— The re
action was carried out under the same conditions as those in the 
reaction of ethyl acetoacetate with isoprene. The product (8.5 g, 
32% ) was identified as ethyl 2-acetyl-3,7-dimethyl-4,9-deca- 
dienoate: »wx 1742 sh and 1716 (keto ester), 1644, 994, and 912 
(-C H = C H 2), and 972 cm-1 (trans -C H = C H -); t 9.2 [d, 
-C (C H 3)], 9.0 [2 d, -C (C H 3)-] , 8.8 (2 t, -0C C I13), 8.4 (m, 
= C C C H C C = ), 8.1 (m, = C C H 2CCH2C = ) ,  7.9 and 8.0 (CH3- 
C O -), 7.1 (m, = C C IlC C O -), 6.8 (d, -C H C O -), 5.9 (2 q, -O C H 2- 
C -)  and 4.0-5.2 (m, olefinic protons). Two kinds of the signals 
due to acetyl, ethyl, and one of the methyl groups on the side 
chain indicate that the compound is a mixture of the erythro and 
threo isomers. Refluxing the product with sodium ethoxide in 
ethanol gave ethyl 3,7-dimethyl-4,9-decadienoate: rmax 1740
(ester), 1644, 992, and 911 (-C H = C H 2), and 971 cm -1 (trans 
-C H = C H -); r 9.2 [d, -C (C H 3)-] , 9.0 [d, -C (C H 3)-] ,  8.8 (t, 
-O CCH 3), 8.5 (m, = C C C H C C = C ), 8.0 (m, = C C H 2CCI12C = ) ,
7.8 (d, -C H 2CO -), 7.4 (m, = C C H C C O -), 6.0 (q, -O C H 2C),
4.0-5.1 (olefinic protons).

Reaction of Ethyl Acetoacetate with 2,3-Dimethyl-1,3-buta
diene.— A mixture of 0.05 mol of ethyl acetoacetate, 0.15 mol of
2,3-dimethyl-l,3-butadiene, 0.25 mmol of PdCl2(Ph3P )2, and 2.5 
mmol of sodium phenoxide in 15 ml of benzene was stirred at 
85° for 20 hr. The product (1.0 g, 7% ) was identified as ethyl 
2-acetyl-4,5,8,9-tetramethyl-4,9-decadienoate: 1742 and
1720 (keto ester), 1647, 890 cm- 1 (> C = C H 2); r 9.0 [d, -C - 
(CH3)-] , 8.8 (t, -OCCH3), 8.4 and 8.5 [s, = C (C H S)-] , 8.1 (m, 
= C C C H 2C C = ), 7.9 (s, CH3CO -), 7.5 (d, -C H 2CC O -), 6.6 (t, 
-C H C O -), 5.8 (q, -OCH 2C), and 5.4 (s, olefinic protons).
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2-(2,7-Octadienyl)cyclohexanone.— A mixture of 150 ml of 
ethanol, 0.5 g of sodium metal, and 39.8 g of 2-acetyl-2-(2,7- 
octadienyl)cyclohexanone was heated at 80° for 2 hr. After the 
usual workup, the product was distilled; the first fraction had bp 
110-120° (2 mm) 7.6 g, and the second fraction had bp 168- 
176° (2 mm), 27.0 g. Redistillations of both fractions gave 2- 
(2,7-octadienyl)cy3lohexanone [bp 116° (3 mm); n“ o 1.4809; 
I'm** 1712 (> C = G ), 1644, 990, and 910 (-C H = C H 2), and 970 
cm-1 (trans -C H = C H -)[ and ethyl 6-acetyl-8,13-tetradeca- 
dienoate [bp 181c (3.5 mm); rfio  1.4635; vmax 1737 (ester), 
1713 ( > C = 0 ) ,  1642, 993, and 910 (-C H = C H 2), and 970 cm" 1 
(trans -C H = C H -)[ , respectively.

Anal. Calcd for C14H220 :  C, 81.50; H, 10.75; mol wt, 206. 
Found: C, 81.23; H, 10.65; mol wt, 205. Anal. Calcd for 
C,8H30O3: C, 73.43; H, 10.27; mol wt, 294. Found: C, 73.57; 
H, 10.19; mol wt, 294.

2-(2,7-Octadienyl)cyclohexanone was also obtained by reflux
ing an aqueous sodium hydroxide solution of l-(2,7-octadienyl)-2- 
oxocyclohexanecarbaldehyde in a 87%  yield.

Platinum-Catalyzed Reaction of Acetylacetone with 1,3- 
Butadiene.— A mixture of 0.1 mol of acetylacetone, 0.5 mmol of 
Pt(Ph3P)4, 7 mmol of sodium phenoxide, and 0.3 mol of 1,3- 
butadiene was stiired at 85° for 16 hr. The product was com

posed of 3-(l-methylallyl)-2,4-pentanedione (2.0 g, 13% ), lc 
(4.5 g, 21% ), 3c (4.8 g, 24% ), 3-(2-butenyl)-3-(2,7-octadienyl)-
2 ,4-pentanedione (2.6 g, 10% ), and 2c (3.3 g, 11% ). The 1:1 
adduct showed the following spectral characteristics: u„mx 1722 
sh and 1700 (ketone), 1644, 998, and 922 cm-1 (-C H = C H 2); r
9.0 (d, -C C H 3), 8.0 and 7.9 (CH3C O -), 7.0 (m, = C C H -) , 6.4 
(d, -C H C O -), 4 .8 -5 .2 (m, CH2= C - ) ,  and 4.0-4.6 (m, -C H = C -)  
The 1:3 adduct exhibited the following spectral characteristics: 
«-max 1723 sh and 1702 (ketone), 1643, 991, and 910 (-C H = C H 2), 
967 cm -1 (trans -C H = C H -); r 8.6 (m, = C C C H 2C C = ), 8.3 
(d, = C C II3), - 8.0 (= C C H 2CCH2C = ) ,  8.0 (CH3C O -), 7.5 (d, 
-C H 2CCO-), 4.0-5.2 (m, olefinic protons).

A mixture of 0.1 mol of acetylacetone, 0.5 mmol of PtCl2- 
(Ph3P)2, 7 mmol of sodium phenoxide, and 0.3 mol of 1,3- 
butadiene in 15 ml of benzene was stirred at 85° for 5 hr. The 
adducts lc, 3c, and 2c were obtained in 18, 12, and 44% yields, 
respectively.

Registry No.-— 2-(2,7-O ctadienyl)cyclohexanone, 
29331-14-4 ; ethyl 6-acetyl-8,13-tetradecadienoate, 
29331-15-5; 3-(2-butenyl)-3-(2,7-octadienyl)-2,4-pen- 
tanedione,29331-16-6.
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Alkylmagnesium fluorides have been prepared in high yield by the reaction of alkyl fluorides with magnesium 
in ether solvents in the presence of specific catalysts. The reaction rate was found to depend significantly on the 
solvent, reaction temperature, and catalyst. The best solvents for the reaction were found to be tetrahydro- 
furan and 1,2-dimethoxyethane and the best catalyst found was iodine. Under conditions of atmospheric 
pressure reflux using iodine as a catalyst, ra-hexylmagnesium fluoride was produced in 90% yield in 14 days in 
diethyl ether, in 92% yield in 1.2 days in tetrahydrofuran, and in 92% yield in 4 hr in 1,2-dimethoxyethane. 
Under the most favorable conditions fluorobenzene and benzyl fluoride failed to react with magnesium.

For over half a century organic chemists have been 
interested in the preparation of organomagnesium fluo
rides; however, all attempts to prepare and isolate this 
class of compounds have been uniformly unsuccessful. 
The first attempt to prepare an organomagnesium fluo
ride was reported in 1921 by Swarts.2 He found that 
the reaction of amyl fluoride with iodine-activated 
magnesium in diethyl ether after 100-hr reflux produced 
decane and magnesium fluoride. In 1931 Schiemann 
and Pillarsky3 reported that neither fluorobenzene nor 
its ortho methyl or para nitro derivatives reacted with 
magnesium to form the corresponding Grignard re
agent. The same year Gilman and Heck4 reported 
that a small quantity of biphenyl was formed when 
fluorobenzene was heated with magnesium at 300° for 
200 hr in a sealed tube without solvent. When fluoro
benzene was sealed in a tube with activated magne
sium-copper alloy5 in diethyl ether at room temperature 
for 6 months, the reaction mixture gave a negative color 
test6 for the presence of an active organometallic com
pound; however, at the end of 18 months the color test 
was positive. Several attempts were made by Bern
stein and coworkers7 to prepare a Grignard reagent

(1) A preliminary communication concerning this work has appeared: 
E. C. Ashby, S. H. Yu, and R. G. Beach, J. Amer. Chem. Soc., 92, 433 (1970).

(2) F. Swarts, Bull. Soc. Chim. Belg., 30, 302 (1921).
(3) G. Schiemann and R. Pillarsky, Chem. Ber., 64b, 1340 (1931).
(4) H. Gilman and L. H. Heck, J. Amer. Chem. Soc., 63, 377 (1931).
(5) H. Gilman anc N. B. St. John, Reel. Trav. Chim. Pays-Bas, 49, 717 

(1930).
(6) H. Gilman and F. Schulze, J. Amer. Chem. Soc., 47, 2002 (1925).
(7) J. P. Bernstein, J. S. Roth, and W. T. Miller, ibid., 70, 2310 (1948).

from benzyl fluoride. At reflux temperature in diethyl 
ether, no reaction took place. Addition of an iodine 
crystal or of phenylmagnesium bromide failed to ini
tiate reaction. Under more vigorous conditions in di- 
w-butyl ether, polymerization of the benzyl fluoride 
occurred. While ordinary magnesium gave no reac
tion, bibenzyl was obtained from the reaction of benzyl 
fluoride with activated magnesium in diethyl ether at 
100° for 10 days in an autoclave. Thus all attempts to 
prepare fluoro Grignard reagents were frustrated either 
by a lack of reaction between the organo fluorides and 
magnesium or the formation of coupling product.

During our study the possible intermediacy of per- 
fluoroarylmagnesium fluorides was indicated by the re
action of perfluoroaryl compounds with 2 molar equiv 
of ethylmagnesium bromide and a catalytic amount of 
certain transition metal halides in tetrahydrofuran8 
(eq 1) and from the reaction of hexafluorobenzene with

2C2H5MgBr + O.O2 C0 CI, 1. THF
2. H,0+> ■H (1)

91%

C2H5Br 
or +  

BrCH2CH2Br
*•* + #  # - *

(2)

magnesium and an equal molar amount of an entrainer 
such as ethyl or ethylene bromide in tetrahydrofuran

(8) W. L. Respess and C. Tamborski, J. Organometal. Chem., 18, 263 
(1969).
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or diethyl ether9 (eq 2). The intermediacy of a fluoro 
Grignard compound was indicated by hydrolysis of the 
reaction product to produce pentafluorobenzene and by 
the reaction of the product with an organochlorosilane. 
However, no attempt was made to identify or isolate 
the possible intermediate fluoro Grignard compound.

In two preliminary communications we have reported 
the preparation of heretofore unknown hexylmagne- 
sium fluoride in tetrahydrofuran by the reaction of 
hexyl fluoride with magnesium in the presence of suit
able catalysts at reflux temperature1 (eq 3) and the

THF
R F  +  M g ---------- >- RM gF (3)

catalyst

preparation of both aliphatic and aromatic fluoro Gri
gnard reagents by the reaction of dialkyl- and diaryl- 
magnesium compounds with metal halides such as 
BF3 (eq 4), R 2A1F, etc.10 The present report describes

3R 2Mg +  B F 3 — >- 3RM gF +  R 3B  (4)

an investigation of the scope of the reaction represented 
by eq 3 with respect to the nature of the R  group, the 
solvent, and the catalyst in an attempt to arrive at the 
optimum conditions for preparing fluoro Grignard com
pounds.

Experimental Section

All operations were carried out either in a Kewaunee nitrogen- 
filled glove box equipped with a recirculating system to remove 
oxygen and moisture or on the bench using typical Schlenk tube 
and syringe techniques.11 All glassware was flash flamed and 
flushed with nitrogen prior to use. Triply sublimed magnesium 
(Dow Chemical) turnings and reflux conditions were employed in 
all syntheses except when stated otherwise.

Instrumentation.— All infrared spectra were obtained using a 
Perkin-Elmer 621 high resolution grating spectrophotometer and 
cesium iodide or potassium iodide absorption cells. Proton mag
netic resonance spectra were obtained using a Yarian A-60 mag
netic resonance spectrometer (TMS standard). Glpc analyses 
were carried out using an F & M  Model 720 gas chromatograph 
using 3-ft Polypak 2 columns (octane or toluene used as internal 
standard). Organometallic supernatant solutions were with
drawn at appropriate time intervals and quenched in a septum 
sealed bottle containing saturated MgSO, solution. The organic 
layer was subsequently analyzed by glpc for determination of 
per cent yield and per cent reaction.

Chemicals.— n-Ilexyl fluoride was obtained from Columbia 
Organics. Its purity was checked by glpc analysis and found to be 
at least 99% pure. Fluorobenzene was obtained from Eastman 
Organics, benzyl fluoride from Pierce Chemical Co., and ethyl 
bromide and ethylene bromide (analytical grade) from Baker 
Chemicals. Gaseous methyl and ethyl fluorides were obtained 
from Pierce Chemical Co. All of the above were dried using 
molecular sieve 4A and employed without further purification.

Analytical grade iodine and bromine were obtained from Baker 
Chemical. Cobalt chloride and sodium iodide (Baker analyzed) 
were made anhydrous by heating under vacuum. Triply sub
limed magnesium turnings (Dow Chemicals) and magnesium 
powder (Fisher Scientific) were dried under vacuum prior to use.

Anhydrous diethyl ether, tetrahydrofuran (THF), 1,2-di- 
methoxyethane (D M E), and iV.AhV'.V'-tetramethylethylene- 
diamine (T M E D ) were distilled from lithium or sodium aluminum 
hydride, and triethylamine (TEA) from calcium hydride prior 
to use.

Elemental Analyses.—Elemental analyses were carried out on 
hydrolyzed samples of the organometallic supernatant solution. 
Total alkalinity analysis, which gave the concentration of basic

(9) W. L. Respess, J. P. Ward, and C. Tamborski, J. Organometal. Chem., 
19, 191 (1969).

(10) E. C. Ashby and J. A. Nackashi, ibid., 24, C17 (1970).
(11) D. F. Shriver, “ The Manipulation of Air Sensitive Compounds,”

McGraw-Hill, New York, N. Y., 1969.

magnesium (MgB) bonded to carbon, was determined by adding 
a known amount of acid and back-titrating with standard base 
using methyl red as an indicator.12 The same sample was then 
analyzed for total magnesium (M gT) by conventional EDTA 
complexometric titration at pH 10 using Eriochrome Black T  as 
an indicator; occasionally back-titration with zinc acetate was 
applied for sharper end points. Chloride, bromide, and iodide 
were dete-mined by potentiometric titration. The same sample 
was then analyzed for fluoride by the method described by Hogen 
and Tortoric.13

Preparation of Hexylmagnesium Fluoride from Hexyl Fluoride 
and Magnesium in Tetrahydrofuran.— The standard procedure 
used for the preparation of hexylmagnesium fluoride is as follows. 
A weight of 2.5-5.0 g of magnesium turnings and a certain amount 
of solid adivator (e.g., C0CI2, I2) were placed in a 100-ml, one- 
neck flask, with a side arm equipped with a three-way Teflon 
stopcock. To the neck was attached a water condenser and to 
the flask was added a magnetic stirring bar. Then 50-70 ml of 
freshly distilled THF, 2-3 ml of hexyl fluoride, and 2-3 ml of 
internal standard (toluene or octane) were added via syringe 
through the side-arm stopcock under strong nitrogen flow. The 
mixture was allowed to react at reflux temperature for a specified 
period of time. Liquid entrainers (O.ILBr, BrCILCHjBr, or Br2) 
were first dissolved in THF and added dropwise to the reaction 
mixture at reflux temperature. In some cases the magnesium 
was first activated by reaction with butyllithium or ethyl bromide 
in an appropriate solvent. The solution was then decanted prior 
to reaction.

A. Without Activator (Reaction 1).— Hexyl fluoride (3 ml, 
23 mmoF was allowed to react with magnesium (3 g, 123 mg- 
atoms) in 60 ml of THF for 13 days. After standing, analysis 
of the clear supernatant solution showed no soluble magnesium 
and the ratio of hexyl fluoride and octane was const ant during the 
reaction.

B. Butyllithium as Activator (Reaction 2).— Magnesium (5 g, 
206 mg-atoms) was activated by stirring with 15 ml of butyl- 
lithium-hexane solution (1.6 N) in 250 ml of distilled hexane for
I day. Then the solution was decanted and hexyl fluoride (3 ml, 
23 mmol) and THF (60 ml) were added. Analysis indicated 
that the solution contained no magnesium after 9 days of stirring 
at room temperature or after 3 days of additional reflux.

C. Bromine as Activator (Reaction 5).— Hexyl fluoride (3 ml, 
23 mmoli was allowed to react with magnesium (3 g, 123 mg- 
atoms) in 50 ml of THF with bromine (0.1 ml) as activator. A 
light brown solution was formed after 5 days. Anal. MgT, 0.529 
N; F, 0.41 iV; Br, 0.073 N  (97% reaction, 72% yield.)

D . Ethylene Bromide as Activator (Reaction 6).— Hexyl 
fluoride (5 ml, 38 mmol) was allowed to react with magnesium 
powder (3 g, 123 mg-atoms) in 75 ml of THF with ethylene bro
mide (0.1 ml) as activator for 22 days. Anal. M gs, 0.879 N ; 
M gT, 0.699 N ; F, 0.578 N; Br, 0.011 N  (100% reaction, 42%  
yield).

E. Ethyl Bromide as Activator (Reaction 7).— Hexyl fluoride 
(3 ml, 23 mmol) was allowed to react with magnesium (3 g, 123 
mg-atoms) in 50 ml of THF using ethyl bromide as activator.

Reaction 7a (1 drop of ethyl bromide was used). Anal, after 
22 days. Mgp, 0.458 N; MgT, 0.288 N;  F, 0.199 N ; Br, 0.02 
N  (100% reaction, 94% yield).

Reaction 7b [1 ml (13 mmol) of ethyl bromide was used].
Anal. after 8 days. MgB, 0.63.3 N; Mg r, 0.550 N; F, 0.266 .V; 

Br, 0.201 iV (95% reaction, 92% yield).
Reaction 7c [2 ml (26 mmol) of ethyl bromide was used]. 

Aral, after 8 days. M gn, 0.936 N;  M gT, 0.850 N ; F, 0.257 N ; 
Br, 0.567 N  (99% reaction, 97 yield).

Reaction 7d [magnesium powder (4 g, 165 mg-atoms) was 
activated by ethyl bromide (4 ml, 53 mmol) followed by decanta
tion of ethylmagnesium bromide solution]. Anal, after 8.5 
days (63% reaction, 51% yield). Anal, after 20 days. MgB, 
0.574 N ; M gT, 0.409 N; F, 0.282 N; Br, 0.012 V  (96% reaction, 
63% yield).

? . Anhydrous Sodium Iodide as Activator (Reaction 3).—
Hexyl fluoride (3 ml, 23 mmol) was allowed to react with mag
nesium (S g, 123 mg-atoms) in 60 ml of THF using sodium iodide 
(0.17 g, 1.1 mmol) as activator. No reaction took place after
II days.

G. Anhydrous Cobalt Chloride as Activator (Reaction 4).—

(12) H. Gilman, E. Zoellner, and J. Dickey, J. Amer. Chem. Soc., 51, 1576 
(1929).

(13) J. M. Hogen and F. Tortoric, Anal. Chem., 39, 221 (1967).
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Hexyl fluoride (3 ml, 23 mmol) was allowed to react with mag
nesium (3 g, 123 mg-atoms) in 50 ml of THF using cobalt chloride 
(0.06 g, 0.5 mmol) as activator for 21 days. Anal. M gB, 0.504 
N ; M gT, 0.389 N ; F, 0.313 N ; Cl, 0.011 N  (98% reaction, 
95% yield).

H. Iodine as Activator (Reaction 8).— Hexyl fluoride (3 ml, 
23 mmol) was allowed to react with magnesium (3 g, 123 mg- 
atoms) in 70 ml of THF using iodine as the activator.

Reaction 8a [0.025 g (0.1 mmol) of iodine was used]. No re
action took place even after 24 days.

Reaction 8b [0.068 g (0.3 mmol) of iodine was used]. Anal. 
after 5 days. M gB, 0.338 N;  M gT, 0.285 N ; F, 0.232 N;  I, 
0.004 N (97% reaction, 95%  yield).

Reaction 8c [0.26 g (1.0 mmol) of iodine was used]. Anal. 
after 5 days. M gB, 0.380 N;  M gT, 0.340 N ; F, 0.306 N ; I, 
0.01 N  (100% reaction, 97%  yield).

When reaction 8c using 0.26 g of iodine was repeated in 40 ml of 
THF for a longer period of time (reaction 8d), the yield did not 
decrease over a 6-14-day reflux period. Anal. M gB, 0.511 N; 
Mgx, 0.473 N ; F, 0.489 N ; I, 0.014 N  (100% reaction, 94% 
yield).

Reaction 8e [0.33 g (1.3 mmol) of iodine was used and the re
action was carried out in 60 ml of THF at 24°]. Anal, after 36 
days. MgB, 0.306 N; M gT, 0.285 N ; F, 0.256 N ; I; 0.008 N  
(95% reaction, 93%  yield).

I. Hexylmagnesium Fluoride Solution as Activator (Reaction
9).— Hexyl fluoride (3 ml, 23 mmol) was allowed to react with 
magnesium (3 g, 123 mg-atoms) in 60 ml of THF using 10 ml of
0. 285 .V hexylmagnesium fluoride solution (from reaction 8b). 
Anal, after 12 days. M gB, 0.390 N ; MgT, 0.264 N ; 0.181 Ar;
1, 0.002 .Y (97% reaction, 95%  yield).

Preparation of Hexylmagnesium Fluoride from Hexyl Fluoride 
in Other Solvents.— The method used for the preparation of hexyl
magnesium fluoride in othr solvents is similar to that used for the 
preparation in THF.

A. Diethyl Ether (Reaction 10).— Hexyl fluoride (3 ml, 23 
mmol) was allowed to react with magnesium (3 g, 123 mg-atoms) 
in 70 ml of diethyl ether using iodine (0.251 g, 0.99 mmol) as 
activator. Anal, after 13 days. M gB, 0.346 N ; Mgx, 0.274 N; 
F, 0.195 N; I, 0.03 N  (88%  reaction, 83%  yield).

B. Dimethoxyethane (Reaction 11).— Hexyl fluoride (3 ml, 
23 mmol) was allowed to react with magnesium (3 g, 123 mg- 
atoms) in 55 ml of DM E using iodine (0.186 g, 0.73 mmol) as 
activator. Anal, after 7 hr. M gB, 0.327 N ; Mgx, 0.334 N; 
F, 0.295 N ; I, 0.019 N  (99% reaction, 95% yield).

C. A’,Af,iY',A'-Tetramethylethylenediamine (Reaction 12) 
and Triethylamine (Reaction 13).— Hexyl fluoride (3 ml, 23 
mmol) was allowed to react with magnesium (3 g, 123 mg- 
atoms) in 50 ml of TM ED with iodine (0.20 g, 0.7 mmol) and in 
a separate experiment using 60 ml of TEA with iodine (0.30 g,
1.2 mmol) for 7 hr. Analyses showed in each case a negligible 
amount of magnesium in solution, and the formation of hexene.

Attempted Preparation of Phenylmagnesium Fluoride.— Fluoro- 
benzene (3 ml, 32 mmol) was allowed to react with magnesium 
(3 g, 123 mg-atoms) in 75 ml of THF using iodine (0.36 g, 1.4 
mmol) as activator (reaction 14a). After 14 days, analysis 
showed negligible reaction. The reaction also did not take place 
in 60 ml of DM E using iodine (0.34 g, 1.3 mmol) as activator 
after 8 days (reaction 14b).

Attempted Preparation of Benzylmagnesium Fluoride (Reac
tion 15).— Benzyl fluoride (3 ml, 20.8 mmol) was allowed to react 
with magnesium (3 g, 123 mg-atoms) in 75 ml of THF using 
iodine (0.22 g, 0.87 mmol) as activator. After 13 days, analysis 
showed negligible reaction.

Preparation of Ethylmagnesium Fluoride (Reaction 16a).—•
Ethyl fluoride (4.9 g, 102 mmol) was passed through a tube of 
molecular sieve (4A) and then introduced through a side arm at 
the bottom of a Dry Ice condenser into the reaction flask con
taining magnesium (3 g, 123 mg-atoms), iodine (0.23 g, 0.9 
mmol), and 75 ml of THF. Anal, after 2.5 days. M gB, 0.339 
Ay Mgx, 0.300 N;  F, 0.278 Ay I, 0.014 N  (36% yield).

Preparation of Methylmagnesium Fluoride and Other Alkyl- 
magnesium Fluorides by Autoclave Techniques.— The prepara
tion of methylmagnesium fluoride will illustrate the method em
ployed. A weighed amount of magnesium was placed in the 
autoclave. The autoclave was flash flamed under nitrogen and 
kept under vacuum for 3 hr. Then the apparatus was cooled 
with Dry Ice-acetone and the desired solvent containing a 
certain amount of iodine was introduced under a nitrogen flow. 
After the solvent was cooled, methyl fluoride was passed through

a tube of molecular sieve and introduced into the autoclave. 
The autoclave was then sealed and the reaction carried out at 
the desired temperature with stirring.

When the reaction was carried out with excess methyl fluoride 
(32.4 g, 953 mmol), magnesium (5 g, 205 mg-atoms), and iodine 
(0.57 g, 2.2 mmol) in 100 ml of THF at 70° for 5 days (reaction 
17a), analysis showed negligible magnesium in solution and glpc 
analysis of the solution indicated more than 25 peaks.

The reaction was then carried out with approximately equimolar 
quantities of methyl fluoride (8 g, 235 mmol) and magnesium 
(5 g, 205 mg-atoms) plus iodine (0.38 g, 1.5 mmol) in 100 ml of 
THF at 60° for 3 days (reaction 17b). Analyses showed the 
resultant solution to be 0.0295 N  in M gB and 0.0175 N  in Mgx. 
Glpc analysis of the solution showed 10 peaks.

A similar reaction (reaction 17c) was carried out in 60 ml of 
DM E with methyl fluoride (10 g, 290 mmol), magnesium (10 g, 
410 mg-atoms), and iodine (0.47 g, 1.9 mmol) at 60° for 4 hr. 
Anal. M gB, 0.910 N ; Mgx, 0.519 Ay 0.070 A’ ; I, 0.039 N.

The reaction was then carried out under milder conditions with 
methyl fluoride (6.8 g, 200 mmol), magnesium (10 g, 410 mg- 
atoms), and iodine (0.54 g, 2.1 mmol) in 75 ml of THF at room 
temperature for 1.5 days (reaction 17d). Anal. M gB, 2.21 A'; 
Mgx, 2.23 N ; F, 2.24 N ; I, 0.03 N.

The reaction was also carried out in 70 ml of diethyl ether with 
methyl fluoride (6.7 g, 197 mmol), magnesium (10 g, 410 mg- 
atoms), and iodine (0.50 g, 1.8 mmol) at room temperature for 3 
days (reaction 17e). Analyses showed it to be 0.36 N  in MejMg 
and to have a negligible F concentration.

An attempt was also made to prepare ethylmagnesium fluoride 
at room temperature in an autoclave (reaction 16b) by reaction 
of ethyl fluoride (7.48, 154 mmol), magnesium (10 g, 410 mg- 
atoms), and iodine (0.62 g, 2.4 mmol) in 75 ml of diethyl ether 
for 2 days. Anal. M gB, 0.270 N ; Mgx, 0.173 N ; F, 0; I, 
0.03 N.

An attempt was made (reaction 18) to prepare hexylmagnesium 
fluoride in diethyl ether at 90° in an autoclave by reaction of 
hexyl fluoride (2 ml, 15 mmol), magnesium (4, g, 164 mg-atoms), 
and iodine (0.21 g, 0.82 mmol) for 24 hr. Anal. M gB, 0.122 N; 
Mgx, 0.0726 N ; F, 0.0165 N ; 0.009 N  (98% reaction).

Stability of Alkylmagnesium Fluorides.— A THF solution of 
freshly prepared ethylmagnesium fluoride (reaction 16a) gave 
the following analysis: 0.339 N  in M gB, 0.300 N  in Mgx, and
1.12 N  in M gB-M gT. After the solution stood for 4 months, the 
analysis was 0.325 AT in M gB, 0.298 N  in M gx, and 1.09 AT in 
M gB-M gT.

A diethyl ether solution of freshly prepared hexylmagnesium 
fluoride gave the following analysis: 1.290 A' in M gB, 1.188 N 
in Mgx, and 1.08 M  in M gBO M gT. When 15 ml of the solution 
was heated at 85° for 15 days in a sealed tube, the following 
analysis was obtained: 1.514 N  in M gB, 1.316 AT in Mgx, and
1.15 N  in M gB-M gT -14

A THF solution of hexylmagnesium fluoride was 1.086 N  in 
M gB, 0.998 AT in M gT, and 1.09 N  in M gB-MgT- After the 
solution stood for 4 months at room temperature the solution 
analyzed as 1.051 N  in Mgn, 1.044 N  in Mgx, and 1.01 N  in 
MgB-Mgx.

Results and Discussion

For the direct synthesis of difficultly formed Grignard 
reagents three modifications of the usual procedure for 
reacting an organic halide with magnesium have been 
employed: (1) use of a stronger coordinating solvent,
(2) application of higher reaction temperatures, and
(3) activation of the magnesium metal.15 The third 
method consists of activation of the magnesium by re
duction of the size of the metal particles or by chemical 
reaction. The Gilman catalyst (a combination of mag
nesium and iodine) is a well-known example of chemical 
activation. Ethyl bromide or ethylene bromide is also 
used in catalytic amount to activate the magnesium 
surface and in molar quantities as an entraîner. Using

(14) The differences in concentration observed is probably due to evapora
tion of ether solvent during the handling of these highly volatile solutions 
under conditions of rapid nitrogen purge.

(15) E. Pearson, D. Cowan, and J. D. Becker, J. Org. Chem., 24, 504 
(1959).
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P r e p a r a t io n  o f  H e x y l m a g n e siu m  F lu o r id e “ «

Reaction Mol % of Reaction
no. Solvent Catalyst catalyst * time, day % yield« MgB : M gr ■ Ff

1 THF None 0 13 0
2 THF n-BuLi» 9 0
3 THF Nal 4 .8 11 0
4 THF CoCl2 2.1 7 0

21 95 1 .29 :1 :0 .80
5 THF Br2 8 5 72 (97) • • • : 1:0 .92
6 THF BrCH2CH2Br 1.1 7.5 88

22.5 42 (100) 1 .26 :1 :0 .84
7a THF C2H 6Br 2.2 5 0

14 87
22 94 1 .60 :1 :0 .44

7b THF C2H5Br 58 1.5 86
2.5 91
8 .0 92 1 .24 :1 :0 .76

7c THF C2H 5Br 113 1.5 91
8.0 96

14.0 97 1.30:1 :0 .91
7d THF C2H 6Br» 2 .6 8.5 51 (63)

20 63 (96) 1 .41 :1 :0 .71
8a THF I 2 0.4 24 0
8b THF I 2 1.3 1 .2 48 1.18 :1 :0 .82

1 .8 71
3.8 95
5 97

8c THF I 2 4.3 0.3 41
0.8 77
1.2 92
5 97 1 .12 :1 :0 .93

8d THF I2 4.3 6 95
14 94 1.06 :1 :1 .06

8e THF I2 5.7 3 11
13 46
20 68
28 84
36 93 1.07 :1 :0 .92

9 THF n-C,H13M gF‘ 12.5 2 26
6 73

12 95 1 .48 :1 :0 .68
10 (C2H5)20 I2 4 .3 3 11

7 36
10 61
13 83 1 .27 :1 :0 .72

11 DME I2 3.2 0.2 92
0.3 95 1.01:1:0.91

12 TM ED ‘ I2 3.0 0.3 0
13 TEA* I2 5.2 0.3 0

“ All reactions run at reflux temperatures and using magnesium turnings except reactions 8e at room temperature and reactions 6 
and 7d using Mg powder. b M g: RF, .5.4, except in reactions 2 and 6 where M g : RF = 8.9 and 3.2 respectively. « . . . indicate that 
no measurement was made. d Based on organo fluoride. • Based on the formation of hexane by glpc analysis. If the per cent, yield 
is different from the per cent extent of reaction by more than 5%, the per cent reaction is given in parentheses. 1 Impurities introduced 
by catalyst are excluded: MgB, total alkalinity; Mg-r, total magnesium; F, fluo-ide. ° After magnesium was activated, the solution 
was withdrawn before adding hexyl fluoride. h Hexylmagnesium fluoride (10 ml) from reaction 8b. * Dehydrohalogenation occurred.

a combination of all three methods (solvent, tempera
ture, and catalyst), we have been able to prepare for 
the first time alkylmagnesium fluorides conveniently 
and in high yields (eq 5). The following facts are most

catalyst
RF +  M g --------------- >- RM gF (5)

ether solvent

certain evidences for the formation of the alkylmag
nesium fluorides. First, elemental analyses show that 
the solutions produced on reaction of alkyl fluorides 
and magnesium contains C -M g, Mg, and F in the ratio 
of approximately 1 :1 :1 . Second, the formation of the 
C -M g  bond is indicated by both ir and nmr spectral

analysis and by the alkylating properties of the solu
tions. Third, molecular association studies show a be
havior different from that of organomagnesium chlo
rides, bromides and iodides.

To investigate the effect of solvent, catalyst, tem
perature, reaction time, etc., on the formation of fluoro 
Grignard reagents from organo fluorides and magne
sium, n-hexyl fluoride was allowed to ract with magne
sium under a varity of experimental conditions. Hexyl 
fluoride was chosen for this study since it is a liquid at 
room temperature and is commercially available. Dur
ing the reactions to be studied, samples were withdrawn 
periodically. The yield was calculated from the amount
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of hexane formed after hydrolysis as determined by 
glpc analysis. A t the end of the reaction, the solution 
was subjected to elemental analyses (total alkalinity, 
E D T A  titration, and fluoride and other halide deter
minations) and in addition, in some cases, ir and nmr 
spectra were obtained. The results are summarized in 
Table I.

Without a catalyst, no reaction was observed when 
hexyl fluoride was allowed to react with magnesium in 
tetrahydrofuran for 13 days (reaction 1). No reaction 
occurred even when attempts were made to activate the 
magnesium by stirring with n-butyllithium in hexane 
overnight before attempting to initiate the reaction 
(reaction 2). Addition of sodium iodide (reaction 3) 
or cobalt chloride (reaction 4) had no effect, except after 
an induction period of 7 days when cobalt chloride was 
used as a catalyst. Although the reaction is slow, the 
fluoro Grignard compound was produced in 95%  yield 
after 21 days. Addition of a catalytic amount of bro
mine (reaction 5), ethylene bromide (reaction 6), ethyl 
bromide (reaction 7), or iodine (reaction 8) also cata
lyzed the formation of the fluoro Grignard. In an at
tempt to decrease the contamination of the product 
brought about by the addition of a catalyst, hexylmag- 
nesium fluoride from reaction 8b was used as an activa
tor (reaction 9). After 12.5 days, a 95%  yield of soluble 
magnesium product was obtained; however, the reaction 
was slow and the reaction product exhibited a low M g: F 
ratio, 1.0:0.68.

It is interesting to note that no coupling product, do- 
decane, or octane was observed except when ethylmag- 
nesium bromide was used as the entrainer. On the 
other hand three unidentified peaks were observed by 
glpc analysis of a hydrolyzed sample of hexylmagne- 
sium fluoride. Except when rtiagnesium powder was 
used (reaction 6 and 7d), less than 5 %  by-product was 
observed. The amount of by-product did not vary sub
stantially from experiment to experiment regardless of 
the nature of the catalyst or reaction time.

The best results in TH F solvent were obtained when 
iodine (4% ) was used as a catalyst. Hexylmagnesium 
fluoride (M g:F , 1.0:0.93) was produced in 92%  yield in 
only 1.2 days (reaction 8c). Iodine is not only the most 
efficient catalyst studied (Table II), but also the reac-

T a b l e  II
E f f e c t  o f  C a t a l y s t  on  t h e  R e a c t io n  T im e “

Reaction
no. Catalyst

Catalyst,
%

Time,
days

8b i 2 1.3 3
6 BrCH2CH2Br 1.1 6
7a C2H5Br 2.2 13
4 CoCl2 2.1 20.5

“ For 90% reaction of hexyl fluoride with magnesium in THF.

tion product is less contaminated owing to the unusually 
low solubility of magnesium iodide in tetrahydrofuran 
(< 3 %  based on RM gF). For this reason iodine was 
selected as the catalyst to be used in subsequent studies 
involving solvent and temperature effects in the prep
are tion of hexyl- and other organomagnesium fluorides.

Reference to Table III shows that the solvent and re
action temperature have a dramatic effect on the reac
tion rate. For the same amount of iodide catalyst 
used, the time required for 9 0%  reaction at reflux tem-

T a b l e  III
E ff e c ts  o f  So l v e n t  a n d  T e m p e r a t u r e  

on  R e a c t io n  R a t e “
Reaction Temp, Time,

no. Solvent °C days
10 (C2H6)20 35 13.5
8c THF 66 1.2

11 DM E 90 < 0.2
8e TH F 25 24

18 (C2H5)20 906 <1
“ For 90% reaction of hexyl fluoride. b Only 25% of hexyl

magnesium compound is fluoride.

perature became much less as the solvent was changed 
from diethyl ether to tetrahydrofuran to 1,2-dime- 
thoxyethane. When the reaction was carried out in 
tetrahydrofuran at room temperature (24°), the time 
required for 90%  reaction was longer than that required 
in diethyl ether at reflux temperature (> 3 5 °). When 
the reaction was carried out in diethyl ether at 90°, the 
rate was similar to that achieved in tetrahydrofuran at 
reflux temperature. These results clearly indicated that 
the reaction temperature, and to a lesser extent solvent, 
plays an important role in the rate of reaction. A t
tempts to prepare hexylmagnesium fluoride in N,N,- 
N',N '-tetramethylethylenediamine and triethylamine 
failed (reactions 12 and 13). Dehydrohalogenation of 
hexyl fluoride by these solvents appeared to be a major 
reaction at reflux temperatures.

The data in Table IV show that, although reaction

T a b l e  IV
E f f e c t  o f  C a t a l y s t  C o n c e n t r a t io n  

on  R e a c t io n  R a t e “
Reaction Catalyst, Time,

no. Catalyst % days
7a C2H5Br 2.2 17.5
7b C2H5Br 58 2
7c C2H5Br 113 1.4
8a I2 0.4 CO

8b I2 1.3 3
8c I2 4.3 1.2

“ For 90% reaction of hexyl fluoride.

time can be substantially shortened by addition of 
larger amounts of catalyst, a low optimum catalyst con
centration exists beyond which only a slight increase in 
reaction rate is observed.

All attempts to prepare phenyl- and benzylmagne- 
sium fluoride failed (Table V). Even in the presence of 
iodine as a catalyst, fluorobenzene and benzyl fluoride 
failed to react with magnesium in tetrahydrofuran dur
ing a 13-day reflux period. However methyl- and 
ethylmagnesium fluoride were successfully prepared in 
tetrahydrofuran using iodine as activator. Because of 
the low boiling point of ethyl fluoride ( — 37.7°), the con
ventional apparatus using a Dry Ice condenser under 
conditions of tetrahydrofuran reflux was very incon
venient and only 36%  yield of product was obtained 
owing to the escape of ethyl fluoride during the reaction. 
Because of this problem the synthesis of méthylmagné
sium fluoride from methyl fluoride (bp —78°) was car
ried out in an autoclave. The reaction was carried out 
using excess methyl fluoride since fluoride could be 
easily removed from the reaction mixture. A  reaction 
was therefore carried out with excess methyl fluoride 
(MeF : Mg, 4.6) at 70° for 5 days (reaction 17a). How-
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T a b l e  V

P r e p a r a t io n  o f  O r g a n o m a g n e siu m  F lu o r id e s  in  E t h e r  So lv e n t s  U sin g  I o d in e  a s  a  C a t a l y s t "
Reaction Reaction Mol % of Reaction %

M gB:M gT:Fdno. Organo fluoride Solvent temp, °C M g:RF catalyst6 time, day yield»

14a PhF THF 66 3.8 4 .4 14 0
14b PhF DM E 90 3.8 4.1 8 0
15 PhCH2F THF 66 6.1 4 .2 13 0
16a c 2h 6f THF 66 1.2 0.9 2.5 36 1 .13 :1 :0 .96
16b c 2h 6f THF 25 2.7 1.5 2 13 1 .57 :1 :0
17a c h 3f THF 70 0.22 0.2 5 0
17b c h 3f THF 60 0.88 0.6 3 1.2 1.68: 1:•••«
17c CH„F DM E 60 1.4 0 .6 0.2 19 1 .82 :1 :0 .15
17d CH3F THF 25 2.1 1 1.5 95 0 .9 9 :1 :1 .02
17e c h 3f (C2H 5)20 25 2.1 1 3 13 2 . 12: 1:0
18 n-CeHi3F (C2H 5)20 90 11 5.5 1 95 1 .77 :1 :0 .25

“ Reactions were carried out in an autoclave except for reactions 14, 15, and 16a. 6 Based on organo fluoride. » Yield determined by 
titration. d Impurities introduced by catalyst are excluded. MgB, total alkalinity; Mgr, total magnesium; F, fluoride, »•••in
dicated that no measurement was made.

ever, analysis showed negligible magnesium in solution 
and glpc analysis of the solution showed more than 25 
different components to be present. The reaction was 
then carried out using a slight excess of methyl fluoride 
(M eF :M e, 1.1) at a lower temperature for 3 days (reac
tion 17b). Although glpc analysis of the solution 
showed only 10 peaks, magnesium analyses (M b and 
Mgx) showed that only a very small amount (1.2% ) of 
dimethylmagnesium was formed. The failure of these 
reactions was probably due to the polymerization of 
methyl fluoride. The reaction was then carried out in
1,2-dimethoxyethane with excess magnesium at 60° for 
4 hr (reaction 17c). Although 19%  yield of a CH3M g  
compound was formed, only 15%  of this was CH3MgF. 
Finally the reaction was successfully carried out with 
excess magnesium in tetrahydrofuran at room tempera
ture for 1.5 days (reaction 17d). Méthylmagnésium 
fluoride was obtained in 95%  yield. Attempts to pre
pare methyl- and ethylmagnesium fluorides in diethyl 
ether using autoclave techniques failed (reaction 17e 
and 16b); the reactions were slow; and only dialkyl- 
magnesium compounds were obtained. Since the prep
aration of hexyl magnesium fluoride in diethyl ether is 
extremely slow, the reaction was carried out at 90° in an 
autoclave. The reaction was indeed accelerated dra
matically at higher temperature and gave 95%  yield 
based on soluble magnesium (reaction 18) in 24 hr. 
However, analyses indicated that the product contained 
only 25%  fluoro Grignard.

The elemental analyses (Tables I and V) show that 
the products from the reactions of alkyl fluorides and 
magnesium contain in most cases a ratio of M gB:M gT 
of > 1  and a M g :F ratio of < 1 . The basic magnesium 
is obtained by acid-base titration (M gB for RM gF, 1; 
R2Mg, 2) and total magnesium is obtained by E D TA  
analysis (M gT for RM gF, 1; R2Mg, 1). These results 
clearly indicate that disproportionation occurs producing 
a product of low fluoride content and therefore high 
R2M g content. However, disproportionation was not 
complete in most cases and usually solutions had a 
M gB : M gT ratio between 1.3 and 1. It is presumed 
that disproportionation took place during the formation 
step since alkylmagnesium fluorides appear to be very 
stable in solution once formed. Magnesium analyses 
showed no change in concentration or M gB:M g T ratio 
for tetrahydrofuran solutions of ethyl- and hexylmag-

nesium fluoride after four months. Also hexylmagne- 
sium fluoride in diethyl ether showed no change in the 
M gB : Mgx ratio after heating at 85° for 15 days in a 
sealed tube.

The low M g :F ratios are not surprising since dispro
portionation in Grignard systems is well known. For 
example, the attempted preparation of organomagne
sium iodides in tetrahydrofuran results in the precipita
tion of M gI-6TH F leaving the dialkyl magnesium com
pound in solution.16 The failure of the preparation of 
methyl- and ethylmagnesium fluoride in diethyl ether is 
probably due to the complete disproportionation in this 
solvent resulting in the precipitation of M gF2 and so
lution of the dialkylmagnesium compound which is 
exactly what was observed. Presumably tetrahydro
furan being a more polar solvent solvates the reaction in
termediates better during formation of the Grignard 
compound and lessens disproportionation. Once the 
fluoro Grignard compound is formed in either diethyl 
ether or tetrahydrofuran the compound is stable in
definitely. The lack of precipitation of the very in
soluble MgF2 from solution certainly indicates the ab
sence of a Schlenk equilibrium. Molecular association 
and nmr studies to be reported on in detail elsewhere 
indicate the composition of primary alkylmagnesium 
fluorides in either diethyl ether or tetrahydrofuran 
solution as discrete dimers bound by a double fluorine 
bridge.

R\  /  \
/ Mg\

Registry N o .— Hexylmagnesium fluoride, 25400-60-6; 
ethylmagnesium fluoride, 28596-49-8; méthylmagné
sium fluoride, 420-09-7.
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The deconjugation of 19-hydroxy-A4.6-3 ketones 1 and 2 and of 10-methyl-A4-6-3 ketone 3 to A4 7-3 ketones 7, 
8, and 9 by treatment with sodium methoxide in dimethyl sulfoxide and subsequent treatment of the basic mix
ture with aqueous hydrochloric acid is described. Under the same conditions 4-chloro-19-hydroxy-A4 6-3 ketone 
15 gave an unstable product which was considered to be the free enol 16 and which on treatment with pyridine 
gave 8,19-oxide 11. Oxidation of 19-hydroxy-A4'7-3 ketones 7 and 8 with ferric chloride also led to 8,19-oxide 
formation yielding compounds 10 and 11, respectively. The effect of methanol on the deconjugation of A4-6-3 
ketone 3 and its 19-hydroxy analog 1 was studied, and it was found that increasing amounts of methanol in the 
basic reaction mixture inhibit the deconjugation of the former ketone more than that of the latter. It was con
cluded that during the base treatment the 19-hydroxy group, in its anionic form, assists in the conversion of 1 to 
the intermediate enol anion 4 by abstracting the proton from the 8/3 position. The preparation of 4-chloro-19- 
hydroxy-A4»6-3 ketone 15 from 6,19-oxide 12 is described.

Recently in these laboratorieslb the deconjugation of 
estra-4,6-diene-3,17-dione and 6-dehydrotestosterone to 
the corresponding A4'7-3 ketones has been accomplished. 
The deconjugations were affected by deprotonation of 
the A4-6-3 ketones with base in dimethyl sulfoxide and 
subsequent protonation of the thus formed 3,5,7-trien-
3- ol anions by treatment with acid. It appeared in
teresting to attempt the deconjugation of A4'6-3 ketones 
carrying substituents which may be expected to exert a 
pronounced effect on the deconjugation itself as well as 
on the reactivity of the products formed. Accord
ingly, as a first venture into this rather large field of 
study, 19-hydroxy-A4'6-3 ketones 1 and 2 and 4-chloro-
19-hydroxv-A4’6-3 ketone 15 (Scheme I) were subjected 
to deconjugation conditions.

Treatment of A4'6-3 ketones 1 and 2 with sodium 
methoxide in dimethyl sulfoxide and subsequent treat
ment with excess aqueous hydrochloric acid yielded 
precipitates consisting essentially of A4'7-3 ketones 7 
and 8, respectively. A  similar treatment afforded 
10-methyl-A4'7-3 ketone 9 from A4’6-3 ketone 3, though 
as a more impure material, from which the pure product 
could only be isolated by chromatography. By con
trast, 4-chloro-19-hydroxy-A4>6-3 ketone 15 did not 
give the corresponding A4'7-3 ketone 18 under the above 
deconjugation conditions but a precipitate which had 
uv max 305 (sh) and 318 and 333 mp (sh). After 
being allowed to stand at room temperature for several 
hours, the precipitate changed into a material having 
uv max 255 (major peak) and 298 mju (minor peak). 
The uv spectrum thus indicates that the freshly filtered 
precipitate is 4-chloro-3,5,7-trien-3-ol (16), which then 
on standing converts mainly into 4-chloro-A4’7-3-keto 
steroid 18.2 Attempts failed to isolate the latter com
pound in the pure form.

Attempted acetylation of 3,19-diol 16 with acetic 
anhydride and pyridine gave 8,19-oxido-A4'6-3 ketone 
11 and it was also found that this conversion proceeds 
in pyridine alone. Possibly the free enol 16 yields first 
the unstable A5’7-3 ketone 17 in which the 4-chlorine 
atom is in an allylic position to the double bond in 
position 5. Intramolecular substitution with rear
rangement3 would then be expected to lead to a facile

(1) (a) Bio-Research Laboratories, Pte. Claire, Quebec, Canada, (b) 
D. S. Irvine and G. Kruger, J . Org. Chem,., 35, 2418 (1970).

(2) H. Mori, Chem. Pharm. Bull., 10, 429 (1962), and references therein;
4- chlorotestosterone acetate also has uv max 255 mg.

(3) C. K. Ingold, “ Structure and Mechanism in Organic Chemistry,”
G. Bell and Sons Ltd., London, 1953, pp 589, 596.

expulsion of the chlorine atom by the 19-hydroxy group 
yielding 8,19-oxide 11 and pyridinium hydrochloride.

Oxidation of 19-hydroxy-A4'7-3 ketones 7 and 8 with 
anhydrous ferric chloride in methanol-tetrahydrofuran 
(1:1) also led to 8,19-oxide formation yielding 10 or 11, 
respectively. An 8,19-oxide, which in subsequent re
actions gave 8,19-oxidoprogesterone, has previously 
been obtained as a by-product on treatment of 3/3,5,- 
14,19-tetrahydroxy-5/3,14/3-etianic acid with ethanolic 
hydrogen chloride.4

The apparently rather ready interaction of the 19- 
hydroxy group with the 8-carbon atom in the formation 
of 8,19-oxides 10 and 11 is paralleled by the interaction 
of the 19-hydroxy group with the 2-carbon atom in the 
conversion of 2a-halo-19-acetoxy-A4'6-3 ketones to the 
corresponding 2,19-oxido-A4'6-3 ketones under hy
drolysis conditions.5 An interaction of the 19-alkoxy 
group with the acidic hydrogen atoms in the 2/3 and 8/3 
position during the base treatment in the deconjugation 
of the 19-hydroxy-A4'6-3 ketones 1 and 2 may then also 
be expected. That this is so has been indicated by 
comparative studies on the effect of methanol in the 
basic mixture on the deconjugation of 19-hydroxy- 
A4-6-3 ketone 1 and its 10-methyl analog 3 to the cor
responding A4'7-3-ones 7 and 9, respectively. In the 
blank reaction the solvent employed consisted of equal 
volumes of dimethyl sulfoxide and tetrahydrofuran. 
The latter solvent was then replaced by increasing 
amounts of methanol in subsequent reactions. Because 
of the presence of methanol and tetrahydrofuran as 
cosolvents, the comparative reactions could be carried 
out at the convenient temperature of 2° (melting 
point of dimethyl sulfoxide 18°).

The experimental results indicate that increasing 
proportions of methanol in the cosolvent mixture in
hibit the deconjugation. Such an inhibition can be 
ascribed to a decrease of the basicity of the methoxide 
anion due to hydrogen bonding6 with the protic meth
anol. The experiments indicate in particular that the 
deconjugation of A4’6-3-one 3 is considerably more in
hibited by the presence of methanol than the decon
jugation of the analogous 19-alcohol 1. Thus, for 
example, when the cosolvent mixture contained 60%  
of methanol, inhibition of the deconjugation of 3 was 
found to be virtually complete while the deconjugation

(4) K. Otto and M. Ehrenstein, J. Org. Chem., 26, 2871 (1961).
(5) G. Kruger and A. Verwijs, ibid., 35, 2415 (1970).
(6) A. J. Parker, Quart. Rev., Chem. Soc., 16, 163, 175 (1962), and references 

therein.
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Sch em e  I

1, R, =  CH2OH; R2 =  0
2, Ri =CH2OH; R, -  /J-0-Piv,a-H
3, R ,= C H 3; R j = 0

1

4 ,  R i =  CH20 H ;R 2 =  0
5, R, =  CH20 H ; Rj -  /3-0-Piv, «-H

6 , ^ - C H j/R j - O
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R*

7, R! =  C H ^ H ; R j =  0
8, R! *= CH20H ; R. =  0-O-Piv, a-H

9, R j— C H i R2 =  0

1

OPiv

13

14, R = Ac
15, R =  H

10, R = 0
11, R —  /3-O-Piv, a-H 16

18

0

Piv =  CC(CH3)3

of 1 was only moderately inhibited and 4,7-diene 7 was 
still the major product (see Experimental Section). 
The difference in degree of inhibition by methanol may 
be rationalized by the assumption that the 19-alkoxide 
anion of 1, which can be expected to form even in the 
presence of relatively large amounts of methanol,

accepts the proton from the 8/3 position by intramolec
ular abstraction. Alternately the 19-alkoxide anion 
may first remove the more acidic7 2/3 proton to yield the 
corresponding 2,4,6-trien-3-ol anion. Subsequent suc
cessive intramolecular migration of the 19-hydroxy 
proton to the anionic 3-oxygen atom of the latter and of 
the 8/8 proton to the 19-oxygen atom could then yield 
the thermodynamically8 more stable 3,5,7-trien-3-ol 
anion 4. In the 10-methyl-A4'6-3-one 38 no such intra
molecular proton abstraction or transport is possible 
and thus considerably more basic conditions are re
quired for its conversion to the 3,5,7-trien-3-ol anion
6 .

The preparation of the 4-chloro-19-hydroxy-A4'6-3 
ketone IS commenced with the 6,19-oxido-A4-3 ketone
12.5 Treatment with sulfuryl chloride and collidine in 
carbon tetrachloride at elevated temperature gave the
4-chloro derivative 13. Previously steroidal A4-3 
ketones have been converted in good yield to the
4-chloro analogs with sulfuryl chloride in pyridine at or 
below room temperature.2 The 6,19-oxide 12, how
ever, gave largely starting material under these condi
tions even when the reaction temperature was in
creased to 70°. As previously noticed2 part of the 
sulfuryl chloride is consumed in side reactions, and it 
thus appeared that these side reactions became the 
predominant reaction. It was assumed that it was the 
pyridine present in the reaction which was responsible 
for the consumption of the sulfuryl chloride and for this 
reason the less reactive collidine was used. Very little 
reaction took place when, in an effort to obtain 19- 
acetate 14, 4-chloro-6,19-oxide 13 was treated with 
acetic anhydride and p-toluenesulfonic acid under 
conditions which readily brought about the conversion 
of 12 to 2 ; when, however, the amount of p-toluene- 
sulfonic acid was increased tenfold the reaction was 
complete within 10-15 min. Possibly the chlorine 
atom, by its strong negative inductive effect, makes a 
neighboring-group participation of the 4,5 double bond 
during the expulsion of the ethereal oxygen atom at 
position 6 more difficult. Base-catalyzed hydrolysis of 
the 19-acetate 14 finally gave the 4-chloro-19-hydroxy- 
A4 6-3 ketone 15.

The structure of the novel compounds prepared has 
been supported by their ir, uv, and nmr spectra. Of 
interest are the signals given by the protons at position 
6 and 7 in A4'6-3 ketones 2, 10, 11, and 15. Both 
protons appear as a singlet in A4-6-3 ketone 2, but as 
a pair of doublets in 8,19-oxido-A4'6-3 ketones 10 and 11, 
while the 4-chloro-A4'6-3-one 15 reveals the 2 protons as 
a pair of quartets (A B X  system, with H x being bonded 
to C-8). Apparently the neighboring oxygen or 
chlorine atoms in 10, 11, and 15 bring about an unequal 
deshielding of the 2 protons and thus a greater down- 
field shift for one proton signal than for the other. 
Both inductive and tautomeric electron displacements 
may play a role and for this reason it may be difficult to 
decide as to which of the two protons suffered the 
greater downfield shift. Also of interest is a comparison 
of the 19-methylene signals given by the deuteriochloro- 
form solutions of the 19-hydroxy-A4’6-3 ketone 2 and of 
the 19-hydroxy-A47-3 ketones 7 and 8. The A46-3

(7) S. K. Malhotra and H. J. Ringold, J. Amer. Chem. Soc. 86, 1997 
(1964).

(8) S. K. Pradhan and H. J. Ringold, J. Org. Chem., 29, 601 (1964).
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ketone shows the methylene protons as a singlet at 
3.87 ppm, which, depending on the noise level of the 
nmr spectrometer, may be accompanied by two barely 
observable satellites at J =  11 Hz, while the A47-3 
ketones show these protons as pairs of doublets at 
3.83-3.84 ppm, with J = 11 Hz and 5A — 5B =  0.32 
ppm. The rather large 5A — 5B value of the A4'7-3 
ketones may be taken as an indication of a more re
stricted rotation of their 19-hydroxy groups.9'10 Re
cent, more detailed nmr studies on 19-hydroxy-A4-3- 
keto steroids have established values of 5A — 5B =  0.06 
ppm for chloroform solutions and of 5A — 5B =  0 .09- 
0.15 ppm for pyridine solutions.10 By comparison, 
the 8,19-oxido-A4'6-3 ketones 10 and 11 show their 19- 
methylene protons as pairs of doublets centered at
4.06 ppm with J =  9 Hz and SA — SB =  0.25 ppm.

Experimental Section11

17/3-Pivaloxy-19-hydroxyandrosta-4,6-dien-3-one (2).— A mix
ture of 10 g of 6,19-oxide 12,6 30 ml of acetic anhydride, and 0.1 g 
of p-toluenesulfonic acid was treated at 100° for 40 min where
upon 50 ml of water was added at a slow rate. Extraction with 
methylene chloride, drying, and evaporation yielded the crude 
19-acetate of 2 as a resin. The resin was dissolved in 10 ml of 
methanol and left to stand at room temperature with 0.05 g 
of sodium methoxide for 4 hr, whereupon 0.1 ml of glacial acetic 
acid was added. Evaporation and recrystallization from meth
anol yielded the analytical sample: mp 191-192°; ir (CHCb) 
3640, 3460 (OH), 1715 (pivalate), 1650 (A4.6-3 ketone), 1615 and 
1585 cm-1 (> C = C < ) ;  uv max (EtOH) 283 m#x (< 26,600); 
nmr 6.15 (s, 2, C-6, C-7), 5.79 (s, 1, C-4), 4.6 (m, 1, C-17), and
3.86 ppm (s, 2 , C-19).

Anal. Calcd for C24H34O4: C, 74.57; H, 8.87. Found: 
C, 74.37; H, 8.92.

19-Hydroxyandrosta-4,7-diene-3,17-dione (7).— To a solution 
of 1 g of 112 in 10 ml of dimethyl sulfoxide was added 2.0 g of 
sodium methoxide in one portion. The mixture was stirred 
briefly under nitrogen and then poured into 60 ml of ice-cold 2 N  
hydrochloric acid with stirring. The precipitate was filtered 
and washed with water. Digestion with acetone and ethyl ace
tate yielded 0.70 g of crude 7, uv max (EtOH) 239 m/x (e 14,700). 
Recrystallization from methanol yielded the pure product: 
mp 222-223° (lit.13 mp 212-214°); uv max (EtOH) 239 m/x 
(e 16,400); nmr 5.96 (d, 1, J =  2 Hz, C-4), 5.45 (m, 1, C-7), 
and 3.84 ppm (d of d, 2, J =  11 Hz, 5a — 5b = 0.32 ppm,14 
C-19).

17/3-Pivaloxy-19-hydroxyandrosta-4,7-dien-3-one (8) was pre
pared from 2 as above yielding 70% of crude material. Re
crystallization from methanol gave the analytical sample: mp
193-194°; uv max (EtOH) 238 m/x (e 16,300); ir (CHC13) 3640 
(OH), 1715 (pivalate), 1650 (A4-3 ketone), 1615 and 1585 cm-1 
(> C = C < ) ;  nmr 5.95 (d, 1, J  =  2 Hz, C-4), 5.3 (m, 1, C-7), 
and3.83 ppm (d of d, 2, /  =  11 Hz, 5A — 5b =  0.32 ppm, C-19).

Anal. Calcd for C24H34O,: C, 74.57; H, 8.87. Found: 
C, 74.82; H ,8.65.

8,19-Oxidoandrosta-4,6-diene-3,17-dione (10).— To 5 g of 
7 dissolved in 250 ml of tetrahydrofuran-methanol (1:1) was 
added 20 g of anhydrous FeCl3. The solution was stirred under 
nitrogen for 20 min whereupon 250 ml of ethyl acetate and 750 
ml of water were added. The ethyl acetate phase was washed 
with water, dried with sodium sulfate, and concentrated to a

(9) N. S. Bhacca and D. H. Williams, "Application of NMR Spectroscopy 
in Organic Chemistry,”  Holden-Day, San Francisco, Calif., 1964, pp 90-93.

(10) T. Takahashi, Agr. Biol. Chem. (Tokyo), 27, 633 (1963); Tetrahedron 
Lett., No. 11,565 (1964).

(11) Melting points were determined with a Thomas-Hoover apparatus 
and are corrected. Infrared spectra were determined with a Perkin-Elmer 
spectrophotometer, Model 21; nmr spectra were determined in deuterio- 
chloroform with a Varian A-60 spectrometer; chemical shifts are reported 
in parts per million downfield from tetramethylsilane.

(12) K. Heusler, J. Kalvoda, Ch. Meystre, H. Ueberwasser, P. Wieland, 
G. Anner, and A. Wettstein, Experientia, 18, 464 (1962).

(13) J. F. Bagli, P. R. Morand, K. Wiesner, and R. Gaudry, Tetrahedron 
Lett., No. 8, 387 (1964).

(14) Reference 9, p 43.

thick paste. Filtration yielded 1.67 g of yellow crystals which 
showed a single spot on thin layer chromatography. Re- 
crystallization from ethyl acetate yielded 0.8 g of the analytical 
sample: mp 224-226°; uv max (EtOH) 289 m̂ x (t 24,400); 
ir (CHCb) 1740 (17 ketone), 1655 (conjd ketone), 1619 and 1581 
cm_1(> C = C < ) ;  nmr 6.40 (d of d, 2, J =  9 Hz, 5a — 5b =  0.28 
ppm, C-6, C-7), 5.74 (s, 1, C-4), 4.06 (d of d, 2, J =  8 Hz, 
5a — 5b =  0.25 ppm, C-19), and 1.12 ppm (s, 3, C-18, 8/3-0).

Anal. Calcd for C19H22O3: C, 76.48; H, 7.43. Found: 
C, 76.43; H ,7.15.

8,19-Oxido-17/3-pivaloxyandrosta-4,6-dien-3-one (11).— To 0.8 
g of 8 dissolved in 20 ml of tetrahydrofuran was added a freshly 
prepared solution of 2.4 g of anhydrous FeCh in 20 ml of methanol. 
After 5 min of stirring the mixture was poured into 400 ml of 
2 N  aqueous hydrochloric acid. Extraction with benzene, evap
oration, and recrystallization of the residue from methanol jdelded 
0.116 g of the analytical sample: mp 195.5-196°; uv max 
(EtOH) 290 m^ (e 26,880); ir (CHC13) 1720 (pivalate), 1660 
(conjd ketone), and 1615 cm-1 (> C = C < ) ;  nmr 6.33 (d of d, 2, 
J =  8 Hz, 5A -  5b =  0.27 ppm, C-6 , C-7), 5.72 (s, 1, C-4), 4.06 
(d of d, 2 , /  = 8 Hz, 5a — 5b =  0.25 ppm, C-19), and 1.05 ppm 
(s, 3, C -18,8/3-0).

Anal. Calcd for C2<H320 x: C, 74.97; H, 8.39. Found:
C, 74.71; H, 8.27.

4-Chloro-6,19-oxido-17/3-pivaloxyandrost-4-en-3-one (13).— To 
a solution of 8 g of 12,5 warmed at 50°, in 16 ml of carbon tetra
chloride and 8 ml of sym-collidine was added over 4 min and with 
stirring a solution of 16 ml of redistilled sulfuryl chloride in 32 
ml of carbon tetrachloride. Stirring was continued for another 
8 min whereupon the mixture was poured into 48 ml of methylene 
chloride and 48 ml of 2 A1 aqueous hydrochloric acid. The or
ganic phase was extracted four times with aqueous hydrochloric 
acid and then with water. Concentration to a thick paste and 
filtration yielded 3.8 g of off-white crystals. Recrystallization 
from methanol yielded the analytical sample: mp 212-214°;
uv max (EtOH) 252 m/x (« 13,450); ir (CHC13) 1720 (pivalate), 
1690 and 1660 cm -1 (A4-3 ketone); nmr 3.92 (d of d, 2, J =  8 
Hz, 5A — 5b =  0.64 ppm, C-19), and 0.90 ppm (s, 3, C-18).

Anal. Calcd for C.JROxCl: C, 68.54; H, 7.89; Cl, 8.42. 
Found: C, 68.74; H ,7.98; Cl, 8 .68.

4-Chloro- 17/3-pivaloxy- 19-hydroxyandrosta-4,6-dien-3-one (15). 
— A solution of 3 g of 13 and 3 g of paratoluenesulfonic acid in 15 
ml of acetic anhydride was left to stand at 100° under nitrogen 
for 10 min whereupon it was poured into 150 ml of water and 
stirred for 1 hr. The aqueous phase was decanted from the 
viscous resin, the resin was dissolved in benzene, and the solu
tion was stirred under nitrogen with 1 vol of 50% aqueous potas
sium hydroxide for 4 hr in an effort to destroy residual amounts 
of acetic anhydride. The benzene phase was dried with sodium 
sulfate and evaporated at reduced pressure. The residue, con
sisting largely of 19-acetate 14, was dissolved in 30 ml of methanol 
and left to stand with 0.3 ml of 50% aqueous potassium hydroxide 
under nitrogen for 1 hr whereupon 0.3 ml of glacial acetic acid 
was added and the mixture was concentrated to a thick paste. 
Filtration gave 1.3 g of off-white crystals which after one re
crystallization from methanol gave 1.0 g of 15, mp 220-228°. 
The analytical sample had mp 232-233°; uv max (EtOH) 298 
mM (e 26,700); ir (CHC13) 3640, 3500 (OH), 1720 (pivalate), 
1675 (conjd ketone), and 1615 cm -1 (> C = C < ) ;  nmr 6.53 (d of 
q, 2 , J a b  =  10, J Ax =  2 , J bx — 1.5 Hz, 5A -  5b =  0.53 ppm, 
C-6 , C-7), and 3.85 ppm (s, 2, C-19).

Anal. Calcd for GnHnOxCl: C, 68.54; H, 7.89; Cl, 8.42. 
Found: C, 68.22; H .7.93; Cl, 8.47.

Preparation of Enol 16 and Its Conversion to 8,19-Oxide 11.—  
The conditions above used for the deconjugation of 4,6-diene 1 to 
7 gave, when applied to 500 mg of 4-chloro-4,6-diene 15, an acidic 
aqueous suspension, which after filtration and brief drying at 
high vacuum at room temperature for 20 min yielded enol 16 
having uv max (MeOH) 305 (sh), 318 (major peak), and 333 
m/x (sh). On standing of 10 mg of the enol under nitrogen for 
10 hr a product was obtained having uv max (MeOH) 255 (major 
peak), 285 (sh), 298 (minor peak), 318 (sh), and 333 m¿x (sh). 
The remainder of the freshly prepared enol 16 was left to stand 
in 15 ml of pyridine under nitrogen at room temperature for 10 
hr. Dilution with water, extraction with benzene, and chroma
tographic separation of the benzene solution on silica gel gave, 
after elution with benzene-ethyl acetate (10: 1), evaporation, 
and digestion of the residue with methanol, 90 mg of 8,19-oxide 
11, mp 186-188°, the infrared spectrum of which was identical 
with that of the product prepared by oxidation of 8 with ferric



chloride. Recrystallization from methanol gave the pure sam
ple, mp 195-196°.

Treatment of the free enol 16 with pyridine-acetic anhydride 
(3 :1) instead of pyridine alone gave an essentially identical crude 
product as evidenced by its ultraviolet spectrum and by thin layer 
chromatography. Isolation of pure 8,19-oxide 11 was accom
plished by chromatography and recrystallization, while identity 
was established by comparison of infrared spectra.

Deconjugation of 1 and 3 in the Presence of Methanol.— A 
mixture of 4 g of sodium methoxide, 10 ml of dimethyl sulfoxide, 
and 10 ml of cosolvent, consisting of varying amounts of meth
anol and tetrahydrofuran, was stirred in an ice bath and in an 
atmosphere of prepurified nitrogen until it had cooled down to 
a temperature of 2 -3°. A solution of 1.66 mmol of 1 (500 mg) 
or of 3 (473 mg) in a mixture of 10 ml of dimethyl sulfoxide and 
10 ml of cosolvent was cooled to 2° and then added to the basic 
reaction mixture in one portion. The temperature of the stirred 
mixture was maintained at 2-3° for 5 min whereupon 100 ml of 
benzene and a freshly prepared mixture of 20 ml of concentrated 
hydrochloric acid and 40 g of ice was added in quick succession. 
The mixture was stirred for 45 min in a water bath having a 
temperature of 20°; 10 ml of ethyl acetate and 140 ml of water 
were then added. The organic phase was extracted five times 
with 50 ml of water, dried with sodium sulfate, and evaporated 
at reduced pressure. The residue, which had been freed from 
all traces of benzene at high vacuum, was dissolved in methanol 
and its uv spectrum was recorded with a Unicam Sp 800 spectro
photometer. The percentage of A4'7-3 ketone in the mixture of 
A4'7- and A4'6-3 ketones was then calculated by the equation, 
%  A4'7-3 ketone =  100 X wt of A4>7-3 ketone/wt of A4’7-3 ketone 
+  wt of A4.6-3 ketone = 100(Aiei — 100A2e2)/(A 2€3 — Aie, — 
A2e2), where Ai =  log Io/I of reaction mixture at 239 m/i, 
A2 =  fog Io/I of reaction mixture at 284 m /i, ti =  26,500 (284 m /i) 
for 1 and 28,400 (284 m/x) for 3, c2 =  3220 (238 m/i) for 1 and 
3745 (238 my) for 3, and e3 =  16,400 (238 mM) for 7 and 15,600 
(238 m/j) for 9. The e value of A4-7-3 ketones 7 or 9 at 285 m/i 
was only 469 or 440, respectively, and was neglected. In the 
case of 19-hydroxy-4,6-diene 1, individual runs with cosolvent 
mixtures containing 0, 20, 40, 60, 80, or 100% of methanol gave 
products with 86, 86, 80, 73, 33, and 16% A4>7-3-one 7, re
spectively. In the case of the 10-methyl analog 3, runs with co
solvent mixtures containing 0, 20, 40, or 60%  methanol gave 
products with 52, 53,40, and 1% A4-7-3-one 9, respectively.
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When the base treatment in the individual runs was prolonged 
from 5 to 10 min and also when the isomeric mixtures of 4,6- 
dienes and 4,7-dienes, i.e., of 1 and 7 or of 3 and 9, was isolated 
first by thick layer chromatography on silica gel and was then 
subjected to uv analysis, essentially the same dependencies of 
the percentage of A4’7-3 ketones 3 and 9 on the percentage of 
methanol in the respective cosolvent mixtures was observed. 
When the base treatment was further prolonged, by-products 
were formed in increasing amounts. No formation of A47-3 
ketones could be observed when the base treatment was carried 
out in 40 ml of methanol instead of the mixture of cosolvent and 
dimethyl sulfoxide, and starting materials 1 or 3 were recovered 
largely unchanged.

Androsta-4,7-diene-3,17-dione (9).—When 473 mg of 3 was
treated under the conditions outlined above, except that the co
solvent was replaced by dimethyl sulfoxide, a crude product 
was obtained which, as calculated from its uv spectrum, con
tained 89% 9. Chromatography on silica gel yielded a semi
crystalline material on elution with benzene-acetone (20: 1) 
which after recrystallization from methanol gave product 9: 
mp 129-142°; uv max (EtOH) 238 m/x (e 15,600); ir (CHC13) 
1736 (17 ketone), 1670 (A4-3 ketone), and 1632 cm- 1 2 (> C = C < )  
nmr 5.82 (s, 1, C-4) and 5.37 ppm (m, 1, C-7).

Anal. Calcd for Ci9H240 2: C, 80.24; H, 8.51. Found: 
C ,80.44; H, 8.37.

Registry N o.— 2, 29172-45-0; 7, 2863-83-4; 8,
29172-47-2; 9, 4675-73-4; 10, 29172-49-4; 11, 29172- 
50-7; 13,29172-51-8; 15,29172-52-9; 16,29172-53-0.
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Relative Nucleophilicities of Carbanions Derived from 
a- Substituted Phenylacetonitriles1
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The relative nucleophilicities of carbanions derived from a-substituted phenylacetonitriles toward various 
alkylating agents have been determined in liquid ammonia solution. The nucleophilicities toward methyl 
iodide are in the order indicated for sodio derivatives of phenylacetonitrile with the following a substituents: 
ethyl ~  ra-butyl >  methyl >  isopropyl >  benzyl >  hydrogen >  3-pentyl »  phenyl. Other data are presented 
with isopropyl bromide or n-butyl halide as alkylating agent and with potassium or lithium as cation. The 
results are discussed in terms of inductive and steric effects.

The literature contains many examples of the alkyla
tion of phenylacetonitrile with alkyl halides.3 Of the 
many bases and solvents employed, the procedure with 
sodium amide and liquid ammonia is particularly con
venient and efficient but gives a product contaminated

(1) Supported at Duke University by the National Science Foundation 
and $t Hampden-Sydney College by the Research Corporation and the 
National Science Foundation.

(2) (a) Science Faculty Fellow, National Science Foundation, 1968-1969, 
on leave from Hampden-Sydney College, (b) National Science Foundation 
Undergraduate Research Participane. (c) Deceased.

(3) A. C. Cope, H. L. Holms, and H. O. House, Org. React., 11, 107 (1967).

with the dialkylation product and unreacted phenyl
acetonitrile.4

Mono- and dialkylation occurs as depicted in Scheme 
I. Studies of the factors in this reaction which would 
be important in synthesis have been carried out in this 
laboratory6 and elsewhere.6 W e now report a quanti
tative study of the nucleophilicities in liquid ammonia

(4) (a) C. R. Hauser and W. R. Brasen, J. Amer. Chem. Soc., 78, 494 
(1956); (b) W. G. Kenyon, E. M. Kaiser, and C. R. Hauser, J. Org. Chem., 
30, 4135 (1965).

(5) R. L. Bissell, Ph.D. Thesis, Duke University, 1967.
(6) M. Makosza, Tetrahedron, 24, 175 (1968).
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Sch em e  I

R
NaNH, Na R X | 

PhCH2C N ------- >- PhCHCN — >- PhCHCN

Na Na
PhCHCN +  PhCHCN — >  PhCCN +  PhCH2CN

R
R

Na RX
PhCCN■

1
— PhCCN

I
R

1
R

of carbanions derived from a-substituted phenylaceto- 
nitriles toward alkyl halides, in which an unusual reac
tivity series has been found.

In this investigation the relative nucleophilicities of 
such carbanions have been determined by the competi
tive alkylation of various pairs of carbanions. A quan
titative study of relative nucleophilicities by this 
method must ensure that the initial concentrations of 
carbanion pairs are accurately known and that the mix
tures are homogeneous. The alkylation must be effi
cient and free of appreciable side reactions. Accurate 
analyses of alkylation products and residual reactants 
must be carried out and concentration changes of reac
tants during alkylation taken into account. All of 
these conditions have been met in the present study.

Results

Treatment of an a-substitruted phenylacetonitrile 1 
with sodium amide in liquid ammonia converts it to the 
sodionitrile 1' as shown for the a-methyl derivative. 
(Throughout this paper a substituted phenylaceto
nitrile is indicated by the symbol 1 followed by paren
theses in which the two a substituents are listed. A  
prime on 1 designates the derived carbanion.) Relative

NaNHi Na
PhCHMeCN------- > PhCMeCN

1  (H, Me) NHs T (H, Me)

nucleophilicities were determined by treating a mix
ture of two sodionitriles so prepared with a limited 
amount of alkylating agent, to produce alkylation prod
ucts of the form PhCR R'CN . For example, Scheme 
II depicts the treatment of an equimolar mixture of 1'

Sch em e  II

Me Na
|

n-C4H9

1
PhCCN , 

|
—  PhCCN — — ► PhCCN T

Me
l(Me, Me) Mel

1
Me

l'(H,Me) n-CiHgBr
Me

l(Me, n-C4H9)
+ limited + limited +
Me Na|

n-(pH9

—* PhCCN 
I

1
PhCCN —  PhCCN —J T

Et
1 (Me, Et)

Et
l'(H, Et)

Et
1  (Et, Tt'C^g)

(H, Me) and 1' (H, Et) with a limited amount of n- 
butyl bromide to produce limited amounts of alkylation 
products 1 (Me, ti-CjHg) and 1 (Et, n-CiHg). The 
more reactive carbanion [1' (H, Et) in this case] gave

rise to the greater quantity of its alkylation product, 
and the relative nucleophilicity of the two carbanions 
toward n-butyl bromide was calculated from the alkyla
tion products ratio, as discussed later. Similarly, treat
ment of the mixture of carbanions with a limited 
amount of methyl iodide gave a mixture of 1 (Me, Me) 
and 1 (Me, Et), and the relative nucleophilicity toward 
methyl iodide was calculated.

The validity of relative nucleophilicities so deter
mined depends upon the complete conversion of both 
nitriles to the sodio derivatives before alkylation. 
While amide ion is clearly a base of sufficient strength 
to effect the complete conversion,7 a large excess of 
amide ion leads to side reactions and a deficiency to 
very erroneous values for relative nucleophilicities 
(see Experimental Section). In the present work, the 
presence of a slight excess of alkali amide in each ex
periment was ensured by the use of diphenylmethane 
as an indicator.

Relative nucleophilicities were calculated with the 
formula in eq 1, in which the parentheses denote con-

0ation \
ict from A '/  (average B ')

nucleophilicity, = -------------------------  X ----------------- - (1)
nitrile A: nitrile B /alkylation \ (average A')

Vproduct from B '/

centrations and the primes indicate the corresponding 
carbanions. The ratio of concentrations of alkylation 
products is multiplied by the inverse ratio of average 
carbanion concentrations during the course of the alkyl
ation, in order to allow for relative concentration 
changes of the reactant carbanions. The use of the 
average concentration is considered to be a very good 
approximation for the effective concentration in this 
case, inasmuch as carbanion concentration changes 
were moderate. Final concentrations of starting carb
anions were 60 -9 0 %  of the initial concentrations, and 
the average concentration was taken to be the mean of 
the initial and final values. The use of approximate 
calculations by eq 1 is considered to be more appro
priate here than an analytical mathematical treatment, 
since the value of the first quotient in eq 1 could be de
termined more accurately than the absolute concen
trations of either product (see Experimental Section). 
The relative nucleophilicities so calculated are concen
tration adjusted and represent determinations of true 
relative rates, not limiting values.

Table I records the results of the relative nucleophil
icity determinations depicted in Scheme I and of simi
lar experiments using other pairs of carbanions. For a 
given pair, the initial molar ratio of carbanions was var
ied from 1 to 3 and that of alkyl halide to total nitrile 
from 0.12 to 0.45 in various trials. The variations 
caused no trending in the calculated relative nucleo
philicities, giving strong support to the validity of the 
method. Analyses for total starting material and prod
ucts were usually 90-100 mol %  of the initial totals, 
indicating that side reactions are unimportant.

The data are internally consistent, as indicated by 
a comparison of the methylation expt 1, 2, 6, 7, and
S. The relative nucleophilicity value of 1.04 (expt 8)

(7) We estimate the pK of phenylacetonitrile to be about 20 based upon 
the value of 25 for acetonitrile (see D. J. Cram, “ Fundamentals of Carbanion 
Chemistry,”  Academic Press, New York, N. Y., 1965, p 12). The value for 
ammonia is 34—36 (see D. J. Cram, ibid., pp 14, 20; D. C. Ayers, “ Car
banions in Synthesis,”  Oldbourne Press, London, 1966, p 3).
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T a b l e  I
R e l a t i v e  N u c l e o p h i l i c i t i e s  o f  P a i r s  o f  « - S u b s t i t u t e d  S o d i o p h e n y l a c e t o n i t r i l e s ,  C6H5CNaRCN (1'),

t o w a r d  A l k y l  H a l i d e s  

Alkylation
Expt R, in R. in time, Alkylation No. Average relative
no. nitrile A nitrile B Alkyl halide min efficiency,0 % of trials nucleophilicity,6 A :B

1 Et H Mel 1 0 89-97 4 2.28 ±  0.09
2 71-C4H9 H Mel 1 0 8.5-92 3 2 . 2 2  ±  0 . 0 2

3 CHMe2 H Mel 1 0 93-100 3 1.28 ±  0.07
4 PhCH2 H Mel 1 0 70-95 3 1.01 ±  0 07
5 CHER H Mel 1 0 87-94 2 0.264 ±  0.010
6 Et Me Mel 1 0 6.5-72 2 1.67 ±  0.06
7 7i-C4H9 Me Mel 1 0 60-71 2 1.64 ±  0.09
8 Et n-C4H9 Mel 1 0 72-82 2 1.04 ±  0.03
9' CHER Ph Mel 1 0 8 8 1 24.8

1 0 d 71-C4H9 H Mel 1 0 84-86 2 2.70 ±  0.2
1 1 « R-C4H9 H Mel 15 86-87 2 2.42 ±  0.3
1 2 Et H n-C4HaBr 2 0 8.5-100 3 5.3 ±  0.4
13 Et H n-GiHgl 1 0 96-100 2 5.5 ±  0.2
14 Et H re-C4H9Cl 30-45 20-29 2 4.5 ±  0.1
15 Me H w-CiHjBr 2 0 62-70 2 3.2 ±  0.4
16 Et Me ra-GiHgBr 15 82 1 1.57
17 71-C4II9 H Me2CHBr 30 55-75 2 4.4 ±  0.6
18 CHER H Me2CHBr 20-60 10-13 2 0.19 ±  0 04

° See Experimental Section. b The average deviation is given for each value. « Diphenylmethane indicator color was not visible 
in this case. A 25 mol % excess of NaNH2 was employed. d The cation was potassium in this case. « The cation was lithium in this 
case.

for 1' (H, E t ) : l '  (H, 11-C4H9) accords within experi
mental precision with the value 1.03 for the ratio 1' 
(H, E t ) : I ' (H, H ) / l '  ( H, n-C4H 9) : l '(H , H) (expt 1, 2) 
and with the value of 1.02 for the ratio 1' (H, E t ) : l '  
(H, M e)/ 1 ' (H, 71-C4H9): 1' (H, Me) (expt 6, 7). Simi
larly, for w-butylation, the 1' (H, E t ) : 1' (H, Me) value 
of 1.57 (expt 16) accords with the value 1.7 for the ratio 
1' (H, E t ) : 1' (H, H ) / r  (H, M e ) :l '  (H, H) (expt 12,
15).

Experiments involving sodiophenylacetonitrile, 1' 
(H, H), differed from those involving pairs of «-sub
stituted carbanions in that both mono- and dialkylation 
products were obtained from 1' (H, H). Also, in such 
experiments the alkyl halide employed must not have 
an alkyl group identical with the a substituent of the 
other nitrile; otherwise, the monoalkylation product of 
the latter is identical with the dialkylation product of 
1 (H, H). For example, Scheme III illustrates the 
methylation of a mixture of 1' (H, H) and 1' (H, Et).

S c h e m e  III
Na Me

PhCCN ------
1

— »-PhCCN

H H
l'(H,H) Mel 1(H, Me)

+ +
Na Me||

PhCCN PhCCN
I

1
Et Et

l'(H,Et) KMe, Et)

Me
I

PhCCN
I
Na

Mel
(step 3)

Me
1

PhCCN
I
Me

l(Me, Me)

The monoalkylation product 1 (H, Me) is appreciably 
acidic and underwent ionization as shown by step 2, 
followed by further reaction with methyl iodide (step 3) 
to produce 1 (Me, Me). The base involved in step 2 
could have been either of the reactant carbanions. A 
proton transfer reaction of this type would tend to lower

the concentration of both carbanions during alkylation 
to an indeterminant extent; however, the effect would 
doubtless be greater on the more basic carbanion, prob
ably 1' (H, Et). The disproportionate lowering of the 
concentration of 1' (H, Et) would lead to erroneous 
values of relative nucleophilicity which would trend 
toward unity (see eq 1). The lowering would be 
most pronounced when a relatively large proportion 
of alkylating agent was taken and when the initial 
concentration of 1' (H, H) was large relative to the 
other carbanion. No trending was observed when such 
variations of reaction parameters were applied to the 
given pair of carbanions nor to other similar pairs. It 
is concluded that the excess amide ion present (see 
Experimental Section) served as the base in step 2 and 
that proton transfer reactions among carbanions gave 
rise to no detectable errors in these experiments. The 
fact that the second alkylation step (Scheme III, step 3) 
also consumes alkylating agent has no effect on the va
lidity of the calculations by eq 1, provided the concen
tration of alkylation products derived from 1' (H, H) 
is understood to be the sum of its mono- and dialkyla
tion products.

Discussion

The data of Table I indicate an unusual reactivity 
series for various 1' toward methyl iodide. In terms of 
the a substituents, the nucleophilicities of the sodio de
rivatives are as follows relative to 1' (H, H ): ethyl, 
2.28; n-butyl, 2.22; methyl, 1.37; isopropyl, 1.28; ben
zyl, 1.01; hydrogen, 1.00; 3-pentyl, 0.26; phenyl, 0.011. 
Apparently the reaction rate is quite insensitive to the 
steric bulk of the a substituent. Even with a relatively 
bulky isopropyl substituent, the carbanion is more reac
tive than the unsubstituted one. Substitution of the 
larger 3-pentyl group does decrease the reactivity but 
not markedly.

The reaction of a carbanion with an alkyl halide is 
known to proceed by an Sn2 mechanism.3 The very
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slight steric effect observed in the present work is as
cribed to the fact that the substituent is at the attacking 
carbanionic center, rather than at the carbon under
going substitution, and bends away from the alkyl ha
lide as the transition state is approached and the sp2 
hybrid orbitals at the carbanionic center attain more p 
character. The transition state is depicted by struc
ture 2. The data indicate further that the inductive

2

effects of alkyl groups are comparable to the steric 
effects in the present cases, if we assume that solvation 
effects are negligible. Thus, the slightly greater elec
tron-donating effect of ethyl compared to methyl makes 
1' (H, Et) more reactive than 1' (H, Me) in spite of the 
larger size of the former (see expt 6). Although models 
indicate steric hindrance from isopropyl to be somewhat- 
greater than from benzyl, the data show 1' (H, CHM e2) 
to be slightly more reactive than 1' (H, PhCH2). Par
ticularly interesting is the benzyl-butyl comparison 
(expt 2, 4). In view of the previously discussed steric 
insensitivity of the reaction and the fact that these two 
groups differ only beyond the first carbon, the lower re
activity of 1' (H, PhCH.) may be ascribed mostly to 
inductive effects; the electron-withdrawing effect of the 
phenyl group partly counteracts the electron-donating 
effect of the methylene of the benzyl group. Support
ing this conclusion is the ethyl-butyl comparison (expt
I, 2). Despite the disparate steric bulk, the carbanion 
reactivities are nearly equal because of nearly equal 
inductive effects.

Although the inductive effects of alkyl groups are 
discussed here in classical electron-donating terms, the 
results of some recent theoretical calculations indicate 
that the more branched alkyl groups better stabilize 
adjacent negative charge in the gas phase.8 However, 
as pointed out by Lewis,811 such stabilization may not 
occur in solution where solvated ions are involved.

The general steric insensitivity of the reaction is also 
illustrated by experiments with n-butyl and isopropyl 
halides (Table I). Toward n-butyl bromide, 1' (H, Et) 
is 1.57 times more reactive than 1' (H, Me), in agree
ment with 1.67 for the less bulky alkylating agent 
methyl iodide. It is interesting that n-butyl bromide is 
more discriminating than methyl iodide, by a factor of 
about 2, toward the carbanion pair 1' (H, E t ) : 1' (H, H) 
(c/. expt 1, 12) as well as the pair 1' (H, M e ): 1' (H, H) 
(c/. expt 1, 6, 15). Despite its greater bulk, n-butyl 
bromide exhibits a stronger preference for the substi
tuted carbanions than does methyl iodide. The iden
tity of the departing halide has little effect upon selec
tivity for n-butylation (expt 12-14), suggesting that the 
carbon-halogen bond is largely broken in the transition 
states.

Isopropyl bromide gives about the same discrimina
tion with the 1' (H, n-C4H 9) : l '  (H, H) pair (expt 17) 
as does n-butyl bromide with the 1' (H, E t ) : 1' (H, H)

(8) (a) T. P. Lewis, Tetrahedron, 25, 4117 (1969); (b) N. C. Baird, Can.
J. Chem., 47, 2306 (1969); (c) W. M. Schubert, R. B. Murphy, and J.
Robins, Tetrahedron, 17, 199 (1962); (d) W. M. Schubert, J. M. Craven, R.
Minton, and R. B. Murphy, ibid., 5, 194 (1959).

pair. Only when a much bulkier substituent, 3-pen
tyl, is involved, is an overriding steric effect evident. 
Thus isopropyl bromide gives relatively less reaction 
with 1' (H, CH Et2) (expt 18) than does methyl iodide 
(expt 5).

As expected, the a-phenyl group caused a large de
crease in reactivity (expt 9). Both steric and elec
tronic effects deactivate the carbanion in this case. 
When the data of expt 5 and 9 are compared, 1' (H, Ph) 
is about 100 times less reactive than 1' (H, H) toward 
methyl iodide.

When the cation was varied among lithium, sodium, 
and potassium, the pair 1' (n-GiHg, H ) : l '  (H, H) 
showed approximately the same relative nucleophili- 
city toward methyl iodide (expt 2, 10, 11). Since the 
steric requirements of the cations would be expected to 
be unimportant, it appears that the relative basicity of 
the carbanionic pair is insensitive to change in alkali 
metal cation.

Relatively small differences such as those reported 
here for variations of the a-alkyl group have also been 
reported in previous studies of structure vs. nucleophil- 
icity for ambident9 carbanions in solvents such as alco
hols and ethers. The comprehensive work of Zook and 
Rellahan10 on the rates of alkylation of sodium enolates 
of alkyl phenyl ketones reports, for example, the rates 
for ethyl bromide with various a-alkyl derivatives of 
sodioacetophenone. The relative rates are as follows 
with the indicated a substituents: unsubstituted, 1.0;
methyl, 1.6; ethyl, 1.0; n-propyl, 0.9; n-butyl, 0.8. 
Thus, it appears that the steric effects, albeit small, are 
more important in such enolates than in carbanions 
from phenylacetonitrile. Small alkyl substituent 
effects have been recorded for other enolates with re
gard to nucleophilicity11 and basicity,12 and for malonic 
esters13 and /3-keto esters.14

Makosza6 has reported the competitive alkylation of 
some pairs of a-substituted phenylacetonitriles with 
alkyl bromides and sodium amide. The product ratios 
obtained were discussed in terms of their implications 
for synthesis. No variation of nitrile or bromide pro
portions was reported and only one case was treated in 
which both nitriles were substituted. Although no 
identical carbanion pair-alkyl halide systems were 
treated in the present work, in comparable cases the 
product ratios are in qualitative agreement. Relative 
nucleophilicity calculations cannot be made with Mako- 
sza’s data since most of the cases report the analysis of 
only one reactant and its alkylation products, and since 
only relative product mixture compositions are re
ported, rather than absolute analyses. While we are 
in substantial agreement with Makosza’s conclusions 
with regard to synthesis, it should be mentioned that he 
has employed concentration levels appropriate for syn
thesis (approximately 40 times more concentrated than

(9) N. Kornblum, R. A. Smiley, R. K. Blackwood, and D. C. Iffland, 
J. Amer. Chem. Soc., 77, 6269 (1955).

(10) H. D. Zook and W. L. Rellahan, ibid., 79, 881 (1957).
(11) (a) D. Caine and B. J. L. Huff, Tetrahedron Lett., 3399 (1967); (b) 

D. Caine and B. J. L. Huff, ibid., 4695 (1966); (c) J. M. Conia, Rec. Chem. 
Progr., 24, 42 (1963); (d) J. M. Conia, Bull. Chim. Soc. Fr., 1040 (1956).

(12) (a) H. O. House and B. M. Trost, J. Org. Chem., 30, 1341 (1965); 
(b) H. O. House and V. Kramer, ibid., 28, 3362 (1963); (c) H. D. Zook, 
W. L. Kelly, and I. Y. Posey, ibid., 33, 3477 (1968); (d) W. L. Rellahan, 
W. L. Gumby, and H. D. Zook, ibid., 24, 709 (1959).

(13) H. E. Zaugg, B. W. Horrom, and S. Borgwardt, J . Amer. Chem. Soc., 
82, 2895 (1960).

(14) S. J. Rhoads and A. W. Decora, Tetrahedron, 19, 1645 (1963).
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ours) and has not ruled out the possibility of partial 
solubility.

Experimental Section 15

Preparation of Mono- and Dialkylphenylacetonitriles.—2-
Phenylpropionitrile, 2,3-diphenylpropionitrile, 2-phenylhexane- 
nitrile, and 2 -n-butyl-2 -phenylhexanenitrile were prepared as 
previously described. 4 Other compounds were prepared by one 
of the three general methods described below. Reaction mixtures 
were worked up by neutralizing with 10% HC1, extracting with 
ether, drying and concentrating the extracts, and distilling or 
crystallizing the residue. The properties of compounds which 
appear to be new are given in Table II and those of other com
pounds in Table III. The starting nitriles used in this work had 
purity greater than 99.5% by vpc. Dialkylphenylacetonitriles 
for calibration mixtures had purity greater than 99% by vpc.

Method A.—According to the indirect route of Kaiser and 
Hauser, 16 a-alkylphenylacetamides were prepared by alkylation 
of disodiophenylacetamide and dehydrated to the corresponding 
nitrile with n-butyllithium.

Method B . 4—Monoalkylphenylacetonitriles were alkylated 
with excess NaH and excess alkyl halide.

Method C.—A monoalkylphenylacetonitrile was stirred 30 min 
with 4 equiv of NaNH. in liquid NH3. Alkyl halide, 4 equiv, 
was added dropwise over 5-10 min, and the mixture stirred 15-60 
min and quenched with NII,C1. Dialkylphenylacetonitriles in 
which the alkyl groups were identical were prepared in one step 
from phenylacetonitrile by the same procedure.

Relative Nucleophilicity Experiments.—The most critical 
factor was the quantity of sodium amide taken. Use of less than 
the stoichiometric amount led to incomplete generation of the 
more basic (and probably more nucleophilic) carbanion and 
erroneous alkylation product ratios. While a moderate excess 
( ~ 2 0  mol % ) of sodium amide did not appear to be harmful, a 
large excess led to a reduced alkylation efficiency17 and non- 
reproducible alkylation product ratios. Accurate determination 
of the quantity of alkali metal amide taken is difficult experi
mentally, especially with small quantities. Commercial samples 
are of questionable purity and generation of the material from 
the metal in  s i tu  may be incomplete and subject to side reactions. 
In the present work the use of diphenylmethane as an indicator 
served as a rapid, convenient procedure to adjust the concentra
tion of alkali metal amide.

The two nitriles were added to excess alkali metal amide in 
liquid NH3 and a small amount (c a . 2 mol % of total nitriles) of 
diphenylmethane was then added to produce the orange di- 
phenylmethide ion. Sodionitrile mixtures made with commercial 
sodium amide were faintly green and clearly homogeneous. The 
indicator color was readily visible. When sodium amide gen
erated in  s i tu  was used, the mixtures obtained were dark colored 
and opaque, masking the indicator color. Hence a commercial 
product (Fisher Scientific Co.) was employed for trials with 
sodium cation. When lithium or potassium amide generated 
in  s i tu  was used to form the nitrile carbanions, the indicator 
color change could be observed satisfactorily. The excess amide 
ion was neutralized by the addition in small portions of solid 
NH(C1 to discharge the orange color (v ide  in f r a ) . A moderate 
amount of sodium amide (10-30 mol % of total nitriles) remains 
after discharge of the orange color, as shown by control experi
ments in which an excess of alkyl halide was added to 1' (H, H). 
An average of more than one alkyl group per molecule was 
incorporated [see discussion of dialkylation of 1 (H, H )].

In a typical experiment, 350 ml of anhydrous NH3 was dis
tilled into a flask equipped with a dewar condenser and mechani
cal stirrer. The flask was blanketed with Nj, and 50 mmol of 
commercial NaNH2, weighed under N2, was introduced into the 
flask followed by a mixture of two nitriles, totaling ca . 1 2  mmol, 
in 20 ml of ether. 18 The mixture was stirred for 15 min to give a

(15) Melting points and boiling points are uncorrected. Nmr spectra 
were determined at 60 MHz on a Varian A-60 spectrometer. Vpc analyses 
were performed on an F & M Model 700 chromatograph with thermal con
ductivity detector and mechanical integrator using a 0.25 in. X 20 ft column 
packed with 20% SE-30 silicone gum rubber. Ethyl ether was distilled from 
LiAlH«. Alkyl halides were dried and distilled.

(16) E. M. Kaiser and C. R. Hauser, J .  Org. C h e m . ,  35, 3873 (1966).
(17) Alkylation efficiency is used here to mean the fraction of moles of 

alkylation agent incorporated into nitriles as new alkyl groups.
(18) 1 (H, PhCH2), which is not very soluble in ether, was introduced in 

solid form.
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T a b l e  III
Preparation or K nown Compounds

Com pd R egistry  no. M ethod
Y ie ld ,

%
Bp, °C  (m m ), 

or mp, °C
L it .  bp, °C  (m m ), 

or mp, °C

2-Phenylbutyramide 90-26-6 A 93 73-74 75-77“
3-Methyl-2-phenylbutyramide 5470-47-3 A 48 108-110 99-101t
2-Phenylbutyronitrile 769-68-6 A 38‘ 102-103 (7) 128 (16)d
3-Methyl-2-phenylbutyronitrile 5558-29-2 A 52‘ .« 73-74.5 (0.6) 1 1 0  (7 y
2-Ethyl-2-phenylhexanenitrile 5558-55-4 B» 28 100-105 (0.8) 112-115 ( 2 f
2-Methyl-2-phenylpropionitrile 1195-98-8 C* 58- 79 (2.5) 100-103 (12)'
2,2-Diphenylpropionitrile 5558-67-8 C* 60 135 (0.7) 141 (1.5)'
2-Isopropyl-3-methyl-2-phenylbutyronitrile 29936-68-3 C‘ 90 93.5 (1.2) 174.4-174.5 (49)’
2-Methyl-2-phenylhexanenitrile 4355-47-9 C" 56 93-95 (1) 114-115 (4 /

- N. Bikova and L. Zhelyazkov, T r. N a u ch .-Iss led . I n s t.  F a rm ., 3, 29 (1961); C hem . A b s tr ., 61, 6948/ (1964). b G. Vasiliu and F. 
Cocu, Rev. C h im . (B u ch a rest), 18, 259 (1967); C hem . A b s tr ., 67, 108408m (1967). ‘ Based on the carboxamide. d I). Zavoianu and
F. Cocu, R ev. C h im . (B u ch a rest), 18,2 (1967); C hem . A b s tr ., 67, 32438y (1967). * Preparation from phenylcyanoacetic acid (ref 13) gave
<10% yield. > M. Makosza and B. Serafín, R ocz. C h em ., 39, 1401 (1965). » With n-C4H9Br. h Mixture of 4 equiv of Mel and 1 equiv 
of PhCH2CN added to 4 equiv of NaNH2 in ammonia. •' Yield 51% by method B. > J. F. Bunnett and T. K. Brotherton, J .  O rg. Chem ., 
23, 904 (1958). k With Mel. 1 With Me2CHBr and PhCH2CN. "* D. J. Cram, F. Elhafez, and H. L. Nyquist, J  .A m er. C hem . S oc ., 
76, 22 (1954). " With n-C4H9Br using stoichiometric ratio of reactants.

transparent, light green solution. Diphenylmethane, 1 - 2  drops, 
was added and a bright orange color appeared at once. Solid 
NH4C1 was added in small portions until the orange color was 
discharged and the green had reappeared. The bright orange 
color quickly returned and was again discharged in the same 
manner. The process was repeated four to six times over a 
period of 2 0  min until ca . 2  mg was sufficient to discharge the 
orange color and a green or green-orange color persisted for at 
least 2 min. 19 The alkyl halide in 20 ml of ether was added 
dropwise with vigorous stirring over a period of 3 min from a 
dropping funnel blanketed with N2. The mixture was stirred 
for the time period indicated in Table I and neutalized with excess 
NH4C1. Ether was added and the NH3 was allowed to evaporate. 
The mixture was neutalized with 10% HC1 and extracted three 
times with 100-ml portions of ether. The combined extracts 
were dried and carefully concentrated in  vacuo so as not to selec
tively remove volatile products. To the residue, which contained 
50-80% ether, was added the internal standard and the resultant 
clear solution was analyzed by vpc. A control run without 
alkylation gave a total nitrile analysis which was 95 mol % of 
the initial total. An appropriate internal standard was chosen 
for each experiment to give a vpc peak which fell among the 
product peaks but was well resolved from them.

All carbanion mixtures were homogeneous. The alkyl halide 
in ether dissolved immediately upon addition to the NH3 solution. 
The rate of mixing of the alkyl halide was faster than the rate of 
alkylation, even for methyl iodide. If mixing were relatively 
slow, the product ratio would mirror the ratio of the local 
concentrations of reactant carbanions.

Vpc Analysis.—Reaction mixtures were chromatographed 
under isothermal conditions. 20 Every component was eluted. 
Components were well resolved, with at least a 60% valley be
tween adjacent peaks in the least favorable case. A calibration 
mixture, with approximately the same composition of nitriles, 
internal standard, and ether as the reaction mixture, was prepared 
from pure, authentic compounds and chromatographed im
mediately following the reaction mixture under identical condi
tions. Peak areas were related to molar composition by the use of 
relative response factors, 21 wThich agreed within 2 % relative from 
day to day. The total analysis of each nitrile with its alkylation

(19) The slowness with which the mixture comes to equilibrium probably 
explains the presence of excess amide ion mentioned previously. With 
potassium as cation, the color change was fast and permanent. With 
lithium, the change was very slow and the neutralization process required 
ca. 2 hr.

(20) Mixtures containing components with widely disparate volatilities 
were chromatographed with a “ step”  program, in which the initial constant 
temperature was quickly raised, between components, to a final constant 
value at which the less volatile components were all eluted.

(21) See S. Dal Nogare and R. S. Juvet, Jr., “ Gas-Liquid Chromatog
raphy,” Interscience, New York, N. Y., 1962, p 197.

products typically exceeded 90 mol % of the initial quantity. 
A second chromatogram was obtained with a larger sample in
jection in order to maximize the peak heights of the alkylation 
products. The calibration mixture was similarly rechromato
graphed. More precise values of concentrations of alkylation 
products for eq 1  were obtained from the second chromatogram. 
Final concentrations of reactant carbanions were obtained from 
the first chromatogram. Initial carbanion concentrations were 
calculated from weight data. The average reactant carbanion 
concentrations for eq 1  were taken to be the mean of the initial 
and final values.

Nmr Spectra.—Unless otherwise noted, spectra were taken in 
CDC13 with respect to internal TMS. All spectra for compounds 
in Tables II and III accord with assigned structures and are as fol
lows. 3-Ethyl-2-phenylvaleramide: DMSO-d6 8 7.27 (m, 5), 3.42 
(d, 1, J  = 10.5 Hz, PhCH2), 1.75-1.20 (m, 4, CH2), 0.90 (t, 
3, <7 = 7 Hz, Me), 0.78 (t, 3 , J  =  7  H z , Me). 3-Ethyl-2-phenyl- 
valeronitrile: 8 7.39 (s, 5), 3.89 (d, 1, J  — 5  Hz, PhCH), 1.8-
1.1 (m, 5, CHEt2, CH2Me), 0.93 (t, 6 , /  = 6  Hz, Me). 2 -
Methyl-2-phenylbutyronitrile: CC14 5 7.25 (m, 5), 1.90 (quartet, 
2, J  = 7 Hz, CH2), 1.63 (s, 3, PhCMe), 0.93 (t, 3, /  = 7 Hz, 
CH2Me). 2,3-Diphenyl-2-methylpropionitrile: CC14 8 7.21
(s, 5), 7.06 (m, 5), 3.00 (s, 2, CH2), 1.62 (s, 3, Me). 2,3-Di- 
methyl-2 -phenylbutyronitrile: CC14 8 7.29 (m, 5), 1.95 (m, 1, 
CH), 1.65 (s, 3, PhCMe), 1.13, 0.82 (d, 3, /  = 6.5 Hz, CHMe2). 
3-Ethyl-2-methyl-2-phenylvaleronitrile: 8 7.6-7.1 (m, 5), 1.68
(s, 3, PhCMe), 1.8-0.6  (m, 11, CHEt2). 2-Isopropyl-2-phenyl- 
hexanenitrile: 8 7.33 (s, 5), 2.5-1.7 (m, 3, CHMe2, CH2C3H7), 
1.19, 0.77 (d, 3, J  = 7 Hz, CHMe2). 3-Ethyl-2-isopropyl-2- 
phenylvaleronitrile: 8 7.36 (s, 5), 2.53 (septet, 1, J  =  7 Hz, 
Me2CH), 2.1-1.2 [m, 5, CH(CH2Me)2], 1.2-0.6 (m, 12, Me4).
2- Phenylbutyramide: 8 7.29 (s, 5), 6.1 (m, 2, NH2), 3.30 (t, 1, 
J  =  7.5 Hz, CH), 1.9 (m, 2, CH2), 0.86 (t, 3, /  = 7.5 Hz, Me).
3- Methyl-2-phenylbutyramide: 8 7.23 (s, 5), 5.9 (m, 2, NH2), 
2.96 (d, 1, J  =  10 Hz, PhCH), c a . 2.3 (m, 1, Me2CH), 1.05, 
0.69 (d, 3, /  = 6  Hz, Me2). 2 -Phenylbutyronitrile: CC14 8 7.21 
(s, 5), 3.63 (t, 1, J  =  7 Hz, CH), 1.85 (m, 2, J  =  7 Hz, CH2),
1.02 (t, 3, J  =  7 Hz, Me). 3-Methyl-2-phenylbutyronitrile:
CC14 8 7.30 (s, 5), 3.64 (d, 1, /  = 6  Hz, PhCH), 2.02 (m, 1, 
J  = 6.5 Hz, CHMe2), 1.03, 0.99 (d, 3, J  = 6.5 Hz, CHMe.). 
2-Ethyl-2-phenylhexanenitrile: 8 7.39 (s, 5), 1.91 (m, 4, J  = 7 
Hz, CH2Me and CH2C3H7), 1.6-0.5 (m, 10, CH,Me, CH2C3H7). 
2 ,2 -Diphenylpropionitrile: CC14 8 7.23 (s, 10), 2.00 (s, 3, Me). 
2-Isopropyl-3-methyl-2-phenylbutyronitrile: 8 7.33 (s, 5), 2.48
(septet, 2 , J  — 6.5 Hz, CHMe2), 1.01, 0.87 (d, 3, J  = 6.5 Hz, 
CHMe2).

Acknowledgment.—We thank Mr. R. W . Hutten 
for the preparation of some of the compounds used in 
this work.
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Synthesis of A’,iV-Bis(2-fluoro-2,2-dinitroethyl)-yV-alkylamines
W illiam  H. G illigan

A d va n ced  C h em is try  D iv is io n , U . S .  N a v a l O rdn an ce L abo ra to ry , W h ite  O ak , S ilv e r  S p r in g , M a r y la n d  2 0 9 1 0
R eceived  D ecem ber 21 , 1 9 7 0

A new reaction for preparing A7,Ar-bis(2-fiuoro-2,2-dinitroethyl)-Ar-alkylamines, which involves the reaction of 
fluorodinitromethane with Ar,A7-bis(alkoxymethyl )-AT-alkylarnines, is described. A number of compounds con
taining different functional groups suitable for further reaction have been prepared. Some initial observations 
on the scope, limitations, and mechanism are presented.

The Mannich reaction with gem dinitroparaffins1 
was first investigated by Feuer, Bachman, and M ay2 
and has proved to be a versatile method for the prepara
tion of polynitroalkylamines. However, the literature 
reports only two examples of the direct synthesis of an 
N,N-bis(2,2 - dinit roalkyl) -N - alkylamine. Bis(2,2 - di-
nitropropyl)glycine3 was isolated from the reaction of 
sodium glycinate with 2,2-dinitropropanol in aqueous 
solution at pH 9.0. Recently, Eremenko and cowork
ers have reported the preparation of dipotassium tris- 
(2,2-dinitroethyl)amine.4 While these are the only 
examples of acyclic tertiary amines of this type, a num
ber of W-alkyl-3,3,5,5-tetranitropiperidines have been 
prepared.2'5

Fluorodinitromethane6 7 8 9 10 will react with certain car- 
bonium ion precursors containing potential stabilizing 
groups.7 During this investigation, it was desired to 
assess the properties of the amino group in this regard. 
The compounds which were chosen for reaction were 
the W-substituted W,iV-bis(alkoxymethyl)amines.8 It 
was considered that a major advantage, as opposed 
to the Mannich reaction, would be that the concentra
tion of carbonium ion precursor would be maximum 
throughout the reaction. A  second consideration was 
that the reaction would be subject to mild acid catal
ysis.9 It was thereby hoped that a number of N- 
substituted N,N-bis (2-fluoro-2,2-dinitroethyl) amines10 
could be prepared which otherwise would be inacces
sible.

Results

A  first equivalent of fluorodinitromethane reacted 
readily at ambient temperature with tris(propoxy- 
methyl)amine to form Ar,A-bis(propoxymethyl)-2-

(1) A summary of the Mannich reaction through 1962 is included in a 
review by P. Nobel, Jr., F. G. Borgardt, and W. L. Reese, Chem. Rev., 61, 
19 (1964).

(2) H. Feuer, G. Bryant Bachman, and W. May, J. Amer. Chem. Soc., 
76, 5124 (1954).

(3) M. B. Frankel and K. Klager, ibid., 79, 2953 (1957).
(4) L. T. Eremenko, R. G. Gafurov, and S. I. Sviridov, Zh. Org. Khim., 

5, 31 (1969).
(5) (a) S. S. Novikov, A. A. Fainzil’ berg, S. N. Shvedova, and V. I,

Guhevskaya, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk, 2056 (1960); (b) 
M. B. Frankel, J. Org. Chem., 20, 4709 (1961); (c) E. E. Hamel, Tetrahedron. 
19, 85 (1963). (d) The relatively facile synthesis of the piperidine com
pounds is undoubtedly related to the relief of NO2-N O 2 nonbonded inter
actions in the Ar-alkyl-Ar-(2,2,4,4-tetranitrobutyl)hydroxymethylamine 
intermediates by ring formation.

(6) M. J. Kamlet and H. G. Adolph, J. Org. Chem., 33, 3073 (1968).
(7) Unpublished data from this laboratory by W. H. Gilligan.
(8) (a) L. H. Bock, U. S. Patent 2,295,709 (Sept 15, 1942). (b) A simple 

modification of Bock’s method was the replacement of hexamethylenetetra
mine by an appropriate substituted amine.

(9) The pi£a of fluorodinitromethane is 7.70 as determined by T. N. Hall 
of this laboratory. The same value was reported by V. I. Slovetskii, L. V. 
Okhobystina, A. A. Fainzil’ berg, A. I. Ivanov, L. B. Birynkova, and S. S. 
Novikov, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk, 2063 (1965).

(10) The synthesis of the parent compound bis(fluorodinitroethyl)amine 
has been reported by H. G. Adolph and M . J. Kamlet, J. Org. Chem., 34, 
45 (1969).

fluoro-2,2-dinitroethylamine (1). A  second equiva
lent of fluorodinitromethane reacted much more slowly 
to give the bis derivative 2 in 81%  yield; a heating

(re-PrOCH2)3N +  FC(N02)2H — >-
89%

(n-Pr0CH2)2NCH2C(N02)2F +  n-PrOII 
1

1  +  FC(N02)2H — >-
[FC(N02)2CH2]2NCH20R  +  [FC(N02)2CH2]2NH +  ROH 

2 3
R = Et, n-Pr

period of 72 hr at 80° was required to complete the re
action. A  by-product obtained in 15%  yield was bis- 
(fluorodinitroethyl)amine (3). The latter could arise 
by N-protonation of 2 followed by expulsion of an alk- 
oxymethyl carbonium ion.

H +
[FC(N02)2CH2]2NCH20 R ± = ^  [FC(N02)2CH2]NH +  +CH2OR 

+CH2OR +  ROH — >• CH2(0 R )2 +  H +

A third equivalent of fluorodinitromethane did not 
react to yield the tris amine even under forcing condi
tions. Apparently fluorodinitromethane is too weakly 
acidic for catalysis of the last step.11 Reaction did 
occur, however, with acetic anhydride-acetic acid to 
form the acetate 4.

AcAn-AcOH
[FC(N02)2CH2]2NCH20 E t --------------->

2
[FC(N02)2CH2] 2NCH2OAc 

4

The expected products were obtained in good to ex
cellent yields from the reactions of fluorodinitromethane 
with A,A7-bis(ethoxymethyl)-te?’Abutylamine. N,N- 
bis(n-propoxymethyl)benzylamine, and iV,Ar-bis(eth- 
oxymethyl)-2-aminoacetaldehyde diethyl acetal.

(ROCH2)2NR, +  2FC(N02)2H — ► [FC(N02)2CH2]2NR, +  2 ROH

5, R.-fCH^C-

6 , R,= < ((^ )C H 2-

7, R, =  (EtO)2CHCH2-

The ¿erf-butyl 12a'b 5, benzyl120 6, and alkoxymethyl 
derivatives 2 were easily dealkylated with strong acid

(11) Addition of a strong acid to catalyze trisamine formation is ineffective 
since the ionization of fluorodinitromethane is thereby depressed

(12) (a) H. G. Adolph of this laboratory has used the ierf-butyl group 
as a protective group during the synthesis of fluorodinitroethylamides. (b) 
R. N. Lacey, J. Chem. Soc., 1633 (1960). (c) B. Loev, M. A. Haas, and F. 
Dowals, Chem. Ind. {London), 973 (1968).
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to give bis(fluorodinitroethyl)amine (3). Overall yields 
of 8 5 -8 8 %  of 3 based on fluorodinitromethane were ob
tained from the ZerZ-butyl derivative.

[FC(N02)2CH2]2NR [FC(N02)2CH2]2NH
3

R =(CH3)3C- ( ( %  CH2-  R'OCH2-

The formation of ethyl A,A-bis(fluorodinitroethyl)- 
aminoacetate (8) required a heating period of 11 days 
at 80°. A  63%  yield of the desired bis amine 8 together

A'-fluorodinitroethyl-lV-acethydrazide (16) isolated in 
52 and 2 0%  yields, respectively.

H  F C ( N O î ) jH
(CH3OCH2)2NNCOCH2 --------------

H
FC(N02)2CH2NC0CH3

¿H 2 +  FC(N02),CH2NHNHC0CH3

FC(N02)2CH2NNC0CH3 1 6
H

IS

Discussion

(Et0CH2)2NCH2C 02Et +  2FC(N02)2H — >-
[FC(N02)2CH2]2NCH2C 02Et +

8

FC(N02)2CH2NCH2C 02Et
1 HCH2 +  FC(N02)2CH2NCH2C 02Et
I

FC(N02)2CH2NCH2C 02Et 1 0

9

with 5 %  of A,A'-methylenebis(ethyl A-fluorodinitro- 
ethylaminoacetate) (9) were obtained. The crude re
action mixture also contained an undetermined amount 
of ethyl A-fluorodinitroethylaminoacetate (10).13 8 
hydrolyzed normally to the carboxylic acid 11 under

H+/H.0
[FC(N02)2CH2]2NCH2C 02E t--------- >

8  91%
[FC(N02)2CH2]2NCH2C 02H

1 1

acidic conditions. The acid 11 was converted into 
the acyl chloride 12 by treatment with thionyl 
chloride and, without isolation, was reacted with 
fluorodinitroethanol6 * to give fluorodinitroethyl A ,A -  
bis(fluorodinitroethyl)aminoacetate (13).

soci,
1 1 ------- [FC(N02)2CH2]2NCH2C0C1

1 2

1 2  +  FC(N02)2CH20H — >
[FC(N02)2CH2]2NCH2C 02CH2C(N 02)2F

13

In contrast to the results obtained with ethyl A ,A -  
bis(ethoxymethyl)aminoacetate, the only product 
which could be isolated from the reaction of fluorodi
nitromethane with dimethyl A,A-bis(methoxymethyl)- 
dl-aspartate was dimethyl A-fluorodinitroethyl-d/-as- 
partate (14).14 The formation of a methylenebis com-

CH2C 02CH3
I

(CH3OCH2)2NCH

¿ o 2c h 3

FC(NOi)»H
------------ > c h 2c o 2c h 3

HIFC(N02)2CH2NCH

c o 2c h 3

14

pound similar to 9 which might be expected from this 
reaction is probably precluded because of steric crowd
ing.

The products from A',A '-bis(m ethoxym ethyl)-A- 
acethydrazide were the methylenebis compound 15 and

( 1 3 )  I d e n t i f i e d  b y  t i c  a n d  g l c  c o m p a r i s o n  o f  10 w it h  a n  a u t h e n t i c  s a m p l e .
(1 4 )  T h e  a s p a r a t e  14 w a s  p u r i f i e d  b y  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  a n d

i d e n t i f i e d  b y  c o m p a r i s o n  w it h  a n  a u t h e n t i c  s a m p l e .

The first equivalent of fluorodinitromethane reacts 
rapidly and, within experimental error, quantitatively 
to give stable isolable compounds with all of the bis- 
(alkoxymethyl) amines which have been tested.

(ROCH2)2N—R2 ROCH2NCH2+ +  ROH
R2 R2

ROCH2NCH2+ +  FC(N02)2-  — >  FC(N02)2CH2NCH20R  ( 1 )
17

R = Et or re-Pr 
It2 = alkyl substituent

A summary of the results collected in Table I strongly 
indicates that the reaction of a second equivalent of 
fluorodinitromethane depends on the electronegativity 
of the attached groups. As the electron-withdrawing

H+ R2
17 FC(N02)2CH,NCH2 + +  ROH

18 (2 )
18 +  FC(N02)2-  — [FC(N02)2CH2]2NR2

R = Et or n-Pr 
R2 = substituent

effect increases, side reactions increase to the eventual 
exclusion of the bis(fluorodinitroethyl) amino com
pound. These side reactions appear to fall into two 
main categories: (1) protonation on the amine nitro
gen with expulsion of an alkoxymethyl carbonium ion

FC(N02)2CH2NCH20R  [FC(N02)2CH2NCH20R ]-
H

17 I
H

FC(N02)2CH2NR2 +  +CIROR -<----- 1
(3)

and (2) the formation of a destabilized (energetic) car
bonium ion which attacks the mono compound 17, pres
ent in much greater concentration than the fluorodi- 
nitromethide ion again followed by the expulsion of an 
alkoxy carbonium ion.

H+ R2 17
17 FC(N02)2CH2NCH2+ — s-

18
R2

/
FC(N02)2CH2N

\
CH2 +  +CH2OR (4)

/
FC(N02)2CH2N

\
r 2

19

Reaction 3 will predominate when the carbonium ion
18 is strongly destabilized and steric factors decrease 
the possibility of the formation of a methylenebis com
pound. Reaction 4 will tend to predominate when
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Table I
Product Distributions for the R eactions of 17 vs. <tr,* Values

- %  y i e l d  o f  p r o d u c t s  ( R i =  F C t N O j h C H j ) -------------------. /— R e a c t i o n  c o n d i t i o n s — s

H T e m p , T i m e ,

R . » R ! * “ ( R O 1N R 2 C H 2( N R iR 2) j R , N R , ( r i ) 2n h ° c h r

C(CH3)3 -0 .3 0 90 85 2

c h 2c 6h 5 0.22 83 100 2

CH2CH(OEt)2 0.376 100 80 7

CH2OEt 0.525 81 15 80 72
CH2C 02Et 0.76 63 5 e 80 264

c h 2c o 2c h 3
/

CH 0.98 0 0 f 80 144
\

C 02CH3
FC(N02)2CH2 1.57' 68» 100 54
c h 3c o n h - 1.74* 0 52 2 0 80 24*

“ R. W. Taft, Jr., “ Steric Effects in Organic Chemistry,”  M. S. Newman, Ed., Wiley, New York, N. Y., 1956, Chapter 13. b Value 
used is that for CH3OCH2. '  L. A. Kaplan and H. B. Pickard, J .  O rg. C h em ., 35, 2044 (1970), report a a *  value of 4.41 for the FC- 
(NOj)j-  groups. A factor of 2.8 was used to determine the value for FC(N02)2CH2. d Calculated from <ri value reported in ref 15b. 
o No attempt was made to isolate the mono compound 10. 1 After hydrolytic work-up the only products that could be detected by
tic and glc were the monoaspartate 14 and fluorodinitroethanol. g The reaction mixture contained 12% of starting material and 
4.6% of bis(fluorodinitroethyl)methylamine. h Heating the reaction mixture at higher temperatures and sustained periods of time 
led to decomposition and complex product mixtures.

steric factors are suitable for methylene coupling and 
when the intermediate carbonium ion 18 is less stable 
than the alkoxymethyl carbonium ion.

The relationship between the Mannich reaction and 
those of alkoxymethylamines is obvious and the same 
influences should be operative in both, though certainly 
not to the same degree. For the synthesis of bis(2,2- 
dinitropropyl)glycine4 and tris(2,2-dinitroethyl)amine,5 
the influence of pH has been emphasized, but it would 
be perhaps more precise to point to the importance of 
ionized intermediates for these reactions in stabilizing 
the respective ions 20 and 21 by decreasing the electro
negativity of the attached groups.15 * * *
CH3C(N02)2CHN-CH2C 02-  CH3C(N02)2CH2N-CH2C02-

H2OH c h 2 +
20 (5)

[-C (N 02)2CH2]2NCH20 H = e ^  [-C (N 02)2CH2]2NCH2+ (6)
2 1

No doubt other 2,2-dinitroalkyl derivatives can be 
used in place of fluorodinitromethane. The possibility 
also exists that, by a judicious choice of the 2,2-dinitro
alkyl reactants to minimize inductive effects a number 
of mixed tris(2,2-dinitroalkyl)amines can be prepared. 
These aspects are now being investigated.

Experimental Section

General (Caution).—The polynitro compounds described in 
this paper are explosives with undetermined properties and should 
be handled with due care.

Microanalyses were by Galbraith Laboratories, Knoxville, 
Tenn. Melting points and boiling points are uncorrected.

Thin Layer Chromatography of Fluorodinitro Compounds.— 
Extensive use was made of thin layer chromatography to monitor

( 1 5 )  ( a )  U s i n g  <r, v a l u e s  b a s e d  o n  19F  s h i e l d i n g  e f f e c t s  r e p o r t e d  b y  T a f t , 15b
o*  v a l u e s  o f  + 0 . 4 7  a n d  — 0 .7 8  c a n  b e  c a l c u l a t e d  f o r  t h e  C H 2C 0 2E t  a n d  t h e  
C H 1C O 2 -  g r o u p s ,  r e s p e c t i v e l y .  A  v a l u e  o f  + 0 . 7  c a n  b e  e s t i m a t e d  f o r  t h e  
C H 2C O 2H  g r o u p .  U s i n g  p K h v a l u e s  f o r  m a l o n i c  a n d  e t h y l  m a l o n i c  a c id s .  
<r* v a l u e s  a r e  c a l c u l a t e d  t o  b e  0 .7 6  ( C I L C C h E t ) ,  — 0 .6 5  ( C H 2C O 2 - ) ,  a n d
+  1 .0 5  ( C H 2C O 2H ) .  A  s i m i l a r  d e c r e a s e  in  e l e c t r o n e g a t i v i t y  w o u l d  b e  
e x p e c t e d  u p o n  i o n i z a t i o n  o f  t h e  d i n i t r o e t h y l  g r o u p ,  ( b )  R .  W .  T a f t ,  E .
P r i c e ,  I .  R .  F o x ,  I .  C .  L e w i s ,  K .  K .  A n d e r s e n ,  a n d  G .  T .  D a v i s ,  J . A m er .  
C h em . S o c .,  85, 7 0 9  ( 1 9 6 3 ) ;  R .  W .  T a f t  a n d  I .  C .  L e w i s ,  ib id .,  80, 2 4 3 6
( 1 9 5 8 ) .

the formation of fluorodinitro compounds. The plates were 
coated with silica gel G ( “ Merck” ; Brinkmann Instruments, 
Inc., Westbury, N. Y .) and developed with methylene chloride, 
benzene, or chloroform.

After drying, the plates were sprayed with a 25% solution of 
KOH in methanol and dried at 40° for 15 min. The potassium 
nitrite produced in this step was detected by spraying the plates 
with an 0.03% solution of diphenylamine in 60% aqueous sul
furic acid. Intense blue spots are formed.

iV,lV-Bis(re-propoxymethyl)-2-fluoro-2,2-dinitroethylamine (1). 
—To 9.8 g (0.042 mol) of tris(n-propoxymethyl)amine, at ice- 
bath temperature, was added 5.22 g (0.042 mol) of fluorodinitro
methane with stirring. The mixture was allowed to come to 
ambient temperature and let stand for 2 hr. The reaction mix
ture was then distilled through a short Vigreux column and the 
fraction boiling at 80-81° (0.02 mm) was collected. The yield 
was 11.05 g (89%).

A n a l . Calcd for C10H2„FN3O6: C, 40.40; H, 6.78; F, 6.39; 
N, 14.14. Found: C,40.56; H, 6.81; F, 6.52; N, 14.30.

The nmr spectrum in CC1< showed two triplets at 5 0.92 (CH3) 
and 3.27 (CH20 ), a multiplet at 1.55 (CH2), a doublet at 4.07 
(FCCH2), and a singlet at 4.19 (NCH20).

.V,A'-Bis(2-fluoro-2,2-dinitroethyljethoxymethylamine (2).—A 
mixture of 3.14 g (0.025 mol) of fluorodinitromethane and 2.39 g 
(0.0125 mol) of tris(ethoxymethyl)amine was heated at a bath 
temperature of 80-82° for 72 hr. After cooling and removal of 
the volatiles in  vacu o , the residual oil weighing 4.12 g was chro
matographed on silica gel (G. Frederick Smith, Columbus, Ohio). 
The bisethoxymethylamine 2, 3.48 g (81%), was first eluted with 
CC14-CHC13 1:1.

The nmr spectrum in CCL consisted of a quartet at 5 3.34 
(OCH2, J hh =  7 Hz), a triplet at 1.18 (CH3, / Hh =  7 Hz), a 
doublet at 4.26 (FCCH2, / hf = 17 Hz), and a singlet at 4.10 
(NCH20 ). Later eluates contained 0.54 g (15)% of bis(fluoro- 
dinitroethyl)amine which was identified by comparison with an 
authentic sample.

A n a l . Calcd for C,Hi,F2N50 9: 0,24.21; H, 3.19; F, 10.94; 
N, 20.18. Found: C, 24.28; H, 3.08; F, 11.06; N, 20.30.

.V,,Y-Bis(2-fluoro-2,2-dinitroethylMerf-butylamine (5).—A mix
ture of 6.28 g (0.05 mol) of fluorodinitromethane and 4.73 g 
(0.025 mol) of N.A-bisfethoxymethylFferf-butylamine was 
heated at a bath temperature of 85° for 2 hr. After cooling, 7.79 
g (90%) of product was obtained by crystallization from ethanol: 
mp 53-54°; nmr (CDC13) 5 1.09 s (CH3, 9 H), 4.15 d (CH2, 
J hf =  14 Hz, 4 H).

A n a l . Calcd for C8H13F2N50 8: C, 27.83; H, 3.80; F, 11.01; 
N, 20.29. Found: C, 27.74; H, 3.67; F, 11.24; N, 20.31.

Ar,.Y-Bis(2-fluoro-2,2-dinitroethyljbenzylamine (6).—A mix
ture of 6.28 g (0.050 mol) of fluorodinitromethane and 6.28 g 
(0.025 mol) of iV.M-bistpropoxymethyRbenzylamine was heated 
at 100° for 2 hr. Upon cooling, the product crystallized and was 
recrystallized from absolute ethanol to give 7.83 g (83%):



mp 77-79°; nmr (CDCI3) S 7.08-7.41 m (phenyl hydrogens),
4.10 d (NCH2CF, / hf = 17 Hz), 3.93 s (NCH,).

A n a l. Calcd for CiiH„F2N50 8: C, 34.83; H, 2.92; F, 10.02; 
N, 18.47. Found: C, 35.05; H, 3.06; F, 9.90; N, 18.24.

Ar,Ar-Bis(2-fluoro-2,2-dinitroethyl)aminoacetaldehyde Diethyl 
Acetal (7).—A mixture of 6.28 g (0.050 mol) of fluorodinitro
methane and 6.23 g (0.025 mol) of jV,Ar-bis(ethoxymethyl)amino
acetaldehyde diethyl acetal was heated at a bath temperature of 
80° for 7 hr. After cooling, the reaction mixture was taken up 
in methylene chloride and washed consecutively with 0.33 N  
NaOII and water. After drying with anhydrous magnesium sub 
fate the solvent was removed in  vacu o  to leave an oil weighing
10.11 g (100%).

The nmr spectrum in CCh showed a multiplet at 5 3.30-3.70 
(COCH2, / hh = 7 Hz), two triplets at 4.40 (HCO2, J im  = 4 
Hz) and 1.20 (OCCH3, J hh = 7 Hz), and two doublets at 4.26 
(FCCH2, J  hf =  17 Hz) and 2.85 (NCH2C, / H h = 4 Hz). When 
the multiplet at 3.30-3.70 was irradiated, the triplet at 1.20 
collapsed to a singlet. Irradiation of the broadened triplet at 
4.40 caused the doublet at 2.85 to collapse to a singlet.

A n a l. Calcd for CioHi7F2N5Oio: C, 29.64; H, 4.23; F, 9.38; 
N, 17.27. Found: C, 29.88; H, 4.43; F, 9.57; N, 17.46.

Bis(2 -fluoro-2 ,2 -dinitroethyl)amine (3) by Dealkylation of 5.— 
A solution of 39.45 g (0.114 mol) of 5 in 60 ml of trifluoroacetic 
acid-methylene chloride 5 : 1  was allowed to stand at ambient 
temperature for 18 hr. At this time the solution was clear red 
and tic analysis showed only the presence of the bis amine 3. 
The solvents were removed in  vacu o  and the residue was re
crystallized from CH2CI2-CCI4 1:1 to yield 30.89 g (95%) of 
product, mp 44-45°. The identity was confirmed by comparison 
with an authentic sample.

Ethyl Ar,Ar-Bis(2-fluoro-2,2-dmitroethyl)aminoacetate (8 ) and 
A\A-Methylenebis(ethyl Ar-fluorodinitroethylaminoacetate) (9). 
—A solution of 4.71 g (0.038 mol) of fluorodinitromethane and
4.16 g (0.019 mol) of ethyl Ar,Ar-bis(ethoxymethyl)aminoacetate 
in 4 ml of absolute ethanol was heated at a bath temperature of 
80° for 1 1  days, allowed to cool, and stripped of volatiles in  vacu o .

The residue was dissolved in benzene and chromatographed 
on silica gel. The fractions were analyzed by tic. The first 
material eluted was 8 . After removal of the benzene this was re- 
crystallized from carbon tetrachloride to give 4.33 g (63%): 
mp 69-70°; nmr (CDCI3) i  1.30 t (CH3, J im  = 7 Hz), 3.55 s 
(NCH2CO2), 4.19 d (FCCH->, / hf = 19 Hz), 4.21 q (OCH2, 
J  hh = 7 Hz).

The methylenebis compound 9 was present in the later eluates 
and, after removal of the solvent, was recrystallized from carbon 
tetrachloride to give 0.33 g (5%): mp 85-86°; nmr (CDCI3) 
S 1.31 t (CH3, / hh = 7 Hz), 3.42 s (NCH2C02), 3.89 s (CH2),
4.09 d (FCCH2, / hf = 19 Hz), 4.33 q (OCH2, / hh = 7 Hz).

A n a l. Calcd for CisHioFjNeO,-.: C, 31.84; H, 4.11; F, 7.75; 
N, 17.14; mol wt, 490.33. Found: C, 32.02; II, 4.35; F,
7.94; N, 16.90; mol wt, 488.

A',Ar-Bis(2-fluoro-2,2-dinitroethyl)aminoacetic Acid (11).—A 
solution of 2.55 g (0.007 mol) of 8  in 10 ml of trifluoroacetic acid 
and 4 ml of 6 N  hydrochloric acid was refluxed for 8 hr and allowed 
to cool, and the volatiles were removed in  vacu o . The solid 
residue was recrystallized from methylene chloride to yield 2.14 
g (91%), mp 140-142°.

The nmr spectrum in CD3CN showed a singlet at & 3.56 (NC'lb- 
CO2) and a doublet at 4.44 (FCCH2, / hf = 18.5 Hz). The H

iV,IV-Bls(2-FLUORO-2,2-DINITROETHYL)-IV-ALKYLAMINES

ratio was 2:4. The position of the proton could not be 
ascertained.

A n a l . Calcd for C6H,F2N60 i„: C, 20.76; H, 2.03; F, 10.95; 
N, 20.18. Found: C, 20.65; H, 2.07; F, 11.21; N, 20.14.

2-Fluoro-2,2-dinitroethyl A',Ar-Bis(2 -fluoro-2 ,2-dinitroethyl)- 
aminoacetate (13).—To a solution of 1.0 g (0.003 mol) of N ,N -  
bis(fluorodinitroethyl)aminoacetic acid 11 in 5 ml of ethylene 
chloride was added 0.5 ml of thionyl chloride and a few drops 
of pyridine. The mixture was gradually heated to 90° and 
allowed to cool, and the solvent was then removed in  vacu o . 
The residue was dissolved in 5 ml of methylene chloride and, 
after cooling the solution in an ice bath, 0.4 ml of fluorodinitro- 
ethanol and 0.3 ml of pyridine were added. The mixture was 
allowed to warm to ambient temperature and was refluxed for 1  
hr. Additional methylene chloride was added, and the solution 
was washed consecutively with dilute hydrochloric acid, water, 
and 0.1 N  sodium hydroxide. After drying with anhydrous 
magnesium sulfate, the solvents were removed in  vacu o  to give
1 .2 g (8 8 % ) of a viscous oil: nmr (CDC13) S 3.75 s (NCH2CO2),
4.22 d (FCCH2N, / hf = 17.5 Hz), 5.28 d (FCCHjO, / HF = 15 
Hz). No impurities could be detected by tic.

A n a l . Calcd for C8H8F3N7 0 i4: C, 19.88; H, 1.67; F, 11.80; 
N, 20.30. Found: C, 20.09; H, 1.63; N, 20.08.

Methylenebis Derivative of Ar'-Fluorodinitroethyl-Ar-acethy- 
drazide (15) and Ar'-Fluorodinitroethyl-A'-acethydrazide (16).— 
A solution of 6.28 g (0.05 mol) of fluorodinitromethane in 5 ml of 
dry ethanol was heated to reflux temperature. Over a period 
of 2.5 hr, 4.05 g (0.025 mol) of N ' ,A'-bis(methoxymethyl)-N -  
acethydrazide in 5 ml of absolute ethanol was added. After 
refluxing overnight the solution was cooled and the crystalline 
material which deposited was removed by filtration. After re- 
crystallizing from methanol 2.7 g of 15 (52% based on acethydra- 
zide) wras obtained: mp 164-166° dec; nmr (CD3OD) 5 1.91 s 
(COCH3), 4.09 s (NCHjN), 4.42 d (FCCH2, / hf = 17 Hz); 
nmr (CD3CN) 6 8.08 s (NHNH).

A n a l. Calcd for CgHuFjNsOio: C, 25.01; H, 3.26; F, 8.79; 
N, 25.93; mol wt, 432.28. Found: C, 25.37; H, 3.21; F, 
8.91; N, 26.01; mol wt, 430, 433.

The solvent was removed from the above filtrate and the 
residue was chromatographed on silica gel. By elution with 
CH2Cl2-MeOH 1:1, followed by removal of the solvent and re- 
crystallization of the residue from chloroform, 1 . 0 2  g (2 0 % ) of 16 
was obtained: mp 115-118°; nmr (CD3OD) S 1.88 s (COCH3),
4.22 d (FCCH2, / h f  = 19 Hz), 4.80 s  (CD3OH).

A n a l. Calcd for C4H,FN40 5: C, 22.86; H, 3.36; F, 9.04; 
N, 26.67. Found: C, 23.03; H, 3.56; F, 8.84; N, 26.61.
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Isomerization of (V-Aryl-l-aziridinecarboxiniidoyl Chlorides to 
(V-(2-Chloroalkyl)-(V-aryl Carbodiimides

D onald  A. T o m alia , T homas J. G iaco bbe ,* and W illiam  A. Sprenger

E d gar C. B ritto n  R esearch  L a b o ra to ry  a n d  P h y s ic a l  R esearch  L abo ra to ry , T he D ow  C h em ica l C o m p a n y ,
M id la n d , M ich ig a n  /,8ft4 0
R eceived N ovem b er 10 , 1 9 7 0

IV-Aryl-l-aziridinecarboximidoyl chlorides prepared from aziridines and aryl isocyanide dichlorides undergo 
facile rearrangement to carbodiimides. The aziridines and carbodiimides were converted to imidazolidinetriones 
by treatment with oxalyl chloride followed by hydrolysis. The rearrangement to carbodiimides occurs in the 
neat liquid or in solution and is catalyzed by strong Brpnsted acids; kinetic evidence suggests cationic interme
diates formed by acid-assisted heterolysis of the C-Cl bond.

Recently we described a novel class of aziridine 
isomerizations which formally involved a 1,4 shift of X  
accompanied by the formation of an - N = Y = Z  group. 
These rearrangements were skeletally analogous to 
the well-known homoallylic rearrangements that have 
been observed in the cyclopropane series.1 To date 
this rearrangement has been utilized to prepare 2- 
substituted alkyl isothiocyanates,2 isocyanates,3'4 and 
JV-sulfinylamines.5 We now wish to report a further

precipitated from the reaction at higher temperatures. 
The amount of polymer formation increased with in
creasing temperatures.

R, R, N = C = N C 6H4R3 

Cl

z
f\ II
[^NYX —  XCHoCH,N=Y=Z

extension of the rearrangement to include the isomeriza
tion of X-aryl-l-aziridinecarboximidoyl chlorides to 
X - (2-chloroalky 1)-jV-ary 1 carbodiimides.

Results

The new class of aziridines, X-aryl-l-aziridinecarboxi- 
midoyl chlorides, was prepared by allowing equimolar 
amounts of aziridine to react with the aryl isocyanide 
dichlorides in the presence of triethylamine.

The structures for both the X-aryl-l-aziridinecar- 
boximidoyl chlorides and their corresponding rearrange
ment products, the carbodiimides, were confirmed by 
infrared and nmr spectroscopy. The nmr data in
dicated that only one double bond isomer was present, 
but the configuration was not determined. The con
version of the aziridinecarboximidoyl chlorides and the 
isomeric carbodiimides to parabanic acids (9, 10, 11, 12) 
has given additional support to the assigned structures. 
The aziridinecarboximidoyl chlorides or the isomeric 
carbodimides reacted with oxalyl chloride and yielded 
dichloroimidazolidinediones which were subsequently 
converted to the imidazolidinetriones (parabanic acids) 
when hydrolyzed with water (see Scheme I). The

1, R, = R̂  — R3 =  H
2, R, = R2 =  H;R3 =  p-Cl
3, R, = R2 =  H; R, =  m-N02
4, R, = R, =  CH,; R3 =  m-N02

It was found that the aziridinecarboximidoyl chlo
rides could be conveniently isomerized to carbodiimides 
for preparative experiments at elevated temperatures 
(ca. 40-60°) or at ambient temperatures (25-33°) 
with an acid catalyst in an aprotic solvent (acetone 
or acetonitrile). This reaction provided a facile method 
for preparing unsymmetrical carbodiimides. The acid- 
catalyzed method appeared to be superior to the ther
mal procedure since an unidentified polymeric material

( 1 )  P .  D e  M a y o ,  “ M o l e c u l a r  R e a r r a n g e m e n t s , ”  V o l .  I ,  I n t e r s c i e n c e ,  
N e w  Y o r k ,  N .  Y . ,  1 9 6 4 ,  p  2 5 9 .

( 2 )  D .  A .  T o m a l i a ,  J . H ete ro cy cl. C h em ., 3, 3 8 4  ( 1 9 6 6 ) .
(3 )  D .  A .  T o m a l i a  a n d  J . N .  P a i g e ,  ib id .,  4, 1 7 8  ( 1 9 6 7 ) .
( 4 )  D .  A .  T o m a l i a ,  D .  P .  S h e e t z ,  a n d  G .  E .  H a m ,  J . O rg. Chem ,., 3 5 ,  4 7  

( 1 9 7 0 ) .
(5 )  D .  A .  T o m a l i a ,  T etra h ed ron  L ett.,  2 5 5 9  ( 1 9 6 7 ) .

Scheme I
NCeH4R3

hNCCl 

R, R,
1-4

R, R̂  N = C = N C eH4R3K7
Cl
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(COCI),

0

9, R ,=R 2 = H;R3 = H
1 0 , R1 =R 2 = H;R3 =Cl(p)
11, R1 =R 2 =H ;R 3 =  N02 (m)
12, R1 =  R2 = CH3;R3 = N02 (m)
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reaction of carbodiimides with oxalyl chloride and con
version to parabanic acids is a known reaction.6

The rates of isomerization of l-(m-nitrophenyl)- 
aziridinecarboximidoyl chloride (3) to N-(2-chloro- 
ethyl)-./V-(wi-nitrophenyl)carbodiimide (7) were moni
tored by nmr to give data in Tables I and II. Several

Table I
Effect of Solvent Polarity on the 

Isomerization of 3 at 33°
Dielectric Relative

Solvent constant rate
DMSO-rfs 47 22,900
Acetonitrile-dj 37 282
Acetone-d3 21 199
CH2C12 9 59
CCI, 2 1

T able II
Acid-Catalyzed Isomerization of 3 to the Carbodiimide 

7 IN AcETONE-d6 at 33°
(Acid)*10+S fcobsd’ 10 46

mol/1. sec-1 11/2 obsd
4 0 .8 430 ±  39 2 .7  m in

P erch loric 30 237 ±  14 4 .9  min
acid 2 0 .4 110 ±  8 1 0 .5  min

catalysis 12 28 ±  3 41 min
0 0 .9  ±  0 .0 3 2 7 .5  hr

2 6 .7 377 ±  18 3 .1  m in
H y d roch loric 2 1 .3 188 ±  10 5 .2  m in

acid  • 16 51 ±  5 2 2 .5  min
catalysis 1 0 .65 10 ±  14 117 min

o 0 .9  ±  0 .0 3 2 7 .5  hr

observations indicated that a cationic specie or species 
were involved as intermediates during the thermal 
isomerization. It was found that the rate of thermal 
isomerization (non acid catalyzed) increased with sol
vent polarity (see Table I). The marked increase 
with DMSO may be due to solvent participation. It 
is known that DMSO does react with alkyl halides to 
form 0 - or S-alkylated adducts that contain a halide 
ion.7’8 It should be noted that the adventitious acid 
content of the solvents listed in Table I was not known. 
Hence, these results may not be directly comparable 
to the acid-catalyzed isomerizations (vide infra). The 
rate of isomerization was retarded by electron-with
drawing groups in the phenyl ring (1 >  2 >  3).

In the isomerization of the methyl-substituted aziri- 
dinecarboximidoyl chloride (4), the presence of two prod
ucts, 8 and 13 (ca. 15%), was indicated by nmr. The

C1CCH2N = C = N C 6H,N02 ( m )
I V -C H 2N = C = N C 6H4N02 (m )
CH, /

8 13

formation of these compounds could be rationalized 
by a carbonium ion on the carbon bearing the gem 
dimethyl group.

It was observed that the rate of isomerization of 3 
to 7 in an aprotic solvent (acetone) was enhanced by 
addition of catalytic quantities of a strong Brpnsted

(6) H. Ulrich and A. A. R. Sayigh, J. Org. Chem., 30, 2781 (1965).
(7) S. G. Smith and S. Winstein, Tetrahedron, 3, 317 (1958).
(8) R. Kuhn and H. Trischmann, Justus Liebigs Ann. Chem., 611, 117 

(1958).

acid. The rates of these acid-catalyzed isomerizations 
were observed using hydrochloric and perchloric acids 
as catalysts. The results from these rate studies are 
summarized in Table I.

Addition of chloride ion (from tetramethylammo- 
ium chloride) did not catalyze the isomerization of 3 
to 7 in acetone-da at 33°. The rate of isomerization 
was 2.2 X 10-5 sec-1 ; the small increase of this 
compared to the rate in pure acetone-da (0.9 X 10-5 
sec-1) was ascribed to a salt effect since the rate of 
isomerization of 3 to 7 was found to be 1.8 X 10-5 
sec-1 when tetramethylammonium fluoroborate was 
added instead of the chloride salt (the concentration 
of both quaternary salts was 0.03 M). It was in
teresting to observe that isomerization of 3 to 7 in 
acetone-da appeared to be catalyzed by the addition of 
lithium chloride (k =  8 ±  0.7 X 10-5 sec-1, acetone d6 
saturated with lithium chloride). The small lithium 
ion probably acted as a catalyst for the isomerization 
in a manner similar to the proton. However, an un
usual salt effect has not been eliminated as a possible 
explanation for the apparent lithium chloride catalysis.

The effect of acid upon the isomerization of 3 to 
carbodiimide 7 was not completely understandable, 
and, thus, one can only speculate on the role of the 
catalyst. The acid-catalyzed nature of the reaction 
was very apparent (see Table II). However, the order 
of the acid dependence and the variables (e.g., the 
effect of increased electrolyte on the activity of the 
protonic species and chloride ion) created by addition 
of acid to the reaction were not determined.

One interpretation of the data would require the 
acid catalyst to assist the cleavage of the carbon- 
chlorine bond. An alkylated nitrilium salt (or one of 
its resonance forms) would be the resultant inter
mediate. The nitrilium salt could be transformed to 
a carbodiimide when attacked by chloride ion. This 
reaction pathway is shown in Scheme II. Bartlett

Scheme II 
+

i > ck
C n Ai
/ /
ç c h -h *

P ;nc= nat

î
h;N— c=NAr — * B 'N = C = N A r

+ a — 1
’  c r

Î
P ;N = C = N A r

and Pockels interpreted the autocatalysis of the cam- 
phene hydrochloride solvolysis as an acid solvation of 
a leaving chloride ion.9 Thus, utilization of the acid 
catalyst for the solvation of the leaving chloride ion 
seemed justified. Furthermore, the weakness of the 
carbon-chlorine bond in aziridine 3 was demonstrated 
when a dichloromethane solution of 3 was allowed to 
react with silver tetrafluorobroate. An exothermic 
reaction ensued and a precipitate of silver chloride was 
observed immediately.

The acid catalyst did, however, not appear to be 
acting in the “ classical”  sense for acid-catalyzed

(9) P. D. Bartlett and I. Pockels, J. Amer. Chem. Soc., 60, 1585 (1938).
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aziridine ring ruptures (i.e., protonation of the aziridinyl 
nitrogen atom followed by ring cleavage). If protona
tion is indeed a step in the course of isomerization of 
these aziridines to carbodiimides, resonance arguments 
for the delocalization of the ensuing positive charge can 
be invoked to explain why protonation should occur on 
the imidoyl nitrogen rather than on the aziridinyl 
nitrogen atom. Furthermore, it has been demonstrated 
that electrophillic attack on (l-aziridinyl)-2-oxazolines, 
a system very analogous to these aziridineimidoyl 
chlorides, occurs exclusively at the nitrogen atom 3 to 
the aziridine ring.10

Experimental Section

Nuclear magnetic resonance (nmr) spectra were recorded on 
a Varían A-60 spectrometer. Chemical shifts are reported as 
parts per million (8 ) relative to tetramethvlsilane. The ambient 
temperature of the probe of the Varían A-60 spectrometer was 
maintained at 33° by a large volume (40 gal) of recirculating, 
deionized, cooling water. The cooling water was maintained 
at constant temperature with a refrigeration apparatus. The 
temperature of the probe was determined by the shift of the signal 
for the hydroxyl and methyl protons of methanol. 1 1  Infrared 
spectra were recorded on a Beckman IR-5 spectrometer. Melting 
points were determined on a Thomas-Hoover melting point ap
paratus and are uncorrected. Deuterated solvents were pur
chased from Stohler Isotope Chemicals.

The p-chlorophenylisoeyanide dichloride was purchased from 
Eastman Organic Chemicals. Phenylisocyanide dichloride and
3-nitrophenylisocyanide dichloride were prepared by reaction 
of formanilide and 3-nitroformanilide (K & K Laboratories) 
with thionyl chloride and sulfuryl chloride, respectively. 12

A'-Aryl-l-aziridinecarboximidoyl Chlorides (1-3).—While stir
ring a solution of aryl isocyanide dichloride (0.1 mol) in 75 ml of 
carbon tetrachloride at 0-5°, a solution of aziridine (0.1 mol, 
Dow Chemical Co.) and triethylamine (0.1 mol) in 75 ml of 
carbon tetrachloride was added dropwise over a period of 1.5 hr. 
The reaction temperature was maintained below 5° during addi
tion by external cooling with ice. (Reaction leading to 3 was 
very exothermic.) The mixture stirred for 1 - 2  hr at room tem
perature; then triethylamine hydrochloride was removed from the 
reaction by filtration. The aziridines 1 , 2 , and 3 were isolated 
from these filtrates by removal of solvent with a vacuum as room 
temperature. Compound 1  was isolated as a light yellow’ , thermo- 
labile oil; compounds 2 and 3 were obtained as crystalline solids, 
mp 23-25° (from hexane with Dry Ice cooling) and 68-70° 
(from diethyl ether, Dry Ice cooling), respectively. Both 2  and 
3 could be stored in a freezer ( — 5 to 0°) for several months 
without appreciable decomposition. In one instance a neat 
sample of compound 2  polymerized exothermally to an intractable 
mass containing carbodiimide while being stored in a refrigerator. 
Yields of iV-aryl-l-aziridinecarboximidoyl chlorides varied be
tween 8 8  and 1 0 0 %.

Spectral and analytical data for these compounds are as de
scribed below.

1 : Infrared spectrum 1950 cm “ 1 (N =C ); nmr spectrum
(CC1<) 8 2.36 (4 H, singlet, aziridine protons), 7.52-6.62 (5 H, 
complex multiplet, aromatic protons). It (1) was too unstable 
to purify for combustion analyses.

2 : Infrared spectrum 1660 cm- 1  (N = C ); nmr spectrum
(CCh) 8 2.40 (4 H, s, aziridine protons), 7.22 (2 H, d, aromatic 
protons), 6.72 (2 H, d, aromatic protons).

A n a l. Caled for CSH8C12N2: C, 50.3; H, 3.72; N, 13.0. 
Found: C, 50.2; H, 3.57; N, 13.07.

3: Infrared spectrum 1650 cm“ 1 (N =C ); nmr spectrum
(CC1») 8 2.51 (4 H, s, aziridine protons), 7.02-8.09 (4 H, multi
plet, aromatic protons).

A n a l . Caled for CoH8C1N30 2: C, 48.0; H, 3.55; N, 18.7. 
Found: C,48.3; H.3.57; N, 18.5.

(10) D. A. Tomalia, N. D. Ojho, and B. P. Thill, J. Org. Chem., 34, 1400 
(1969).

(11) Varian Analytical Instrument Division, Palo Alto, Calif., Publica
tion 87-202-006, pp 4-12.

(12) E. Kuhle, Angew. Chem., 74, 861 (1962).

,V-(m-Nitrophenyl-l-(2,2-dimethylaziridine}carboximidoyl 
Chloride (4).—According to the above procedure, a solution of
2 ,2 -dimethylaziridine (0.1 mol, Dow Chemical Co.) and tri
ethylamine (0.1 mol) in 75 ml of carbon tetrachloride was added 
to a solution of 3-nitrophenyl isocyanide dichloride (0.1 mol) 
also in 75 ml of carbon tetrachloride. After removing triethyl
amine hydrochloride and solvent in the usual manner, a low melt
ing, white crystalline product precipitated from the carbon tetra
chloride filtrate upon storing in a freezer ( — 2 0 °) overnight. 
This compound was identified as A-(m-nitrophenyl)-1-(2,2-di- 
methylaziridine)carboximidoyl chloride (4): mp 26-28° (with 
an exotherm and spontaneous isomerization to carbodiimide); 
infrared spectrum (CCU) 1650 cm“ 1 (N =C ); nmr spectrum (CCU) 
8 1.44 [6 H, s, C(CH,)2] , 2.42 (2 H, s, CH2), 7.0-8.06 (4 H, multi
plet, aromatic protons).

A n a l. Calcd for C„H 12C1N,02: C, 52.1; H, 4.73; N, 16.5. 
Found: C,52.1; H,4.76; N, 16.3.

Rate Determinations.—The rates of isomerization of 3 in 
various solvents was accomplished by first weighing a sample 
(40 mg) of 3 into an nmr tube. Dibenzyl ether (35 ¡A) and the 
solvent (250 i i\) in question were added to the nmr tube. The 
integral of the aziridinyl protons at 8 2.51 was compared to the 
methylene protons of dibenzyl ether at 8 4.55 with respect to 
time. The tube was placed in a constant temperature bath set 
at 33° and periodically removed to record the relative integrals 
of the two signals. The following results were obtained: solvent 
(k  X 105 sec-1), DMSO (100 ±  0.1), acetonitrile-dj (1.23 ±  
0.05), acetone-d6 (0.9 ±  0.03), CH2C12 (0.251 ±  0101), CCl, 
(0.00437 ±  0.0006).

A stock solution of perchloric acid in acetone-d« was prepared 
for the perchloric acid catalyzed isomerizations of 3 in acetone- 
d6 at 33°. The solution was made by diluting 60 X 10-* 1. 
(60 m1) of 5.71 N  perchloric acid to 1.0 ml with acetone-d6. A 
sample (40 mg) of compound 3 was weighed into an nmr tube. 
Dibenzyl ether (35 pi) and acetone-d6 (250 pi — X;  X  =  micro
liters of stock perchloric acid-acetone-d6 solution) were added at 
time zero. The integral of the azirdinyl protons at 8 2.51 was 
compared to the methylene protons of dibenzyl ether at 8 4.55. 
A known volume of the stock perchloric acid-acetone-d6 solution 
was added to the nmr tube, the tube was quickly inverted, and 
a timer was activated. The integral of the two signals at 8 
2.51 and 4.55 were monitored with respect to time. The results 
are recorded in Table II.

A stock solution of hydrochloric acid was prepared for the 
hydrochloric acid catalyzed isomerization of 3 in acetone at 
33°. The solution was made by diluting 30 X 10-6 1. (30 pi) 
of 11.6 A hydrochloric acid to 1.0 ml with acetone-di- A sample 
of 3 (40 mg) was weighed into an nmr tube. Benzyl benzoate 
(70 pi) and acetone-d6 (240 /d — X;  X  = microliters of stock 
hydrochloric acid-acetone-d6 solution) were added at time zero. 
Also sufficient deuterium oxide was added to the reaction solu
tion in addition to the H20  introduced with the hydrochloric 
acid stock solution such that the total amount of “ water”  pres
ent was 3.6 X 10“ 4 mol. The integral of the aziridinyl protons 
at 8 2.51 was compared to the methylene protons of benzyl ben
zoate at 8 5.34. Then a known volume of the stock hydrochloric 
acid-acetone-d6 solution was added to the nmr tube, the tube was 
quickly inverted, and a timer was activated. The integral of 
the two signals at 8 2.51 and 5.34 were monitored with respect to 
time. The results are recorded in Table II.

The rate coefficients, tobsd, where reckoned as —2.30 times 
the slopes of plots of log ( 1  — Cd) against time. The slopes 
were determined by a least-squares treatment of the data, and 
the errors reported in the rate coefficients were the standard 
deviations of the slopes. The conversion fraction, 1  — Cd, 
was defined as the amount of aziridine compound 3 present at 
time = t divided by the amount of aziridine compound 3 at 
time = zero (beginning of reaction). The quantity, 1  — Cd, 
was experimentally obtained from the quotient: the millimeters
of integration for the aziridinyl protons at time = t divided by 
the millimeters of integration for the aziridinyl protons at time 
= zero. Integrations were normalized with respect to the milli
meters of integration for the internal standard at time = t  with 
the median millimeters of integration obtained for the internal 
standard during the course of a kinetic run. Kinetic runs were 
generally followed to 70-80% completion, but the slopes were 
usually obtained by plotting the first 50% of the isomerization 
since the quantity 1 — Cd became increasingly difficult to de
termine accurately.

Isomerization of 1 to Carbodiimide 5.—-A sample of 1 (4 g)
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was dissolved in carbon tetrachloride (2 0  ml) and heated in a 
constant temperature bath at 40°. The conversion from 1 to 5 
could be monitored by nmr spectroscopy. After heating for 14 
hr the signal for the aziridine protons at 8 2.40 had disappeared. 
The carbon tetrachloride was removed under reduced pressure to 
yield a water-white liquid identified as carbodiimide 5: in
frared spectrum 2140 cm- 1  (N = C = N ); nmr spectrum (CC14) 
8 3.62 (4 H, s, C1CH2CH2N = ), 6 .6-7.5 (5 H, m, aromatic pro
tons).

The l-(2-chloroethyl)-3-phenyl-2,2-dichloroimidazolidine-4,5- 
dione can be prepared by the reaction of either carbodiimide 5 
or aziridine 1 with oxalyl chloride. A sample (4 g, 0.0221 mol) 
of either carbodiimide 5 or aziridine 1 was dissolved in carbon 
tetrachloride (16 ml). The carbon tetrachloride solution was 
added to a solution of oxalyl chloride (4.3 g, 0.033 mol, Eastman 
Organic Chemicals) in dichloromethane (30 ml) over a period of 
10 min. The reaction solution was then heated at 43-45° for 
1 hr. The solvent was removed under reduced pressure and a 
light yellow solid (6.25 g, 92%) was obtained whose spectral 
data were consistent with l-(2-chloroethyl)-3-phenyl-2,2-di- 
c,hloroimidazolidine-4,5-dione: infrared spectrum (Fluorolube) 
1766 cm- 1  (carbonyl); nmr spectrum (acetonitrile-d3) 8 7.6 (5 H, 
s, aromatic protons), 4.4-3.7 (4 H, m, C1CH2CH2N). Ulrich 
and Sayigh reported a carbonyl absorption of 1766 cm - 1  for
l,3-dicyclohexyl-2,2-dichloroimidazolidine-4,5-dione.°

l-(2-Chloroethyl)-3-phenylimidazolidine-2,4,5-trione (9).—A 
sample (5.7 g) of the crude l-(2-chloroethyl)-3-phenyl-2,2-di- 
chloroimidazolidine-4,5-dione was mixed with water (100 ml) 
and allowed to sit at room temperature for 18 hr. The crystal
line product (4.1 g, 8 8 % ) was collected by vacuum filtration. 
The product was recrystallized from dichloromethane-ether to 
yield a material identified as l-(2-chloroethyl)-3-phenylimid- 
azolidine-2,4,5-trione (9): mp 110-112°; infrared spectrum 
1735 cm- 1  (carbonyl); nmr spectrum (acetonitrile-d3) 8 7.6-7.2 
(5 H, m, aromatic protons), 4.2-3.6 (4 H, 9-line multiplet, 
spacing = 4 Hz, C1CH2CH2N).

A n a l . Calcd for ChH9N20,C1: C, 52.3; H, 3.59; N, 11.1. 
Found: C, 51.9; H, 3.69; N, 11.1.

Isomerization of 2 to Carbodiimide 6 .—A sample of 2 (0.04 g) 
was dissolved in carbon tetrachloride (0.3 ml) and heated in a 
water bath at 40°. The conversion from 2  to 6  could be moni
tored by nmr spectroscopy. After being heated for 31 hr the 
signal for the aziridine protons at 8 2.36 had completely disap
peared. Evaporation of the carbon tetrachloride yielded a 
liquid which was identified as carbodiimide 6 : infrared spec
trum 2130 cm - 1  (N = C = N ); nmr spectrum (CCU) 5 6.8-7.4 
(4 H, m, aromatic protons), 3.7 (4 H, s, C1CH2CH2N = ).

The l-(2-chloroethyl)-3-(p-chlorophenyl)-2,2-dichloroimidazo- 
lidine-4,5-dione can be prepared by the reaction of either 
aziridine (2) or carbodiimide (6 ) with oxalyl chloride. A sample 
(1.96 g, 0.0091 mol) of either 2  or carbodiimide 6  was dissolved 
in dichloromethane (10 ml). This solution was added dropwise 
to a solution of oxalyl chloride (1.73 g, 0.0136 mol, Eastman 
Organic Chemicals) in dichloromethane (40 ml) over a period of 
10 min. When the addition was complete the reaction was re
fluxed for 45 min. The dichloromethane was removed under a 
reduced pressure to yield a crude material (2.7 g, 87%, mp 125- 
35°) whose spectral data were consistent with l-(2-chloroethyl)-
3-(p-chlorophenyl)-2,2-dichloroimidazolidine-4,5-dione: infrared 
spectrum (Fluorolube) 1765 and 1750 cm - 1  (carbonyl); nmr 
spectrum (aeetonitrile-(f3) 8 3.8-4.3 (4 H, m, C1CH2CH2N),
7.6-7.0 (4 H, m, aromatic protons).

l-(2-Chloroethyl)-3-(p-chlorophenyl)imidazolidine-2,4,5-trione
(10).—A sample (2.5 g) of the crude l-(2-chloroethyl)-3-(p-chloro- 
phenyl)-2,2-dichloroimidazolidine was stirred with water (75 ml) 
for 3 hr. The product was collected by vacuum filtration and 
allowed to dry at room temperature overnight to yield 2 g (95%). 
After recrystallization from dichloromethane-ether this material 
was identified as l-(2-chloroethyl)-3-(p-chlorophenyl)imidazoli- 
dine-2,4,5-trione: mp 137-138°; infrared spectrum (Fluoro
lube) 1730 cm - 1  (carbonyl); nmr spectrum (acetonitrile-d3) 
8 7.2-7 .8  (4 H, m, aromatic protons), 3.6-4.2 (4 H, 6 -line multi
plet, spacing = 5-4-4-4-5 Hz, C1CH2CH2N).

A n a l. Calcd for C„H8N20 3C12: C, 46.02; H, 2.89; N, 9.77. 
Found: C, 46.07; H.2.92; N.9.78.

Isomerization of 3 to Carbodiimide 7.—A sample (0.3 g, 1.33 
mmol) of 3 was placed in a tube fitted with a condenser and drying 
tube. The tube was heated in a water bath at 6 8 ° for 12 min. 
The resultant yellow liquid (0.3 g, 100%) was identified as carbo
diimide 7: infrared spectrum 2145 cm- 1  (N = C = N ); nmr spec

trum (CC14) 8 3.82 (4 H, s, C1CH2CH2N = ), 7.4-8.1 (4 H, m, 
aromatic protons).

A n a l . Calcd for C9H8C1N30 2: C, 48.0; H, 3.55. Found: 
C, 48.5; H, 3.53.

l-(2-Chloroethyl)-3-(m-nitrophenyl)Lmidazolidine-2,4,5-trione
( 1 1 ).—The l-(2-chloroethyl)-3-(m-nitrophenyl)-2,2-dichloroimid- 
azolidine-4,5-dione can be prepared by the reaction of either 
aziridine 3 or carbodiimide 7 with oxalyl chloride. A sample 
(0.5 g, 2.22 mmol) of either carbodiimide 3 or aziridine 7 was 
taken up in dichloromethane and added portionwise to a stirred 
solution of oxalyl chloride (0.423 g, 3.33 mmol, Eastman Organic 
Chemicals) in 8  ml of dichloromethane over a period of 10 min. 
The reaction was very exothermic. After being refluxed for 30 
min, the solvent was removed under reduced pressure to yield 
a white, crystalline residue (0.95 g, 96%) and melted at 147-150°. 
Spectral data were consistent with the proposed product, l-(2- 
chloroethyl) - 3 - (m  - nitrophenyl) - 2,2 - dichloroimidazolidine -4,5- 
dione: infrared spectrum (Fluorolube) 1766 cm- 1  (carbonyl).

The above crude product (0.75 g) was allowed to stir with water 
(25 ml) at room temperature for several hours. A white crystal
line product was collected by filtration and washed with four 
10-ml portions of cold water. The aqueous filtrate was very 
acidic (pH =  1). The air-dried crude product melted at 116— 
119° (0.4 g, 63%). Three recrystallizations from dichloro
methane-ether gave a material identified as l-(2 -chloroethyl)-
3-(m-nitrophenyl)imidazolidine-2,4,5-trione (11): mp 117-119°; 
infrared spectrum (Fluorolube) 1724 and 1742 cm - 1  (carbonyl); 
nmr spectrum (acetonitrile-d3) 8 7.6-8.4 (4 H, m, aromatic pro
tons), 3.96 (4 H, 8 -line multiplet, spacing = 3-4-4—4-4-4-3 Hz, 
C1CH2CH2N).

A n a l . Calcd for CnHsClN30 5: C, 44.4; H, 2.69; N, 14.1. 
Found: C, 44.0; H, 2.72; N, 14.3.

Isomerization of 4 to Carbodiimide 8 .—A sample of 4 (0.3 g) 
was placed in a test tube equipped with a thermocouple. Upon 
warming to 28°, the white crystals melted and an exothermic 
reaction began. Temperature rose to 44°. This melt was 
analyzed by nmr and infrared spectroscopy and found to be com
pletely converted to the carbodiimide. The infrared spectrum 
showed that the band at 1660 cm - 1  (N =C ) had disappeared, 
whereas an intense band at 2130 cm - 1  (N = C = N ) had appeared. 
Characteristic nmr signals (CC14) for the aziridine ring in 4 were 
absent. New resonance bands were present at 8 1.78 (6  H, 
singlet), 3.65 (2 H, singlet), and two complex multiplets cen
tered at 7.94 and 7.42 (4 FI). These were assigned to CH3C- 
CH3, CH2, and the aromatic ring, respectively, in Ar-(2-chloro-2- 
methylpropyl)-iV-m-nitrophenylcarbodiimide (8 ). Two broad
ened singlets at 8 1.85 (CH3) and 4.01 (CH2), as well as a finely 
split multiplet at 8 5.02 were assigned to a small amount of N -  
methylallyl-JV-m-nitrophenylcarbodiimide (13). Both methyl 
and methylene group integrations indicated that about 15-18 
mol % of unsaturated carbodiimide was present in this 
melt.

l-(2-Chloro-2-methylpropyl)-3-(m-nitrophenyl)imidazolidine-
2.4.5- trione (12).—A dichloromethane solution (10 ml) of crude 
8  (3 . 3  g) was added dropwise to a solution of oxalyl chloride 
(2.48 g, 0.0195 mol, Matheson Coleman and Bell) in dichloro
methane (20 ml) over a period of 10 min. The reaction solution 
was allowed to reflux for 30 min after the addition was complete. 
The dichloromethane was removed under reduced pressure and 
l-(2-chloro-2-methylpropyl)-3-(?n-nitrophenyl)-2,2-dichloroimid- 
azolidine-4,5-dione, a light tan crystalline material, was 
isolated (4.25 g,82% ): mp 154-167°; infrared spectrum (Fluo
rolube) 1760 cm- 1  (carbonyl). Crude dichloroimidazolidine-
4.5- dione (4.1 g) was stirred with water (75 ml) for 2 hr and a
product (3.3 g, 98%) was collected by vacuum filtration. The 
product was recrystallized from dichloromethane-ether and was 
identified as l-(2-chloro-2-methylpropyl)-3-(m-nitrophenyl)imid- 
azolidine-2,4,5-trione (12): mp 183-185°; infrared spectrum
(Fluorolube) 1735 cm - 1  (carbonyl); nmr .spectrum (acetonitrile- 
d 3) 8 7.0-8.4 (4 H, m, aromatic protons), 3.99 (2 H, s, C1CH2C), 
1.65 [6  H, s, C(CH3)2] .

A n a l . Calcd for C13Hi2N30 5C1: C, 47.8; H, 3.95; N, 12.9. 
Found: C, 4 7 .6 ; H, 3.83; N, 13.0.

Registry N o — 1, 29494-60-8; 2, 29494-61-9; 3, 
29494-62-0; 4, 29576-45-2; 5, 29494-63-1; 6, 29494-
64-2; 7, 29494-65-3; 8, 29494-66-4; 9, 29494-67-5;
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10, 29478-09-9; 11, 29478-10-2; 12, 29478-11-3;
1- (2 - chloroethyl) - 3 - phenyl - 2,2 - dichloroimidazolidine-
4,5-dione, 29478-12-4; l-(2-chloroethyl)-3-(p-chloro- 
phenyl)-2,2-dichloroimidazolidine-4,5-dione, 29576-46-

3 ; 1- (2-chloroethyl) -3-(m-nitrophenyl) -2 ,2-d:chloroim- 
idazoline-4,5-dione, 29478-13-5; l-(2-chloro-2-methyl- 
propyl) - 3 - (m - nitrophenyl) - 2,2 - dichloroimid azolidine-
4,5-dione, 29641-82-5.

Chlorination of Oximes. I. Reaction and Mechanism of the 
Chlorination of Oximes in Commercial Chloroform and Methylene Chloride

Y unn Hui C h ian g*

D iv is io n  o f  C en tra l R esearch , S h u lto n , I n c .,  C lif to n , N e w  J e rse y  0 7 0 1 5  
Received, J u n e  11, 19 7 0

The chlorination of benzaldoximes in commercial chloroform and methylene chloride was undertaken. It was 
found that substituted oximes which possess electron-wtihdrawing groups gave benzal chloride derivatives upon 
chlorination in methylene chloride and pure chloroform. On the other hand, benzhydroxamic chloride deriva
tives were obtained when chlorination was performed in commercial chloroform and methylene chloride contain
ing 0.75% ethanol. In the presence of an electron-donating group, a mixture of benzal chloride and benz
hydroxamic chloride derivatives was isolated irrespective of the solvent used. Benzhydroxamic chloride (I) 
was the sole product when chlorination was catalyzed by triethylamine. It appears that triethylamine and 
ethanol catalyzed the benzhydroxamic chloride formation. The abnormal chlorination reaction of benzaldoxime, 
o-hydroxybenzaldoxime (XI), and p-dimethylaminobenzaldoxime (XVII) in methylene chloride solution is par
ticularly interesting. The mechanism of benzal chloride formation in the chlorination of oximes was examined. 
It is assumed that p-nitro-a-nitrosobenzyl chloride (XXa) emerged in the course of reaction; this was demon
strated by chemical evidence and spectroscopic studies. Two reaction mechanisms are proposed for the forma
tion of benzal chloride. In the first of the mechanisms it is suggested that the chloronitroso intermediate de
composed unimolecularly to give a carbanion and a nitrosyl ion. In the second one, it can be considered as a 
nucleophilic displacement on the nitroso group, perhaps by chloride ion, and that the carbanion and nitrosyl 
chloride are thereby produced. The mechanism of isomerization of aromatic a-chloro-a-nitroso compounds was 
proposed according to the experimental results. Generally, it is assumed that the isomerization process could 
be separated into three categories. (1) One way is amine-catalyzed isomerization through a carbanion inter
mediate. (2) Ethanol-catalyzed isomerization gave a cyclic intermediate through intermolecular H bonding 
with electron-withdrawing substituted a-chloro-a-nitroso compound. (3) When electron-donating substituent is 
present, intramolecular isomerization v ia  H bonding is operative.

The halogénation of oximes has been applied to the 
preparation of nitro compounds,1 halonitro paraf
fins,2 and, in particular, hydroxamic halide derivatives. 
The conversion of oximes to hydroxamic chlorides via 
chlorination was studied in some detail3 since this is 
the first step in the synthetic route to nitrile oxides for 
sterically unhindered compounds.4 Grundman and 
Richter4 reported that nitrile oxides could be prepared 
by dehydrogenation of the corresponding aldoximes 
with iV-bromosuccinimide in N,Ar-dimethylformamide 
solution. The reaction apparently proceeded first to 
the hydroxamic bromide which was subsequently de- 
hydrobrominated by the base to the nitrile oxide. 
Solvents such as chloroform,3cd’g’9 ether,38" 5 or 8.3 N 
aqueous hydrochloric acid solution38" 6 have been em
ployed in the chlorination of oximes. It was found that 
aromatic aldoximes bearing bulky ortho substituents 
could not be chlorinated to hydroxamic chlorides with
out a considerable additional uptake of chlorine by the 
molecule, presumably by substitution in the aromatic

* Polaroid Corporation, Chemical Development Laboratory, Cambridge, 
Mass. 02139.

(1) D. C. Iffland, G. X . Criner, M. Koral, F. J. Lotspeich, Z. B. Papana- 
stassiou, and S. M. White, Jr., J. Amer. Chem. Soc., 75, 4044 (1953).

(2) E. M. Cherkasova and N. N. Mel’nikov, Zh. Obshch. Khim., 19, 321 
(1949); Chem. Abstr., 43, 6569a (1949).

(3) See, for example (a) R. H. Wiley and B. J. Wakefield, J. Org. Chem., 
25, 546 (1960); (b) B. G. Bowenlock and W. Luttke, Quart. Rev., Chem. 
Soc., 12, 321 (1958); (c) J. T. Hackmann and P. A. Harthoorn, British 
Patent 949,371 (1964); (d) T. Farley, F. H. Rathmann, and D. Tangen, 
Proc. N. D. Acad. Sci.. 13, 61 (1959); (e) G. W. Perold, A. P. Steyn, and 
F. V. K. von Reiche, J. Amer. Chem. Soc., 79, 462 (1957); (f) M. H. Benn, 
Can. J. Chem., 42, 2393 (1963).

(4) C. Grundmann and R. Richter, J. Org. Chem., 33, 476 (1968), and 
other papers in this Beries.

(5) G. Casnati and A. Ricca, Tetrahedron Lett., No. 4, 327 (1967).

ring.6 Furthermore, strong electron-donating sub
stituents in the aromatic nucleus facilitated chlorina
tion of the ring with the result that a mixture of chlo
rinated products was formed.3a

I wish to report some interesting results which were 
discovered in the course of investigating the chlorination 
of oximes. It was found that substituted aromatic 
oximes, especially in the presence of a nitro group in 
the ring, gave the corresponding benzal chloride de
rivatives upon treatment with chlorine in methylene 
chloride or pure chloroform solution at — 20 to 0°. 
However, when commercial (comm) chloroform7 or 
methylene chloride which contained 0 .75%  ethanol 
was used as the solvent (at — 15 to 20°), substituted 
benzhydroxamic chlorides were obtained. For the 
purpose of mechanistic study of benzal chloride forma
tion, a systematic investigation of the chlorination of 
oximes in commercial chloroform and methylene chlo
ride was undertaken. The results were summarized 
in Table I.8-10

The use of benzhydroxamic chloride and its deriv
atives as precursors for 1,3-dipolar addition reactions 
has been studied extensively for the past 10 years. In 
spite of the wide application of benzhydroxamic chlo-

(6) C. Grundmann and J. M. Dean, J. Org. Chem., 30, 2809 (1965).
(7) Commercial chloroform (reagent grade) contains 0.75% ethanol as 

stabilizer (purchased from Matheson Coleman and Bell, East Rutherford, 
N. J.). It is purified by the method of L. F. Fieser, “ Experiments in Organic 
Chemistry,”  3rd ed, D. C. Heath, Boston, Mass., 1955, p 283.

(8) J. Heilbron, “ Dictionary of Organic Compounds,” Oxford University 
Press, New York, N. Y., 1965.

(9) G. Bianchetti, D. Pocar, and P. D. Croce, Gazz. Chim. Ital., 93, 1714 
(1963); Chem. Abstr., 60, 14500/i (1964).

(10) E. H. Hunteress, “ Organic Chlorine Compounds,”  Wiley, New York, 
N. Y., 1948, pp 889, 895.
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ride (I) and its derivatives, the basic methods for prep
aration of these compounds are limited only to two 
variations, i.e., (1) chlorination of oximes in ca. 8.3 N 
hydrochloric acid at O011 and (2) chlorination of oximes 
in chloroform.3« '1213 Both methods were used for the 
preparation of I. It was found that I could best be 
prepared by using commercial chloroform as solvent 
and the pure compound was obtained by vacuum dis
tillation (below 100°) instead of recrystallization from 
petroleum ether.14 This compound decomposed upon 
standing in the atmosphere within several days. Iden
tification was achieved by converting I to 3,4-diphenyl- 
furoxan upon treatment with 10%  aqueous sodium 
hydroxide solution.3a The use of a number of sub
stituted benzhydroxamic chlorides as precursors for 
the preparation of nitrile oxides without describing a 
method of preparation has been disclosed.3a'1616 In 
general, chloro- and nitro-substituted benzaldoximes 
gave benzhydroxamic chloride derivatives in 27 -59%  
yield when commercial chloroform was employed as 
solvent for the chlorination process. o-Nitrobenzald- 
oxime failed to give the hydroxamic chloride derivative 
upon chlorination. Instead, a yellow oily residue was 
collected after work-up. A  violent explosion occurred 
in the course of vacuum distillation (pot temperature 
130°). When o-methoxybenzaldoxime was chlorinated 
in commercial chloroform, a mixture of substituted 
benzhydroxamic chloride Ha (11% ) and benzal chloride 
Ilia  and Illb  (58% ) was obtained. The isomeric

CH=NOH

3-chloro- (Illb ) or 5-chloro-2-methoxybenzal chloride 
(Ilia) could not be separated into its components. 
The isomeric mixture was collected from vacuum dis
tillation and gave satisfactory elemental analysis. The 
nmr spectrum showed a ratio of 1:1.16, which was 
calculated from the methoxy signal (5 4.10, 4.18) for 
these two isomeric products. Similarly, chlorination 
of p-methoxybenzaldoxime resulted in 11%  of 3,5- 
dichloro-4-methoxybenzhydroxamic chloride (IV) and 
22%  of 3,5-dichloro-4-methoxybenzal chloride (V) in 
commercial chloroform. The structure of V w'as as
signed on the basis of the infrared (ir) and nmr spectra. 
It decomposed rapidly in the sealed tube under nitrogen 
atmosphere and did not give correct elemental analysis. 
The aromatic and methoxy protons appeared as singlets 
at 5 7.88 and 4.26, respectively. The benzal proton 
gave a sharp singlet at 8 6.94. Hence, the nmr spec
trum was completely consistent with the assigned 11 12 13 14 15 16

(11) O. Piloty and H. Steinbock, Ber., 35, 3112 (1902).
(12) N. Singh, J. S. Dandhu, and S. Mahon, Tetrahedron Lett., 4453 

(1968), and references cited therein.
(13) A. Dondoni, A. Mangini, and S. Ghersetti, ibid., 4789 (1966).
(14) M. H. Benn, Can. J. Chem., 42, 2393 (1964).
(15) P. Rajagcnalan and C. N. Talaty, Tetrahedron Lett., 2101 (1966).
(16) A. Dondone, ibid., 2397 (1967).

CH=NOH

IV V

structure. The lack of hydroxy absorption in the ir 
spectrum further supported this fact.

The chlorination of oximes in methylene chloride is 
particularly interesting. The nitro-substituted ben
zaldoximes gave benzal chloride derivatives as the 
final product in 37 -80%  yield. On the other hand, 
chloro- and methoxy-substituted benzaldoximes yielded 
mixtures of benzhydroxamic chloride and benzal chlo
ride derivatives. The chlorination of o-methoxy- 
benzaldoxime in methylene chloride gave 5-chloro-2- 
methoxybenzhydroxamic chloride (lib) together with

CH=NOH CC1=1 =NOH

Hav
Y i r

^ och3

CV V Hb

He
nb

+  Ilia +  Illb

a mixture of Ilia  and Illb . In contrast to the chlo
rination in chloroform, monosubstituted benzhydrox
amic chloride was obtained. It is interesting to note 
that chlorination of p-methoxybenzaldoxime in methy
lene chloride also gave a monosubstituted derivative,
i.e., 3-chloro-4-methoxybenzhydroxamic chloride. The 
structure has been proven by the chemical evidence 
(see part II in this series). The structure of lib  was 
assigned on the basis of elemental analysis and ir and 
nmr spectra. The nmr spectrum gave a methoxyl 
signal at 8 3.90 (s) and a hydroxy peak at 8 2.96. Pro
ton signals in the aromatic region were at 8 7.17 (d, 
J -  9 cps, H b) and 8 7.46 (m, H A and H c). It was 
noted that the yield for o- and p-methoxy benzhydrox
amic chloride derivatives markedly increased from 5 
to 22%  and 11 to 53% , respectively, in the presence of 
triethylamine. Furthermore, p-nitrobenzhydroxamic 
chloride (Vila) was the sole product (52%  yield) upon

CH=NOH

N02
Via

CCI— NOH
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chlorination when triethylamine was added to a methy
lene chloride solution of p-nitrobenzaldoxime (Via). 
Thus, in the presence of an equivalent amount of tri
ethylamine, benzhydroxamic chloride derivatives be
came the only isolable chlorination product. When 
V ia was chlorinated in pure chloroform or methylene 
chloride, p-nitrobenzal chloride (V llb) was obtained 
in 50 and 66%  yield, respectively; no V ila  was iso
lated from the reaction mixture. It is concluded that 
the presence of 0 .75%  ethanol had altered the reaction 
pathway. This fact was further proved by using 
methylene chloride which contained 0 .75%  ethanol as 
reaction solvent. A  77%  yield of V ila  was obtained 
when V ia  was chlorinated under these conditions. The 
chlorination of p-chlorobenzaldoxime (VIb) was stud
ied by varying reaction time at 0° with methylene chlo
ride as solvent. The results were listed in Table II.

T a b l e  II
P ro d u c t  D is t r ib u t io n  prom  t h e  C h l o r in a t io n  o p  VIb

Reaction time, Villa, VUIb,
hr, at 0° % % VUIa/VIIIb

0 23 34 0.68
1 63 8 7.88
2 41 18 2.28
3 57 32 1.78
5 38 45 0.84

When the reaction mixture was warmed to ca. 50° in a 
water bath immediately after addition of chlorine (i.e., 
0-hr reaction time), the yield of p-chlorobenzhydrox- 
amic chloride (V illa) was reduced to a minimum. 
It is obvious that the optimal condition for the forma
tion of V illa  is 1 hr at 0° of cooling.

I have examined the chlorination of benzaldoxime 
and o-hydroxy- (X I) and p-dimethylaminobenzaldoxime 
(X V II) in methylene chloride solution. The reaction 
products from chlorination of benzaldoxime were for
mulated as follows.

The formation of O-benzoylbenzhydroxamic chloride 
will be explained in detail in a subsequent paper. Ben- 
zonitrile, which formed as a result of dehydration, was 
obtained in 23%  yield upon vacuum distillation as the 
low-boiling fraction. A crystalline material was col
lected from the high-boiling fraction by filtration. After 
several recrystallizations from ethyl acetate, 2-hydroxy-
3,4-diphenyl-3-chloro-l,2,5-A4-oxadiazoline (X ) was ob
tained. On the basis of ir, ultraviolet (uv), and mass 
spectra, the structure of X  was proposed. The mass 
spectrum of X  showed, in addition to the weak molecu
lar ion at m/e 274 (2% ), an ion at m/e 103 (intensity 
100%) corresponding to the benzonitrile ion. Frag
ments were also present corresponding to the benzo
nitrile iV-oxide (IX ) (m/e 119, 55% ) and benzhydrox-
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amie chloride (m/e 155, 9 % ) ions. In view of the uv 
spectrum of 3,4-diphenylfuroxan [ X ^ 11 237 m/x (e 
27,223), 280 (8831)], the absorption of X ^ 11 258 m/x (e 
19,900) for X  indicates the presence of a C6HSC H = N  
chromophore.3e'1718 Barnes, Pinkeny, and Phillips17 18 19 ex
amined the ir absorption of isoxazolines and attributed 
strong absorption found at 1710 cm-1 (in dioxane solu
tion) to the C=N-grouping, though the summary given 
by Bellamy20 leads one to expect specific absorption for 
the -C =N -groupin g around 1660 cm-1 . Thus, the 
strong ir band at 1735 cm-1 for X  is ascribed as 
C = N O -  absorption.21 Compound X  probably resulted 
from the reversed addition of I X  to I, i.e.,

Cl
NL .N— OH 

X

It is reported that the addition of I X  to I 22 and to ben- 
zaldoxime in the presence of boron trifloride23 occurred 
in conventional fashion. The exact nature of this re
versed addition is unknown. A plausible explanation 
is the addition of IX  to the nitroso tautomer, i.e.,

Ph.

II
Ns

O
IX

Ph PhV C'cACl

N.
xO X T

Ph Ph
Ph | Ph |ï—r ci ^ > - r a

IV * N r n- 0 - n " - 0 h

It is noted that the positive character of the nitrogen 
atom in the nitroso compound is greatly enchanced by 
the oxygen atom in comparison to I.

(17) E. Borelli, P r o c . I n t .  M eet . M o l. S p ec tro sc ., 4th  B o log n a , 2, 522 
(1959); C h em . A b str ., 58, 4689 (1963).

(18) G. E. McCasland and E. C. Horswill, J . A m er . C h em . S o c ., 73, 3 923 
(1951).

(19) R. P. Barnes, G. E. Pinkney, and G. M. Phillips, ibid., 76, 276 
(1954).

(20) L. J. Bellamy, “ The Infrared Absorption of Complex Molecules,” 
Methuen and Co. Ltd., London, 1954, p 223.

(21) G. Bianchi and E. Frati, G azz. C h im . I ta l . , 96, 559 (1966); C h em . 
A b s tr . , 65, 71600 (1966).

(22) R. Huisgen, A n g ew . C hem ., 75, 751 (1963).
(23) S. Morrocchi and A. Ricca, C h im . I n d . (M i la n ) ,  49, 629 (1967);

C h em . A b str ., 67, 907374 (1967).

Wiley and Wakefield38, reported that 3,5-dichloro-2- 
hydroxybenzhydroxyamic chloride (X II) was obtained 
upon chlorination of o-hydroxybenzaldoxime (X I) in 
8 N hydrochloric acid at 0 °. When X I  was chlorinated 
in methylene chloride, X III  was collected as the re
action product. No hydroxamic chloride derivative 
was isolated from the reaction mixture. The assign-

C1 Cl Cl Cl
xm

ment of structure X III  is made by examination of the 
ir, uv, and mass spectra. The uv spectrum showed an 
absorption at X],;1/ 111 222 m/x (t 21,600) and 342 
(3250) which represent the presence of an a,/8-unsat- 
urated ketone.24 The absorption at X^ix11 258 m/x 
(e 6000) is indicative of the presence of a disubstituted 
a,/3-unsaturated ketone [H C (C = 0 ) = C — C = 0 ] .  The 
ir absorption at 1665 cm-1 is also attributed to the a,/3- 
unsaturated ketone.20 In addition, the cis-disubsti- 
tuted ethylene (H C = C H ) absorbs at 702 cm-1 . 
Scheme I presents what appears to be the most rea-

Scheme I

m /e 126 m/e 63 m/e 160

sonable fragmentations which account for the mass 
spectrum. The ir spectrum has no hydroxyl absorp
tion and the carbonyl group absorbed at 1665 cm-1 
with two shoulders at 1660 and 1650 cm-1 . Frag
ments of m/e 133 (8% ) and 97 (8% ) further supported 
the proposed structure. The mechanism of formation 
of X III  is unknown. Similarly, the chlorination of p- 
dimethylaminobenzaldoxime (X V II) in methylene chlo
ride gave an interesting product instead of the expected 
benzhydroxamic chloride derivative. A  small amount

(24) R. B. Woodward, J . A m er . C h em . S oc ., 63, 1123 (1941).
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of methylamine hydrochloride was also isolated. Com
pound X V I was obtained in 6 %  yield and its structure

CH=NOH

/ \
h3c ch3

XVH

XVI
+

CH3NH2-HC1

was assigned with the aid of uv, ir, nmr, and mass spec
tra. The spectrum of X V I consists of a singlet at 
5 7.68 (aromatic proton) and two singlets centered at 
5 2.95 (V-methyl proton). The mass spectrum of X V I  
showed a parent peak at m/e 460 (28% ) and a base 
peak at m/e 400 (M  + — 2NO) (intensity 100% ). 
Cleavage of the central carbon-carbon bond gave a 
molecular ion m /e 230 (54% ) corresponding to the 
monomer of X V I. The presence of the dimethyl- 
amino group is suggested by the occurrence of m/e 44 
(28% ) ion. The only other fragments of significant 
intensity corresponded to M + — oxygen (19% ), 
V*M + -  OH (90% ), and y ,M +  -  CN (78% ). 
These facts eliminated the possibility that X V I was a
3,4-diarylfuroxan derivative. The ir spectrum showed 
an absorption at 1600 cm-1 for the > C = N -  group in 
contrast to 3,4-diphenylfuroxan which absorbs at 1575 
and 1590 cm-1 . The presence of a substituted isoxa- 
zole system in X V I was indicated by its absorption at 
952 cm-1 .26 The uv spectrum also displayed marked 
differences between X V I  and 3,4-diphenylfuroxan. It 
is surprising to find that the uv spectrum of X V I is 
quite different from those of the benzisoxazole deriv
atives reported by Casini et al,26 The formation of

(25) W. B. Renfrow, J. F. Witte, R A. Wolf, and N. R. Bohl, J. Org. 
C h e m .,  3 3 ,  150 (1968).

(26) G. Casini, F. Gualtieri, and M. L. Stein, J. Heterocycl. Chem., 6, 279 
(1969).

X V I is visualized as the addition of nitrile JV-oxide to 
the C -H  bond of the chloronitroso intermediate X V III . 
The final product was obtained by the ring closure of 
the chloronitroso intermediate X I X . The origin of 
the isolated methylamine hydrochloride is unknown.

In the hope of better defining the intricacy and com
plexity involved in the chlorination of oximes, I have 
reported the chlorination of benzaldoxime, X I , and
X V II  in methylene chloride solution. It is empha
sized that the author made no attempt to clarify the 
exact nature of this reaction but to call attention to the 
paucity of mechanistic study on this complicated chlo
rination process. The solvent effect of this chlorina
tion reaction is remarkable. The change from a polar 
solvent to a nonpolar one could alter the entire reaction 
pathway.3a'c’d'e g'6'9 This new reaction evidently pro
vides a highly convenient route to benzal chlorides 
which are not readily accessible by conventional 
methods. For example, 2,4-dinitrobenzal chloride, 
which could not be prepared by the reaction of phos
phorus pentachloride and the corresponding aldehyde,27 
is readily prepared by this method in 50%  yield.

In 1958 Gowenlock and Liittke28 called attention to 
the paucity of kinetic data on the isomerization (to 
oxime) of primary and secondary aliphatic nitroso 
compounds. The amine-catalyzed isomerization of 
nitrosocyclohexane to oxime was reported by 
DiGiacomo.29 Two possible mechanism consistent 
with the kinetic data were proposed by the author. 
The intermediacy of the amine-nitroso monomer com
plex is suggested. It has been showm that the rate 
constant increased with decreasing solvent polarity. 
The mechanistic study of the isomerization of aromatic 
nitroso compounds to oximes was largely limited to the 
qualitative observation that blue or green solutions of 
nitroso compounds gave, on standing, colorless solu
tions of the corresponding oximes. The mechanism of 
benzhydroxamic chloride formation has been demon
strated to be a two-stage process consisting of halo- 
genation and subsequent isomerization of the secondary 
nitroso compound formed.28 The addition of chlorine 
to oxime proceeding to the chloronitroso compound in 
the absence of light was reported by Muller and 
Metzger.30 While the isomerization of primary and 
secondary C-nitroso compounds to the benzhydroxamic 
chloride is well known, the mechanism of benzal chloride 
formation is relatively obscure. Based on the following 
chemical evidence in combination with the spectro
scopic study of V ia and VIb, it is concluded that the 
formation of benzal chloride derivatives also proceeds 
through a C-nitroso intermediate X X .

(1) An aliquot of mixture of V ia  or VIb and chlo
rine in methylene chloride gave a positive Liebermann 
test for nitroso compounds.31

(2) Compound V ila  was the sole product (52%  
yield) upon chlorination when triethylamine was added 
to a methylene chloride solution of Via. It is obvious 
that the base-catalyzed isomerization had altered the 
reaction pathway.

(27) The preparation of this compound has been claimed without de
scribing any physical constants: Beilstein, 2nd ed 5, 265 (1956).

(28) (a) R. H. Wiley and B. J. Wakefield, J. Org. Chem., 25, 546 (1960); 
(b) B. G. Gowenlock and W. Liittke, Quart. Rev., Chem. *Soc., 12, 321 (1958).

(29) A. DiGiacomo, ibid., 30, 2614 (1965).
(30) E. Muller and H. Metzger, Chem. Ber., 88, 165 (1955).
(31) N. D. Cheronis and J. B. Entrikin, “ Semimicro Qualitative Organic 

Analysis,”  2nd ed, Interscience, New York, N. Y., 1957.
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CH=NOH

R
Via, R = N02 

b, R = C1

XXa, R = N02 

b, R = Cl
V llb, R = N 0 2 

VUIb, R = Cl

Scheme II

EtjN

XX

XXI

Vila, R = N02 
V illa ,R  =C1

(a)

(3) The visible spectra of the mixture of V ia  or 
VIb and chlorine showed an absorption at f t 01’ 
635 mu and 640, respectively. This fact is indicative 
of the presence of a C-nitroso intermediate.28 The 
infrared of the mixture showed the - N = 0  stretching 
frequency at 1525 cm-1 and the -C N -  frequency at 
1015, 824, and 770 cm-1 .28-32 A crude estimation of 
the concentration of intermediate X X b  in the reaction 
mixture was attempted. The relatively stable X X b  
was chosen for this purpose. Since it was observed 
qualitatively, i.e., the blue solution, which was assumed 
to be due to this C-nitrosoco mpound, does not discolor 
at 0° for at least 3 hr. In the case of X X a , the blue 
color disappeared within 0.5 hr. The extinction co
efficient of the closely related p-chloronitrosobenzene 
[Xmax 750 m/i (t 45.5) ]33 was taken as standard. The 
extinction coefficient of X X b  is expected to be smaller 
than p-chloronitrosobenzene. It is found that a min
imum of 38.6%  of X X b  is formed immediately after 
addition of chlorine.

(4) Upon treatment with chlorine in methylene 
chloride solution, V illa  could not be converted to V ila . 
Furthermore, when chlorination of V ia  in methylene 
chloride solution was carried out in darkness, 4 4%  of 
V illa  was obtained showing that the loss of NO is not 
a free-radical reaction. In view of the evidence listed 
above, the reaction mechanisms shown in Scheme II are 
proposed for the formation of benzal chloride. The 
mechanism described in eq a suggested that the inter
mediate X X  decomposed unimolecularly to give carb- 
anion X X I  and a nitrosyl ion. The carbanion X X I  
and nitrosyl ion in turn reacted with 1 mol of chlorine 
to give the final products. The second proposed mech
anism, formulated in eq b, has been considered as a 
nucleophilic displacement on the nitroso group, perhaps 
by chloride ion, and that carbanion X X I  and nitrosyl 
chloride are thereby produced. The presence of ni
trosyl chloride was demonstrated by trapping with an 
aqueous aniline hydrochloride-hydrochloric acid solu
tion. The resulting benzenediazonium chloride coupled 
with phenol in alkaline solution very rapidly at ice 
bath temperature to form an orange-colored solution 
which is indicative of the presence of p-hydroxyazo-

(32) W. Liittke, J. Phys. Radium, 15, 633 (1954); Chem. Abstr., 52, 
17960e (1958).

(33) K. Nakamoto and R E. Rundle, J. Amer. Chem. Soc., 78, 1113
(1956).

R R
XXI

benzene.34 The proposed nitrosyl ion formation was 
further supported by the fact that an absorption max
imum of 440 m/j, which is indicative of nitrosyl ion 
absorption, was observed from an aliquot of the re
action mixture between V ia  and chlorine in methylene 
chloride.35

Invariably in methylene chloride solution, nitro- 
substituted oximes gave the benzal chloride as the 
final product. The carbanion X X I  is probably sta
bilized by nitro substituents through inductive and/or 
conjugative effects.36

The chloro derivatives resulted in a mixture of V llb  
and V U Ib and the ratio of these two products was 
determined by the cooling period after addition of 
chlorine (see Table II). However, when methoxy- 
substituted oximes were chlorinated under these con
ditions, benzal chloride derivatives became the pre
dominant product irrespective of the solvent used 
(commercial chloroform or methylene chloride). The 
stabilization of a carbanion by nitro groups in the ortho 
or para positions is known while a carbanion stabilized 
by a chloro group through an inductive effect is also 
reported.36 It is well known that the methoxy group 
destabilizes carbanions. The evidence cited clearly 
indicates that a-chloro-a-nitroso intermediate X X  is

(34) L. F. Fieser and M. Fieser, “ Organic Chemistry,”  3rd ed, Reinhold, 
New York, N. Y., 1956, p 618.

(35) L. J. Beckham, W. A. Fessler, and M. A. Rise, Chem. Rev., 48, 334 
(1951).

(36) D. J. Cram, ‘ ‘Fundamentals of Carbanion Chemistry,”  Academic 
Press, New York, N. Y., 1965, p 60.
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the precursor for benzal chloride derivative formation. 
Thus, the variation in final product between nitro- and 
methoxy-substituted oximes must depend on the isom
erization state. It is interesting to note that there is 
competition between elimination of a proton (see 
below) or nitrosyl ion from X X . Attention is called to 
the product distribution from the chlorination of VIb  
(see Table II). The ratio of V U Ia /V IIIb  reached a 
maximum at 1 hr of the reaction time and decreases 
progressively as the reaction time increases. There is 
little difference between product ratio and reaction time 
when nitro- or methoxy-substituted oximes were chlo
rinated at various different reaction times. The bal
ance of inductive and conjugative effects of the chloro- 
substituent in V ia  enables one to speculate about the 
conditions favorable for the elimination of nitrosyl ion. 
It is conceivable that the presence of X X  for extended 
periods, i.e., by depressing the rate of isomerization by 
cooling, favors the elimination of nitrosyl ion.

The data presented in Table II concerning the prod
ucts observed upon chlorinating VIb as a function of 
time reveals that (disregarding the 0-hr point) the 
formation of V U Ib  is a linear function of time which 
can be described by the following equation (see Figure

%  VU Ib =  9.17 X time (in hours)

1). The linear correlation between the per cent yield of 
V U Ib  and time indicated that the formation of benzal 
chloride is a zero-order reaction. It is difficult to rec
oncile this fact with either of the mechanisms proposed 
previously. It is conceivable that the linear correla
tion is accidentally coincided with the formation of 
V U Ib. In order to verify the kinetic implication of 
data presented in Table II, a detailed study along this 
line is required.

Although the formation of nitrosyl ion from the 
electron impact of nitro compounds is well defined,37 
it is believed that this is the first example of the elim
ination of nitrosyl ion formation through the C -N  
heterolysis of a C-nitro compound.

The difference existing in final product between 
nitro-substituted and chloro- and methoxy-substituted 
oximes upon chlorination in methylene chloride and 
commercial chloroform deserves some explanation. 
Previously, the difference was attributed to the effect of 
ethanol on the isomerization process. The mechanism 
of isomerication of aromatic oximes is scarcely known. 
The amine-catalyzed isomerization of nitroso cyclo
hexane to oximes29 is the only work of this kind reported 
to date. It is significant to note that benzal chloride 
derivatives were isolated as the major product upon 
chlorination of methoxy-substituted oximes in commer
cial chloroform. In contrast, benzhydroxamic chlo
ride derivatives were the sole product when nitro- or 
chloro-substituted oximes were chlorinated in commer
cial chloroform. Obviously, the ethanol-catalyzed 
isomerization is only effective in the presence of elec
tron-withdrawing groups. Ethanol-catalyzed isom
erization of X X  to oxime was demonstrated by the fact 
that no hydroxamic chloride derivative was isolated 
upon removal of ethanol from commercial chloroform. 
Compound V llb  was isolated in 5 9%  yield when the

(37) H. Budzikiewicz, C. Djerassi, and D. H. Williams, “ Interpretation
of Mass Spectra of Organic Compounds,” Holden-Day, San Francisco,
Calif., 1964, p 206.

chlorination of V ia  was carried out in pure chloroform. 
On the basis of experimental results in hand, it is con
cluded that the isomerization process proceeds through 
three different pathways depending upon the catalyst 
and substituent in the benzene ring.

(1) Carbanion mechanism with triethylamine as 
catalyst follows.

H
EtiN

ArCCINO — ArCCINO +  Et3NH + (1)

ArCCIN = O ArCC l=N O  -  (2)
X X II

A rC C l= N O - +  Et3NH + — ArCCl=NOH +  Et3N

The fact that benzhydroxamic chloride derivatives were 
obtained after amine-catalyzed chlorination in all cases 
strongly supports the proposed mechanism. The ab
straction of a proton from the chloronitroso compound 
resulted in a resonance stabilized anion (eq 2). The 
final product was obtained by protonation of anion 
X X II .

(2) Intermolecular H bonding mechanism with 
ethanol as catalyst follows.

In the mechanism outlined, a cyclic intermediate was 
suggested for ethanol-catalyzed isomerization. It is 
expected that electron-with drawing substituents such
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as the nitro group would increase markedly the acidity 
of benzylic proton which becomes more susceptible to 
H  bonding with ethanol. The absence of VII as the 
final chlorination product (in methylene chloride) of 
Via is indicative of the lack of intermolecular H bonding 
between two molecules of X X a  resembling the amine 
complex described by Giacomo.29

The lack of ethanol-catalyzed isomerization suggested 
that the methoxy-substituted a-chloro-a-nitroso com
pound is incapable of H bonding with ethanol due to an 
intramolecular H bonding (see below). Furthermore, 
the possibility of intermolecular H-bonding formation 
could also be excluded on this basis.

(3) The fact that chlorination of o- or p-methoxy- 
benzaldoxime gave predominatly benzal chloride de
rivatives both in commerical chloroform and methylene 
chloride leads one to postulate the intramolecular isom
erization mechanism for these compounds, i.e.,

The absence of intramolecular isomerization for X X  is 
assumed to be due to the electron-withdrawing effect 
of the nitro group which reduces the electron density 
around nitrosyl oxygen.

Thus, the absence of benzhydroxamic chloride forma
tion upon chlorination of Via in methylene chloride is 
attributed to the incapability of intramolecular H  
bonding of X X a . Similarly, predominant benzal chlo
ride formation as chlorination product for methoxy- 
substituted oximes could be explained on the basis of a 
slow intramolecular isomerization process.

The mechanisms cited above were based solely on 
product analysis. Further kinetic and stereochemical 
studies of oximes in relation to products will probably 
shed more light on the exact nature of the elimination 
and isomerization processes.

Experimental Section

The melting points were obtained on a Fisher-Jones melting 
point apparatus and are uncorrected, as are the boiling points. 
Ir spectra were recorded on a Perkin-Elmer Infracord Model 137 
sodium chloride spectrophotometer. Uv spectra were obtained 
on a Coleman-Hitachi 124 double beam spectrophotometer in 
absolute ethanol. The nmr spectra were obtained with a Varian 
A-60A spectrometer using tetramethylsilane as internal standard.

Mass spectra were taken on a Hitachi Perkin-Elmer RMV-7 mass 
spectrometer using an all-glass inlet. The microanalysis of the 
compounds were performed by Geller Microanalytical Labora
tories, Saddle River, N. J. 07458.

Oximes.—Benzaldoxime was purchased from K & K Labora
tories, Inc., Plainview, N. Y ., as a mixture of a  and 0  isomers. 
The other oximes were prepared by the hydroxylamine hydro
chloride-sodium acetate method.38 39

Chlorination of Oximes. General Procedure.—Substituted 
benzaldoxime (5 g) was dissolved in 400 ml of methylene chloride 
at —20 to 0°. Chlorine gas was passed through this solution at 
a slow rate for 20 min. After standing in a cooling bath for 2 hr 
and then at room temperature overnight, air was bubbled through 
the reaction mixture until all the excess chlorine was removed. 
The solvent was removed under reduced pressure and the residue 
crystallized from the proper solvent or vacuum distilled if ap
propriate. Substituted benzal chlorides were isolated as the 
final product. When commercial chloroform was used as solvent, 
the same procedure was applied except that the reaction tem
perature was maintained at —15 to —20°. The product under 
these conditions was the benzhydroxamic chloride derivative. 
The individual oximes chlorinated by the above methods are 
listed in Table I . E x tra  cau tion  m u st be taken  w h en  l iq u id  p ro d u c ts  
are  d is ti l le d  a t redu ced p re ssu re  a n d  high tem p era tu re  (over 1 0 0 ° ) .  
I n  the case o f  o -n itro b en za ld o x im e, a  v io len t ex p lo s io n  occu rred  
d u r in g  vacu u m  d is ti l la t io n  (po t tem p era tu re  1 3 0 ° ) .

Preparation of 3,4-Diphenylfuroxan.3a—Benzhydroxamic chlo
ride (2 g, 0.013 mol) was dissolved in 50 ml of ether. The solu
tion was cooled in ice and an excess of 1 0 % aqueous sodium hy
droxide (10 ml) was added dropwise, with shaking. The solution 
was shaken occasionally for 30 min at 0°. The ether layer was 
separated and dried over anhydrous sodium sulfate. The ether 
solution was allowed to stand over the weekend at room tem
perature and condensed. The residual solid was crystallized from 
ethanol to give 0.77 g (64%), mp 117-118° (lit.3“ 114-115°), of 
the desired product: ir (Nujol) 1575 and 1590 cm - 1  (> C = N -); 
uv X max 237 and 280 mg. (e 27,223 and 8831, respectively).

A n a l. Calcd for ChH10N2O2: C, 70.50; II, 4.23; N, 11.76. 
Found: C, 70.37; H, 4.25; N, 11.73.

Chlorination of Benzaldoxime in Methylene Chloride.—The 
benzaldoxime (a mixture of a  and 0  isomers) (10 g, 0.0526 mol) 
was dissolved in 400 ml of methylene chloride at 0°. Chlorine 
gas was passed through this solution for 30 min. After being 
allowed to stand in an ice-water bath for 2  hr the reaction mixture 
was left at room temperature overnight. The excess chlorine was 
removed by bubbling air through this solution. The solvent was 
removed in  vacu o  and the residue was vacuum distilled. Benzo- 
nitrile was collected in 23% yield [1.96 g, bp 74-81° (0.8 mm)] 
as the low-boiling fraction. The crystalline material obtained 
from the high-boiling fraction [bp 1 1 0 - 1 1 1 ° (0 .8  mm)] was 
collected by filtration and crystalized from ethyl acetate: 1.07 g 
(9%); mp 136-137° of X obtained; ir spectrum (Nujol) 3260 
(OH) and 1735 cm- 1  (PhC=N); uv spectrum X max 258 m g  
(e 19,900, PhC=N); mass spectrum m /e  (rel intensity) 274 (2) 
(parent peak), 155 (9.1), 119 (55), and 103 (100).

A n a l. Calcd for CuHuN2C102: C, 61.21; H, 4.04; N, 10.20; 
Cl, 12.91. Found: C, 61.33; H, 3.89; N, 10.18; Cl, 12.91.

The solid residue (after vacuum distillation) was extracted 
with ether and the ether insoluble solid was crystallized from 
ethanol to give 1.15 g (12%), mp 109-110° (lit. 38 109°), of O- 
benzoylbenzhydroxamic chloride: ir spectrum (Nujol) 1760
cm- 1  (C = 0 ); uv X max 260 m/r (e 25,714, PhC=N ); mass 
spectrum m /e  (rel intensity) 259 (2) (parent peak), 204 (15), 138 
(3), 122 (27), 119 (10) 105 (100), and 103 (100).

A n a l. Calcd for ChH,0NC1O2: C, 64.75; H, 3.88; N, 5.39; 
Cl, 13.66; mol wt, 260. Found: C, 64.58; H, 3.88; N, 5.20; 
Cl, 13.99; mol wt, 262 (vaporimet.ric).

Chlorination of o-Hydroxybenzaldoxime (XI) in Methylene 
Chloride.— XI (2 g, 0.0146 mol) was dissolved in 250 ml of 
methylene chloride at 0°. Chlorine gas was passed through this 
solution for 15 min. After being allowed to stand in an ice-water 
bath for 2  hr, the reaction mixture was left at room temperature 
overnight. The excess chlorine was removed by bubbling air 
through this solution. The solvent was removed at reduced 
pressure and the oily residue was dissolved in 5 ml of ethanol. 
After standing at room temperature for several days, a crystalline 
material was collected from the ethanolic solution. The com

(38) See ref 7, p 103.
(39) See ref 27, p 214.
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pound was crystallized from 2-propanol: 176 mg (6 % ); mp 93- 
94° of XIII obtained; ir spectrum (Nujol) 1665, 1660 (shoulder), 
1650 (shoulder) and 702 cm-1; uv spectrum X max 222 m u  (e 
21,600), 258 (6000), and 342 (3250); mass spectrum m /e  (rel 
intensity) 189 (100), 188 (54), 160 (6 ), 142 (8.5), 133 (8 ), 126 
(5.4), 97 (8 ), and 63 (13).

A n a l. Calcd for ChH6C140 5: C, 42.46; H, 1.53; Cl, 35.81. 
Found: C, 42.72; H, 1.90; Cl, 35.89.

Chlorination of p-Dimethylaminobenzaldoxime (XVII) in 
Methylene Chloride.—XVII (2 g, 0.0122 mol) was dissolved in 
300 ml of methylene chloride at 0°. Chlorine gas was passed 
through this solution for 15 min. After being allowed to stand 
in an ice-water bath for 2  hr, the reaction mixture was left at 
room temperature overnight. The excess chlorine was removed 
by bubbling air through methylene chloride solution. The 
solvent was removed under reduced pressure and the solid residue 
was crystallized from 2-propanol. The crystalline material was 
collected by filtration; 1.04 g was obtained. The crystalline 
material was recrystallized from 2 -propanol; a small amount of 
methylamine hydrochloride, mp 232-233° (lit.8 226-228°), was 
obtained. When crystalline material was treated with 5% 
aqueous hydrochloric acid followed by extraction with methylene 
chloride, XVI was isolated in 6 % (150 mg) yield, mp 161.5- 
162.5°. An analytical sample could be prepared by recrystalliza
tion from ethyl acetate: ir spectrum (Nujol) 1600 (> C = N ) and 
952 cm-1; uv spectrum X max 323 m̂ i (« 1358) and 218 (5633); 
nmr (acetone-d6) $ 7.68 (s, 1), 2.9 (s, 2), and 3.0 (s, 4); mass 
spectrum (rel intensity) m /e  460 (28) (parent peak), 444 (19), 
400 (100), 230 (61), 213 (90), 204 (78), and 44 (28).

Registry No.— X , 29577-42-2; X III , 29577-43-3; 
X V I, 29641-90-5; o-chlorobenzaldoxime, 3717-28-0; 
p-chlorobenzaldoxime, 3848-36-0; p-methoxybenzal- 
doxime, 3235-04-9; benzaldoxime, 932-90-1; o-nitro- 
benzaldoxime, 6635-41-2; m-nitrobenzaldoxime, 3431-
62-7; p-nitrobenzaldoxime, 1129-37-9; 6-nitrovera- 
traldoxime, 29577-51-3; 2,4-dinitrobenzaldoxime, 3236-
33- 7 ; o-methoxybenzaldoxime, 29577-53-5; o-chloro- 
benzhydroxamic chloride, 29568-74-9; 3,5-dichloro-4- 
methoxybenzhydroxamic chloride, 29568-75-0; 3,5- 
dichloro-4-methoxybenzal chloride, 29568-76-1; o- 
nitrobenzal chloride, 610-14-0; 6-nitro-3,4-dimethoxy- 
benzal chloride, 29568-78-3; 2,4-dinitrobenzal chloride, 
20195-22-6; 3-chloro-2-methoxybenzal chloride, 29568-
32-9; 5-chloro-2-methoxybenzal chloride, 29568-33-0;
5-chloro-2-methoxybenzhydroxamic chloride, 29568-
34- 1; 3,5-dichloro-2-methoxybenzhydroxamic chloride, 
29568-35-2; 3,4-diphenylfuroxan, 5585-14-8; O-ben- 
zoylbenzhydroxamic chloride, 29568-37-4.
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work. Thanks are also due to Dr. A. K . Bose for the 
measurements of nmr and mass spectra.

Chlorination of Oximes. I I.  Pyrolysis of Benzhydroxamic Chloride Derivatives
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The pyrolysis of benzhydroxamic chloride derivatives (XVI) was investigated. It was found that thermolysis 
of XVI involved two reaction paths depending on the substituents on the aromatic ring. When benzhydroxamic 
chloride (II) and 3-chloro-4-methoxybenzhydroxamic chloride (IV) were pyrolyzed at 180°, isocyanate deriva
tives were obtained. On the other hand, nitro- (VIII and XIV) and chloro- (XV) substituted compounds gave 
O-benzoylbenzhydroxamic chloride derivatives as the major product and substituted benzonitriles were isolated 
as minor components. Based on the fact that rearrangement of II and IV gave isocyanate derivatives in combina
tion with the isolation of nitrile derivatives from the reaction mixture, two reaction mechanisms were proposed 
for the pyrolytic process. A cyclic mechanism was proposed for the formation of O-benzoylbenzhydroxamic 
chloride (I) and its analogs. It is noted that the iminoxy radical addition mechanism cannot be excluded as an 
alternate pathway for the formation of I.

The formation of O-benzoylbenzhydroxamic chlo
ride (I) as a by-product (12%  yield) upon distillation 
of the chlorination product of benzaldoxime in methy
lene chloride was observed.1 When the distillation 
process was carried out under low temperature (below 
100°), no I was isolated from the reaction mixture. It 
was concluded that I must be the pyrolytic product of 
benzhydroxamic chloride (II). In order to understand 
the nature of this pyrolytic process, the pyrolysis of 
benzhydroxamic chloride derivatives was investigated.

In the thermolysis of II at 180° (8 mm), 70%  of 
phenyl isocyanate and 21%  of I was isolated. Simi
larly, 18%  of 3-chloro-4-methoxyphenyl isocyanate
(III) was obtained from the pyrolysis of 3-chloro-4- 
methoxybenzhydroxamic chloride (IV). On the other 
hand, nitro- and chloro-substituted benzhydroxamic 
chlorides gave a mixture of substituted benzonitrile and 
the corresponding O-benzoylbenzhydroxamic chloride 
derivatives. The results are formulated in Scheme I.

* Polaroid Corporation, Chemical Development Laboratory, Cambridge, 
Mass. 02139.

(1) See part I in this series: Y. H. Chiang, J. Org. Chem., 36, 2146
(1971).

The physical properties of substituted O-benzoylbenz
hydroxamic chloride derivatives are summarized in 
Table I.

Phenyl isocyanate was characterized as N,N-di- 
phenylurea after reacting with aniline. Compound III 
was converted to a urea derivative by an unambiguous 
route (Scheme I). This product proved to be identical 
with the compound obtained by the reaction of phenyl- 
isocyanate with 3-chloro-4-methoxyaniline as shown by 
mixture melting point and infrared (ir) spectrum. The 
structure of I was assigned on the basis of its ir, ultra
violet (uv), and mass spectra. The mass spectrum of I 
exhibited a weak molecular ion peak at m/e 259 (2% ), 
two base peaks at m/e 105 (rel intensity 100%) and 
103 (100% ), and other prominent peaks at m/e 204 
(15% ) (M + -  Cl), 138 (30% ) (P h C C l=N ), and 119 
(10% ) (P h C = X -* 0 ) . It is of interest to note that 
the spectrum also showed a strong peak at m/e 122 
(27% ) (CeHiXCh). The exact course of the formation 
of this ion is not clear. Further evidence that I has 
the proposed structure was provided by its hydrolysis 
with aqueous alcoholic sodium hydroxide, which gave 
benzoic acid and II as final products. The high yield
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Scheme I
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of benzoic acid (100%) is probably due to the partial 
hydrolysis of II. Compound II was identified by vpc 
from the comparison of retention time with an authen
tic sample. Compound Y  is identical with that ob
tained from the reaction of p-nitrobenzoyl chloride with 
p-nitrobenzhydroxamic chloride. This fact demon
strated that the pyrolytic product is indeed benzhydrox- 
amic chloride 0-ester. p-Nitro- and m-nitrobenzo- 
nitrile were isolated in 11 and 3 % , respectively, from 
the reaction mixture. The identity of p-chlorobenzo- 
nitrile was only detected by ir (2220 cm-1 , -C = N ) .  
Compound IV could not be isolated in pure form but 
its identity was verified by conversion to a urea deriv
ative (Scheme I).

It was reported2 that aromatic nitrile V-oxides 
sterically hindered by substituents of appropriate size 
in both ortho positions will not undergo the spontaneous 
dimerization to furoxans, generally characteristic of 
nitrile Y-oxides. At temperatures above 100°, these 
nitrile oxides rearranged completely to the correspond
ing isocyanates. The possibility of nitrile V-oxide as a 
reaction intermediate in the formation of isocyanates 
via pyrolysis is excluded since no furoxan was isolated 
from the pyrolytic product, Furthermore, it is well 
known that benzonitrile iV-oxide dimerizes rapidly at 
elevated temperatures.2 It is interesting to note that 
the presence of an electron-withdrawing group or elec
tron-donating group in the benzene ring lead to entirely 
different reaction products (Scheme I). On the other 
hand, the unsubstituted phenyl derivative took an 
intermediate course which yielded both phenyl iso
cyanate and I as the final products. The mechanism 
of this pyrolytic reaction was proposed on the basis of 
products isolated and substituent effects. The reaction 
pathways are formulated in Scheme II. An imidyl 
radical, i.e., V I, was proposed as a reaction intermediate 
for isocyanate formation. Reactions which apparently 
involve the intermediacy of imidyl radicals are the 
introduction of cyano groups into hydrocarbons by 
by reaction with cyanogen chloride,3'4 5 thermal cleavage 
reactions of V-chloroketimines,6 and the photochem
ical reaction of unsaturated nitrogen-containing com
pounds.6 In the cases of II and IV, an imidyl radical 
was formed upon pyrolysis which either underwent 
/3 scission (benzonitrile formation, path a) or rearranged 
to give phenyl isocyanate (path b).

In the cases of nitro- or chloro-substituted benzhy- 
droxamic chloride derivatives, a benzyl radical V II was 
proposed as an intermediate in the pyrolytic process. 
The salient facts associated with the postulated radical 
intermediate VII that eliminated a common imidyl 
radical intermediate for both reactions (Scheme II) are 
as follows: (1) the homolysis of V III should occur in
such a way as to provide the more stable transient free 
radical V II, which stabilized by the presence of the 
nitro group in the para position;7 (2) the absence of 
p-nitrophenyl group migration in the course of reaction.

It has been shown that the decomposition of the

(2) (a) C. Grundmann and S, K. Datta, J. Org. Chem., 34. 2016 (1969); 
(b) C. Grundmann, H. D. Frommeld, K. Flory, and S. K. Datta, i b i d . ,  

33, 1464 (1968), and references cited therein.
(3) E. Muller and H. Huber, Chem. Ber., 96, 670, 2319 (1963).
(4) D. D. Tanner and N. J. Bunce, J. Amer. Chem. S o c ., 91, 3028 (1969).
(5) M. L. Poutsma and P. A. Ibarbia, J. Org. Chem., 34, 2848 (1969).
(6) R. W. Binkley, ibid., 34, 2072 (1969).
(7) P. D. Bartlett and J. D. Cotman, J. Amer. Chem. S o c ., 72, 3095 

(1950).
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Table I
P h y sic a l  P r o p e r t ie s  o f  t h e  Su b st it u t e d  O -B e n zo y l b e n zh y d r o x a m ic  C h lo r id e  D e r iv a t iv e s

R
Registry

no.
%

yield
II 29577-09-1 2 1

m -N 02 29577-10-4 28
p-NO, 29577-11-5 8

p-Cl 29718-39-6 9.4
° See ref 1 2 .

o ci
II I
CON=C 

R  R
- C a l c d ,  % ------------------------. . ----------------------- F o u n d ,  %•

M p ,  ° C F o r m u l a c H N C l C H N C l

108-109“ CuH,„C1N02 64.75 3.88 5.39 13.66 64.58 3.88 5.20 13.99

191-192 C.rHgClNjOt 48.08 2.30 12.02 10.14 48.44 2.35 12.09 10.50
202-203 ChH8C1Nj0 6 48.08 2.30 12.02 10.14 48.38 2.38 11.75 11.04

147-148.5 ChHsCbNCb 51.17 2.45 4.26 32.37 51.41 2.51 4.18 32.28

Xmax, mg («); 
r, cm -I

260 (25,700); 
1760 
1775

270 (27,900); 
1775 
1770

Sch em e  II

N02
VIII

nitro-substituted peroxide I X  in benzene yields over 
three times as much p-nitrophenol (resulting from 
migration of the p-nitrophenyl group) as phenol (re
sulting from phenyl migration).7 This suggested that 
the migratory aptitude of a substituted aryl group is 
related to the effectiveness of the substituent in sta
bilizing the bridged transition state (or the bridged 
intermediate) in the rearrangement. As shown, the 
p-nitro group X  would be expected to stabilize such a 
bridged radical by aiding in the delocalization of the 
unpaired electron. On the other hand, the apparent 
absence of p-nitrophenyl group migration could possibly 
be due to much higher rates of 3 elimination from the 
imidyl radical or instability of p-nitrobenzonitrile under 
the reaction conditions (e.g., radical addition reactions). 
Further evidence is required to distinguish the exact 
nature of this reaction. The presence of nitrile deriv
atives and pyrolysis at low pressure (ca. 8 mm), which 
eliminated the hydrochloric acid if formed, excluded a

N02

Beckman-like ionic mechanism. These facts strongly 
supported the proposed free-radical mechanism.

The formation of I and its analogs is rationalized in 
Scheme III. Upon pyrolysis of substituted benzhydrox- 
amic chlorides X V I , a nitrile derivative was obtained 
which in turn formed an adduct X V II  via a cyclic 
mechanism. The formation of isoxazoline derivatives 
by refluxing II and its derivatives in toluene was re
ported by several authors.8 Attention is called tc the 
addition of oximes to ayfl-unsaturated ketones.9 It 
appears that the oximes, as 1,3 dipoles, react through 
their nitronic tautomeric form. The cyclic mech
anism was proposed on this basis. Hydrolysis of X V II  
gave the final product. Compound X V II  could not be 
isolated since hydrolysis occurred in the course of 
recrystallization (aqueous ethanol). The generation 
of iminoxy radicals from oximes with an oxidizing agent 
was reported by several authors.1011 It was reported11 
that thermal decomposition of V-benzhydryl-a,a- 
diaryl nitrones generated an iminoxy radical and a 
benzhydryl radical. The possibility that X V I  is con
verted to an iminoxy radical X V III  followed by free- 
radical addition to the nitrile group cannot be excluded 
(Scheme III).

In conclusion, it was found that pyrolysis of X V I  
involved two reaction intermediates depending on the

( 8 )  ( a )  R .  L e n a e r s  a n d  F .  E l o y ,  Helv. Chim. Acta. 46, 1 0 6 7  ( 1 9 6 3 ) ;  ( b )  
P .  V i t a  F n i z i  a n d  M .  A r b a s i n o ,  Ric. Sci., Parte S, R. See. A, 8, 1 4 8 4  ( 1 9 6 5 ) ;  
C h e m .  A b s t r . ,  68, 7 1 6 2 d  ( 1 9 6 6 ) ;  ( c )  S .  M o r r o c c h i  a n d  A .  R i c c a ,  Chim. Ini. 
(Milan), 49, 6 2 9  ( 1 9 6 7 ) ;  Chem. Abstr., 67, 9 0 7 3 7 /  ( 1 9 6 7 ) .

( 9 )  A .  L a b l a c h e - C o m b i e r  a n d  M .  L .  V i l l a u m e ,  Tetrahedron, 54, 6 9 5  

( 1 9 6 8 ) .

( 1 0 )  (a )  M .  F e d t k e  a n d  H .  M i t t e m a c h t ,  Z. Chem., 4, 3 8 9  ( 1 9 6 4 ) ;  Chem.
Abstr., 62, 1 5 3 3 /  ( 1 9 6 5 ) ;  ( b )  A .  C a r a g h e o r g h e o p o l ,  M .  H a r t m a n n ,  R .

K a e h m s t e d t ,  a n d  V .  E  S a h in i ,  Tetrahedron Lett., 4 1 6 1  ( 1 9 6 1 ) .
( 1 1 )  E .  J .  G r u b b s ,  J .  A .  V i l l a r r e a l ,  J .  D .  M c C u l l o u g h ,  J r . ,  a n d  J .  S . 

V i n c e n t ,  J. Amer. Chem. Soc., 89, 2 2 3 4  ( 1 9 6 7 ) ,  a n d  r e f e r e n c e s  c i t e d  t h e r e i n .
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Scheme III

substituent on a given aromatic ring. The rearrange
ment of II and IV to give isocyanate derivatives in 
combination with the isolation of nitrile derivatives 
from the reaction mixture strongly supported these 
facts. A  four-centered mechanism was proposed for 
the formation of I and its analogs. It has been pointed 
out that the iminoxy radical addition mechanism cannot 
be excluded as an alternate pathway for the formation 
of I.

Experimental Section

The melting points were obtained on a Fisher-Jones melting 
point apparatus and are uncorrected, as are the boiling points. 
Ir spectra were recorded on a Perkin-Elmer Infracord Model 137 
sodium chloride spectrophotometer. Uv spectra were obtained 
on a Coleman-Hitachi 124 double beam spectrophotometer in 
absolute ethanol. Mass spectra were taken on a Hitachi Perkin- 
Elmer RMV-7 mass spectrometer using an all-glass inlet. The 
microanalysis of the compounds were performed by Geller Micro- 
analytical Laboratories, Saddle River, N. J. 07458.

Pyrolysis of Benzhydroxamic Chloride Derivatives XVI.— 
Typical procedures for the pyrolysis of II and its analogs are 
described. Most of the pyrolyses could be performed by the 
method used for II except XV. W h en  the th erm o lys is  o f  X V  w a s  
ca rr ied  ou t u n d er  low  p re ssu re  (ca . 1 0  m m , 1 8 0 ° ) ,  a  v io len t e x 
p lo s io n  occurred. The pyrolysis of XV must be carried under 
atmospheric pressure in thick-walled test tube.

Pyrolysis of Benzhydroxamic Chloride (II).—In a 10-ml round- 
bottomed flask fitted with a vacuum distillation setup is placed
2.57 g of II. After evacuation to a pressure of about 13 mm, the 
flask was heated in an oil bath (180°) for 30 min. Phenyl iso
cyanate [bp 104-105° (13 mm), 0.52 g (70%)] distilled off 
slowly. When the solid residue was crystallized from aqueous 
ethanol, 0.44 g (21%) of I, mp 108-109°, was obtained. 1 A 
small amount of the collected phenyl isocyanate was reacted with 
aniline in anhydrous ether giving AT.IV-diphenylurea. The mix
ture melting point with an authentic sample was not depressed.

Pyrolysis of 3-Chloro-4-methoxybenzhydroxamic Chloride
(IV).—IV (4 g) was dissolved in 400 ml of methylene chloride at 
0°. Chlorine gas was passed through this solution at a slow rate

for 20 min. After the mixture stood in a cooling bath for 2 
hr and then at room temperature overnight, air was bubbled 
through the reaction mixture until all the excess chlorine was 
removed. The solvent was removed under reduced pressure and 
the residue was vacuum distilled to give 0 .8 6  g (18%), bp MO
HS“ (0.6 mm), of III. When a small amount of III was allowed 
to react with aniline, a urea derivative, mp 2 1 0 - 2 1 1 °, was ob
tained. This compound proved to be identical with the urea 
obtained by the reaction of phenyl isocyanate with 3-chloro-4- 
methoxyaniline as shown by mixture melting point and ir 
spectrum.

A n a l . Calcd for CHH13CIN2O2 : C, 60.76; II, 4.73; N, 10.13; 
Cl, 12.81. Found: C, 60.96; H, 4.82; N, 10.08; Cl, 12.84.

Hydrolysis of I.—I (200 mg) was dissolved in an aqueous al
coholic sodium hydroxide solution ( 2 0 0  mg of sodium hydroxide 
in 2 0  ml of methanol and 1 0  ml of water) and stirred at room 
temperature overnight (ca . 18 hr). The solution was acidified 
with 5% hydrochloric acid and methanol was removed under 
reduced pressure. The aqueous solution was extracted with two 
50-ml portions of ether and dried over anhydrous magnesium 
sulfate. After the ether solution was condensed, the residue was 
analyzed by vpc on an Aerograph Autoprep Model A-700 instru
ment using 10% Carbowax 20M on Anacrom ABS 70-80 mesh, 
10 ft X 'A  in. column. The ratio of benzoic acid/II is 4.57. 
When the residue was evaporated to dryness, a solid material 
was obtained. Upon crystallization of the solid, 97 mg (100%), 
mp 1 2 1 - 1 2 2 °, of benzoic acid was collected.

Preparation of V.12—To an ether solution (150 ml) which con
tained 2.01 g (0.01 mol) of VIII and 1.41 g (0.01 mol) of p -  
nitrobenzoyl chloride was added 0.79 g (0.01 mol) of pyridine in 
50 ml of ether at 0°. The reaction mixture was stirred at 0° for 
1-2 hr and then left at room temperature overnight . After it was 
washed with 30 ml of water, the ether solution was dried and 
evaporated. The residue was crystallized from acetone, yielding 
0.37 g of V, mp 203-204°. No melting point depression was 
observed when mixed with the pyrolysis product.

Acknowledgment.-—The author is grateful to Dr. 
Victor Hansen for helpful discussion throughout this 
work. Thanks are also due to Dr. A. K. Bose for the 
measurements of nmr and mass spectra.

(12) Beilstein, 2nd ed, 9, 214 (1956).
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The Use of Lewis Base-Sulfur Trioxide Complexes as Reagents for 
the Beckmann Rearrangement of Ketoximes

K enneth  K . K e l l y* and  Joseph  S. M atthew s  

G u lf  R esearch  a n d  D eve lop m en t C o m p a n y , P ittsb u rg h , P e n n sy lv a n ia  1 5 2 3 0  
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Complexes of sulfur trioxide with various Lewis bases have been studied as reagents for the Beckmann re
arrangement of ketoximes. All the complexes studied yield isolable Beckmann intermediates, some of which 
have been identified. Only some of these intermediates could be hydrolyzed to the corresponding amides, but 
all of them yield their amides on pyrolysis. The intermediates most commonly found included the sulfonic acid 
derivative of the ketoxime which contained the Lewis base as an integral part of the intermediate. However, 
when the dimethylformamide-sulfur trioxide complex and the dioxane (di)-sulfur trioxide complex were used, 
two and three intermediates for the respective complexes were found.

While sulfur trioxide has been reported to promote 
the Beckmann rearrangement, in all but a few special 
cases1 the reactivity of free sulfur trioxide is too great 
to permit a controlled reaction. In the cases where 
this reaction was apparently possible,2 no mention or 
observation was made to substantiate any formation of 
the corresponding N-substituted amide. The reaction 
between a ketoxime and several sulfur trioxide com
plexes has been reported3 4 in limited studies in the past.

Results and Discussion

The Lewis bases studied as complexing agents for 
sulfur trioxide were W,Af-di me thy If or mamide (D M F), 
yVjM-diethylformamide, W-methy lacet amide, N,N-à\- 
methylacetamide, W,W-diethylacetamide, W-methyl- 
propionamide, AhAr-dimethylpropionamide, A',Ar-dieth- 
ylpropionamide, A', Ar- d i m e t h y 1 b u t y r a m i d e, N,N-di- 
ethylbutyramide, caprolactam, pyrrolidone, and N,N- 
dimethylbenzamide. It should be noted that any 
amide employed must be at least W-monoalkyl substi
tuted to avoid dehydration to the nitrile. In addition 
to the above amides, various amines, cyclic ethers, ni
triles, and nitro compounds were employed for this 
purpose. These were pyridine, 1,4-dioxane, tetra- 
hydrofuran, benzonitrile, and nitrobenzene. Sulfur 
trioxide complexes of various polymers were also eval
uated and include Carbowax 20M , polyvinyl pyrroli
done, trioxane, 2-vinylpyridine, nylon-6, and nylon-66.

The yields of caprolactam using the above complexes 
of sulfur trioxide were all in the range of 95 -100% , with 
the exception of the amine complexes which were
0 -3 0 % . It was observed that in the case of the amine 
complexes the yield is inversely proportional to the 
basic strength of the amine employed.

To avoid the complexities associated with the rear
rangement of a mixture of cis and trans oxime isomers, 
cyclohexanone oxime was chosen to evaluate the var
ious sulfur trioxide complexes. During the course of 
the rearrangement of cyclohexanone oxime with these 
complexes, it was possible in all cases to isolate the 
corresponding intermediate. With the exception of 
three solid intermediates isolated while employing the

(1) Potts (to Henkel and Cie GmbH), British Patent 732,899 (1955); 
N. Tokura, R. Asami, and R. Tado, Sei. Rep. Res. Inst. Tohoku Univ., 
Ser. A, 8, 149 (1956).

(2) S. I. Burmestrov and A. G. Taranenko, Ukr. Khim. Zh., 22, 620 
(1956); A. P. Terent’ev and N. B. Kupletskaya, Zh. Obshch. Khim., 26, 451 
(1956).

(3) A. F. Turbak, Ind. Eng. Chem., Prod. Res. Develop., 7, 189 (1968).
(4) F. R. Atherton, A. L. Morrison, R. J. W. Cremyler, G. W. Kenner, 

A. Todd, and R. F. Webb, Chem. Ind. {London), 1183 (1955).

dioxane complex, all other intermediates were oils of 
varying viscosity and stability. The dimethylforma
mide-sulfur trioxide is capable of forming two inter
mediates with cyclohexanone oxime on a one-to-one 
and two-to-one molar ratio of oxime to complex. This 
is the only complex examined that was capable of rear
ranging an oxime on greater than a one-to-one molar 
basis. Both intermediates were examined by nuclear 
magnetic resonance and infrared spectroscopy. How
ever, the structural difference was difficult to elucidate 
because of their limited solubility. It was determined 
that the intermediate resulting from the one-to-one 
molar reaction is a hydrogen-bonded species of the sul
fonic acid derivative of cyclohexanone oxime and dim
ethyl formamide as shown in (1). The nuclear magnetic

(  V =N O — S—
II

H / H> 
OH— -0 = C N

CH3

(1 )

resonance data also suggest that a rapid equilibrium 
exists between the sulfonic acid and oxime portions 
of the intermediate.

Under normal conditions, the acidic rearranging re
agent is neutralized and/or the intermediate is hydro
lyzed prior to work-up of the reaction mixture. How
ever, the hydrolysis of these intermediates under basic 
conditions can proceed in one of two directions, de
pending in part on the sulfur trioxide complex used. 
The hydrolysis reaction can produce caprolactam or the 
intermediate may simply revert to the free oxime, sul
fate salt, and the Lewis base used in the complex. Cy
clohexanone oxime intermediates can be hydrolyzed to 
caprolactam if the following Lewis bases are employed 
in the complex: 1,4-dioxane, tetrahydrofuran, capro
lactam, W,N-diethylacetamide, A/A'-diethylpropion- 
amide, WW-dimethylbutyramide, W,W-diethylbutvr- 
amide, and W,./V-dimethylbenzamide. The rest of the 
intermediates listed previously revert to cyclohexanone 
oxime on hydrolysis.

An examination of the amides in Table I indicates 
that the degree of substitution on the nitrogen affects 
the route taken during hydrolysis when cyclohexanone 
oxime is used.

This is observed on comparing group la, lb, and Ic, 
and group Id, Ie, and If. However, the results ob
tained using WW-diethylformamide (Ig), and compared 
to those found for Ic and If, indicate that the degree of 
nitrogen substitution is not the only factor affecting the



2160 J. Org. Chem., Vol. 86, No. 15, 1971 K elly and Matthews

T a b l e  I

Lewis base used No.
Hydrolysis

product
CH3CONHCH3 Ia Oxime
CH3CON(CH3)2 lb Oxime
CH3CON(CH2CH3)2 Ic Lactam
c h 3c h 2c o n h c h 3 Id Oxime
CH3CH2CON(CH3)2 Ie Oxime
CH3CH2CON(CH2CH3)2 If Lactam
HCON(CH2CH3)2 Ig Oxime
CH3(CH2)2CON(CH3)2 Ih Lactam
CH2(CH2)2CONH Ii Oxime

CH2(CH2)3CONH 
1 1

Ij Lactam

hydrolysis route. Therefore, it appears that the carbon 
number (and/or molecular weight) of the amide is the 
major factor influencing the hydrolysis route taken. 
This is substantiated by comparing Ie with Ih and Ii 
with I j . This last sample in particular serves to indi
cate that the carbon number and not the parent chain 
length is responsible for the preferred route taken during 
hydrolysis. Therefore, it can be generalized that the 
cyclohexanone oxime intermediates formed from amide 
complexes containing five carbons or less will revert 
back to the oxime, while those intermediates formed 
from amide complexes containing six carbons or more will 
proceed on to the lactam upon hydrolysis. This gen
eralization may not hold true when other oximes are 
used.

The structure of the oxime also plays an important 
role in the hydrolysis. The intermediate from the re
action of cyclohexanone oxime and the dimethylform- 
amide-sulfur trioxide complex reverts to free oxime 
upon hydrolysis while 2-n-butylcyclohexanone oxime 
and 2-methylcyclohexanone oxime react with the same 
complex to form intermediates which hydrolyze to their 
respective lactams, the latter being a mixture.

A number of solvent types can be employed to pre
pare these Beckmann intermediates. They include 
alcohols, ethers, esters, amines, ketones, amides, par
affins, and halogenated hydrocarbons. Although spe
cific members of each broad classification have served 
with varying degrees of success, it was found that the 
halogenated hydrocarbons are the most suitable for 
this purpose. The reaction between any oxime and 
sulfur trioxide complex is nearly instantaneous and 
complete in these solvents. An exception to this was 
observed with the amine complexes. The amines form 
a very stable complex with sulfur trioxide due to their 
relatively high basic strength. This results in a very 
low reactivity and produces low yields of amides.

Although only approximately one-half of the cyclo
hexanone oxime intermediates studied could be hy
drolyzed to the amide, it was possible to pyrolyze all 
of them to the amide. The pyrolysis is highly exo
thermic. It can be initiated by rapidly raising the 
temperature of the intermediate to its decomposition 
point after which the heat of reaction allows it to con
tinue. Once initiated, this reaction is essentially spon
taneous so that it becomes necessary to provide suffi
cient cooling to keep the reaction under control. The 
pyrolysis can be conducted in the gas phase in the pres
ence of the solvent or in a small batch-type reaction 
after the solvent has been removed. The pyrolysis of 
these intermediates will not produce good yields of

amide if initiated under super- or subatmospheric pres
sures. Although a decomposition does occur under 
these conditions, the reaction product contains neither 
caprolactam, cyclohexanone oxime, nor any Beckmann 
intermediate. The products from such a decomposi
tion have not been identified. The reaction of cyclo
hexanone oxime with the dioxane-sulfur trioxide (di— 
S 0 3) complex yields solid intermediates which more 
readily lend themselves to structural analysis. This 
reaction has been reported3 and a mechanism was for
mulated according to eq 2.

NOHAI I  +  dioxane-S03 7 -5 5 ^ 7  

I

"milky
liquor”

[spontaneous 
I temp rise (2 )

However, by slightly varying the reaction condi
tions, a more complete picture of the reaction sequence 
was observed. On lowering the temperature at which 
the reaction was run by only a few degrees, a series of 
different intermediates was found as shown in eq 3.

NOHÔ
'Â

+  dioxane-SO; 
(di)

C2H4C12 
3 atO°

. pyrolysis

9  SO3H

v /

NOSOsH-di

m
1. temp to ambient
2. warmed slowly to 65°

(3)
OSOjHdi'

 ̂petroleum 
ether

IV nia

The first intermediate (III) has a melting point of 
26° dec5 and remains as a white solid in the reaction 
solvent below 10°. Allowing the reaction mixture to 
come to ambient temperature results in the solution of 
III, but the “ milky liquor” or a spontaneous tempera
ture rise was not observed as reported by Turbak.3 
This indicates that the intermediates initially formed in 
eq 2 and 3 are not the same. When III is warmed to 
65°, it is spontaneously transformed to a second inter
mediate (V) exothermically. Possibly this inter
mediate is derived by the Chapman rearrangement of 
Ilia  with the loss of dioxane.

Experimental Section

Gas chromatographic analyses of the reaction products were 
performed on an F & M Model 720 dual column chromatograph 
equipped with thermal conductivity detectors. The column used 
was 0.25 in. X 4 ft stainless steel packed with 25% SE-31, with

(5) Although it is possible to isolate this intermediate, extreme care should 
be taken since experience has shown that it can decompose explosively.



Beckmann R earrangement of K etoximes J. Org. Chem., Vol. 36, No. 15, 1971 2161

a helium flow of 50 ml/min. Analyses were made at 135° 
isothermally with a bridge current of 150 mA.

Preparation of Sulfur Trioxide Complexes.—The method of 
preparation of all the complexes employed in this study is 
essentially identical. In general, the Lewis base is dissolved 
(suspended if an insoluble polymer) in dichloromethane, cooled 
to ice bath temperature, and 1  molar equiv of sulfur trioxide was 
added. The white crystalline complex precipitates, is filtered, 
and washed with dichloromethane. The melting point of these 
complexes is difficult to determine because of their rapid uptake 
of water. Two examples illustrate this preparation.

DimethylformamideSulfur Trioxide Complex.—Dimethyl- 
formamide (100 g, 1.37 mol) in 75 ml of dichloromethane was 
placed in a 500-ml three-necked round-bottom flask equipped 
with a magnetic stirrer, cold finger condenser, and drying tube. 
This solution was cooled to 0° in an ice water bath and 1.37 mol 
(109 g, 56 ml) of stabilized liquid sulfur trioxide (at room tem
perature) was added dropwise from a pressure equalizing dropping 
funnel over a period of 45 min. Upon completion of addition, 
the white crystalline complex was removed by vacuum filtration 
and washed several times with dichloromethane. During filtra
tion and washing, the filtering funnel was covered with a rubber 
membrane to prevent exposure of the complex to atmospheric 
moisture. A theoretical quantity (209 g) of the complex was 
obtained.

Polyvinyl Pyrrolidone.—Liquid sulfur trioxide (0.5 g) was 
added dropwise to a previously cooled solution of 1  g of polyvinyl 
pyrrolidone in 30 ml of 1 ,2 -dichloroethane. The white crystalline 
complex began to precipitate from solution soon after the initial 
addition of the sulfur trioxide. After the required volume of 
sulfur trioxide had been added, the solid was removed by vacuum 
filtration, washed with 1 ,2 -dichloroethane, and vacuum dried at 
room temperature to give a 98% yield (1.5 g) of the complex. 
Titration of a small quantity of this complex showed the available 
sulfur trioxide concentration to be 0.0046 mol/g of complex.

Beckmann Rearrangement Studies. Rearrangement of Cyclo
hexanone Oxime Using Flow-through Reactor.—A 1 X 14 cm 
condenser was clamped in a vertical position and packed with 2.7 
g (0.018 mol) of the dimethylformamide-sulfur trioxide complex 
supported on a glass wool plug. Water at 40° was circulated 
through the condenser jacket. Cyclohexanone oxime (2 .0  g, 
0.018 mol) was dissolved in 5.0 ml of dichloromethane contained 
in a small pressure-regulating dropping funnel. This solution 
was then allowed to flow through the reagent bed under a slight 
pressure to prevent the solvent from boiling. As the reaction 
proceeded, the reagent was consumed and the effluent from the 
column was collected in a two-necked 50-ml round-bottom flask. 
The condenser was washed with 2.0 ml of dichloromethane and 
the washings were added to the reaction mixture. The solvent 
was removed by evacuating the flask on a rotatory evaporator at 
3 mm at room temperature over a 0.5-hr period. The clear vis
cous oil remaining in the flask is the Beckmann intermediate. 
An electric resistance heater was immersed in the oily inter
mediate. With the material previously cooled to 0°, the resis
tance heater was activated momentarily to initiate the de
composition, after which the reaction proceeded on its own due to 
the exothermicity of the reaction. Immediately after the onset 
of the pyrolytic reaction, the pressure was rapidly lowered to 3 
mm to remove liberated sulfur trioxide. The pyrolysis product 
(greenish brown oil) was taken up in methanol. A thin layer 
chromatogram (2 % methanol in benzene on silica gel) confirmed 
the presence of free caprolactam. Examination of this solution 
by glc showed a 96% yield of caprolactam based on molar 
response.

Vapor Phase Pyrolysis of Beckmann Intermediate.—A one-to- 
one molar ratio intermediate was prepared using the flow

through reactor technique. The total reaction mixture was drawn 
into a 10-ml glass syringe equipped with a 5.5 in. filling needle. 
The syringe was mounted horizontally in an adjustable rate 
infusion pump. The needle was completely inserted through a 
rubber septum into the horizontal pyrolysis tube (1 X 47 cm), 
containing a helium flow of 1 0 0  ml/min and equipped with a 
cold trap, so that the tip of the needle just touched the edge of a 
glass wool packing 5 cm in length. The tube packing was centered 
in a micro combustion furnace 20 cm in length. With the 
furnace preheated to 230 ±  2°, the intermediate reaction mixture 
was injected at the rate of 0.2 ml/min. After complete injection, 
the furnace was rapidly cooled using compressed air and the 
syringe needle withdrawn. The residual material in the heated 
zone was eluted using methanol and combined with the con
densate in the cold trap. This mixture was neutralized with 
ammonia and filtered, and the filtrate made up to 250.0 ml with 
methanol. Examination of this solution by glc showed a 67.5% 
yield of caprolactam based on molar response.

Dioxane-Sulfur Trioxide Intermediates.—The dioxane-sulfur 
trioxide complex (3.0 g, 0.018 mol) was slurried in 10 ml of 1,2- 
dichloroethane using a magnetic stirrer and cooled to 0 ° using 
an ice water bath. An equimolar quantity of cyclohexanone 
oxime (2 .0  g) was placed in a pressure-equalizing dropping funnel 
and dissolved in 10 ml of dichloroethane. This solution was 
added slowly to the slurry of the complex over a 15-min period in 
order to maintain the reaction temperature at 0°. After the 
addition was complete, the white crystalline intermediate III 
was removed by vacuum filtration under anhydrous conditions. 
Examination of this intermediate by ir showed a sulfate group 
(1240 cm-1) present with no carbonyl evident (1669 cm "1), 
Nmr showed that a seven-membered lactam ring was not present 
by the absence of the 5 3.4 peak (CH2NCO) and that dioxane 
was present in a one-to-one molar ratio to the cyclohexane portion 
of the intermediate. The experimentally determined molecular 
weight and elemental analysis also support the proposed struc
ture. The molecular weight was determined by a vapor pressure 
osmometer method to give 290 v s . 281 calculated. A n a l . Calcd 
for C,oH190 6NS: C, 42.7; H, 6 .8 ; N, 5.0; O, 34.1; S, 11.4. 
Found: C, 42.8; H, 6.7; N, 4.9; 0 ,34 .3 ; S, 11.4.

When this intermediate, as formed in the reaction solvent, was 
slowly warmed to 65° using a water bath, it was spontaneously 
transformed to a second intermediate (V, eq 3) exothermally. 
Examination of this intermediate by ir showed a lactam carbonyl 
(1669 cm-1). The nmr spectrum exhibited peaks (acetone-dj v s. 
TMS) at S 13.8 (acid H), 3.4 (CH2NCO), 2.3 (CH2CON). 
No dioxane was evident and an electronegative group was present 
on the nitrogen. A n a l . Calcd for CiHuOiNS: C, 37.3; H, 5.7; 
N, 7.3; O, 33.1; S, 16.6; mol wt, 193. Found: C, 37.4; H, 
5.8; N, 7.2; O, 33.2; S, 16.6; mol wt, 188.

Registry No.— D M F -S 0 3 complex, 29584-42-7; N,N- 
diethylformamide-S03 complex, 29584-43-8; iV-methyl- 
acetamide-S03 complex, 29584-44-9; A^/V-dimethyl- 
acetamide-S03 complex, 29641-83-6; N , Af-diethylacet- 
am ide-S03 complex, 29584-45-0; ZV-methylpropion- 
am ide-S03 complex, 29584-46-1; /V,/V-dimethylpro- 
pionamide-S03 complex, 29641-84-7; A%V-diethylpro- 
pionamide-S03 complex, 29584-47-2; Ar,A%:limethyl- 
butyramide-S03 complex, 29584-48-3; A^V-diethyl- 
butyramide-S03 complex, 29584-49-4; caprolactam- 
S 0 3 complex, 29641-85-8; pyrrolidone-S03 complex, 
29584-50-7; A^,Af-dimethylbenzamide-S03 complex, 
29584-51-8.
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Peroxide. X. A Mild and General Synthesis of Peroxy Acids1
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Peroxy acids are prepared in high yields by perhydrolysis of acyl diethyl phosphates in ethyl ether solution. 
The reaction is weakly catalyzed at low concentrations of methanesulfonic acid (MSA) but proceeds rapidly 
using equimolar proportions of MSA and the mixed anhydride. The acyl diethyl phosphate intermediates are 
prepared in ether solution by acylation of silver diethyl phosphate. The method is particularly useful for pre
paring methoxy-substituted and sterically hindered peroxy acids.

Many peroxy acids may be prepared by judicious 
choice of the methods and modifications currently 
available for their synthesis.2’3 Some of the methods 
are comparatively superior to others for specific prep
arations, but each is limited in scope, yields, or pre
parative convenience. For example, the direct reac
tion between carboxylic acids and hydrogen peroxide in 
methanesulfonic acid solution is advantageous for pre
paring many peroxy acids in nearly quantitative yields, 
but the procedure fails in its application to the prepara
tion of methoxy-substituted peroxybenzoic acids.1 The 
monomethoxy derivatives, illustrated by peroxyanisic, 
are obtained in low yields (~ 3 5 % )  by alkaline perhy
drolysis of either the acyl chloride4 or the diacyl per
oxide.5

Recently, Folli and Iarossi6 have reported a new, 
general method for the preparation of peroxy acids, 
under mild conditions, that utilizes the imidazolides of 
carboxylic acids (I) (eq 1). The peroxy acids are ob-

<=N
1. HOT (EtOH-HjQ).
2. H+

0

I

RCO;JH + (1 )

tained in yields averaging 50%  by perhydrolysis of I in 
alkaline media. This method represents an improve
ment over former procedures for preparing methoxy- 
substituted peroxy acids and provides an effective route 
to the optically active and sterically hindered types.

In the course of our investigations of the kinetics of 
epoxidation,7 several new peroxy acids were desired 
but were unobtainable by conventional methods. 
Since the synthetic method of Folli and Iarossi had not 
been published in the early stages of this work, we de
vised a new synthesis that appears to be general. The 
method takes advantage of the facility of acyl phos
phates to hydrolyze under mild acid catalysis.8

The procedure entails the preparation of acyl diethyl 
phosphates (III) by acylation of silver diethyl phos

* Eastern Regional Research Laboratory, Eastern Marketing and Nutri
tion Research Division, Agricultural Research Service, U. S. Department 
of Agriculture, Philadelphia, Pa. 19118.

(1) Paper IX : L. S. Silbert, E. Siegel, and D. Swern, J. Org. Chem., 27,
1336 (1962).

(2) D. Swern in “ Organic Peroxides,”  D. Swern, Ed., Wiley, New York, 
N. Y., 1970, pp 313-474.

(3) Reference 2, pp 475-516.
(4) M. Vilkas, Bull. Soc. Chim. Fr., 1401 (1959).
(5) G. Braun, "Organic Syntheses,” 2nd ed, Collect. Vol. I, Wiley, New 

York, N. Y., 1941, p 431.
(6) U. Folli and D. Iarossi, Boll. Sci. Fac. Chim. Ind. Bologna, 26, 61 

(1968).
(7) L. S. Silbert and D. A. Konen, Third Middle Atlantic Regional Meet

ing, American Chemical Society, Philadelphia, Pa., Feb 1968.
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phate (II) in ether solution (eq 2) and acid-catalyzed 
perhydrolysis of the mixed anhydride III to peroxy 
acid and diethyl hydrogen phosphate (eq 3). Although

0  O 0  0

t II t II
(EtOhPOAg +  RCC1 — > (EtO)2POCR +  AgCl (2)

1 III
0  0  o

(EtO)2POCR +  H20 2 RC03H +  (Et0)2P0H +  H+ (3)

the silver salt is slightly soluble in ether, acylation pro
ceeds instantaneously with the solid phase as well as in 
solution.

The conditions and yields for preparing various per
oxy acids are recorded in Table I. The acid concentra-

T a b l e  I
P r e p a r a t iv e  C o n d itio n s  an d  Y ie l d s  o f  P e r o x y  A cids

%
Acyl diethyl Mole ratio of Temp, Time. peroxy Yield,
phosphate0 H2O1¡:AD P:M SA6 °C hr acid' % d

p-Methoxybenzoyl 1 0 :2 : 1 10-15 1 89 82

3,4,5-Trimethoxy-
5:1:1 15 1 91 8 6

benzoyl
2,4,6-Trimethyl-

5:1:1 15 1 88 63

benzoyl 5:1:0« O 1 0.5 80 74
o-Nitrobenzoyl 5:1:2 25-30 1.5 74 74
p-Nitrobenzoyl 5:1:2 25-30 1.5 87 74
Stearoyl 5:1:1 25-30 1 92 74
Cinnamoyl 5:1:1 2 0 1.5 91 74
Pivaloyl 5:1:1 15 1 98 84
“ Refer to Experimental Section for yields (based on acyl 

chlorides) and physical data of acyl diethyl phosphates. b ADP, 
acyl diethyl phosphate; MSA, methanesulfonic acid; H20 2, 98% 
concentration; reaction conducted in ethyl ether. 'Based on 
iodometric analysis of crude product (see ref 15 for method used). 
d Yield of crude product based on acid chloride. ' Reaction 
proceeds in the absence of MSA.

tions affecting the conversion of several mixed anhy
drides to peroxy acids (Table II) were determined as a 
guide for formulating the preparative conditions listed 
in Table I. The method provides a conveniently use
ful and mild route to the preparations of methoxy-sub
stituted and sterically hindered peroxy acids as well as 
others normally obtained with difficulty. The yields 
based on conversion of acid chloride average 75% .

The disadvantage of the extra step for converting 
carboxylic acids to acyl chlorides is offset by the high 
yields of product. Folli and Iarossi6 stressed the sen
sitivity of some types of carboxylic acids such as a or 0 
optically active acids to the effects of strong acid en
vironments as another disadvantage in the use of acyl 
chloride procedures. Examples of carboxylic acids
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T a b l e  I I

V a r ia t io n  in  C o n d it io n s  f o r  C o n v e r sio n s  o f  
A c y l  D ie t h y l  P h o sph a t e s  to  P e r o x y  A c id s“ '6

H2O2 

concn 
(of soin),

M SA/ 
ADP“'d Time,

Peroxy 
acid, %

Acyl in ADP' % mole ratio hr formed
p-Methoxybenzoyl 65 1 3 28

65 2 4 46
98 0 . 2 2.5 38
98 0.5 0.5 56
98 0.5 1 71
98 0.5 2 80
98 1 0.5 8 8

98 1 1 91
98 1 1.5 89

2,4,6-Trimethyl
benzoyl 98 0 ' 0.5 2 2

98 0 e 1 47
98 0 ' 1.5 60
98 0 ' 2 64

p-Nitrobenzoyl 98 1 2 0

98 2 2 ~ 1

98 2 2 (25°) 1 1

‘ Solutions ( 1  M )  in ethyl ether. 6 Reactions at 15° except
where indicated. c ADP, acyl diethy lphosphate; MSA, methane- 
sulfonic acid. ^HiOaiADP, 5:1 (mole ratio). 'Perhydrolysis 
in absence of MSA.

from this class were not examined in the present work, 
but their conversion to acyl chlorides with retention of 
optical purity may be expected in view of the recently 
improved gentle techniques for conducting acyl chloride 
synthesis using dimethylformamide catalysis at low 
temperatures9 or in the neutral environment of the tri- 
phenylphosphine-carbon tetrachloride reaction.10 11

Although the limited data of Tables I and II are in
adequate for a mechanistic interpretation of the acid- 
catalyzed perhydrolysis of acyl diethyl phosphates, 
they suggest rate effects by substituents in the benzoyl 
moiety similar to those reported for the related hydrol
ysis of acyl phosphates R C (= 0 )P (—*-0) (OH)2.11 A 
comparison of the differences in preparative conditions 
and yields of peroxy acids obtained from p-methoxy- 
benzoyl and p-nitrobenzoyl diethyl phosphates (Tables 
I and II) suggests that the perhydrolysis rate decreases 
as the electron-withdrawing effect of the ring substit
uent increases. The ease of perhydrolysis of 2,4,6- 
trimethylbenzoyl diethyl phosphate, in the absence of 
acid catalysis, indicates that reaction may proceed via 
an acylium ion intermediate, since the steric compres
sion of the two ortho methyl groups and the electron 
donation of the para methyl group would disfavor a bi- 
molecular reaction.12

Experimental Section

Materials.—Hydrogen peroxide (98 and 65% concentrations) 
was obtained from Food Machinery and Chemical Corp. O lefin - 
fre e  petroleum ether (bp 30-40°) was obtained by sulfuric acid 
treatment and distillation.

Diethyl Phosphate.—The reagent was prepared by the method 
of Toy . 13 (Note that the presence of hydrogen chloride as an 
impurity in diethyl phosphorochloridate induces an uncontrollable 
exothermic reaction with formation of undesired products. This

(9) H. H. Bosshard, R. Mory, M. Schmid, and H. Zollinger, H elv . C h im . 
A cta , 42, 1953 (1959).

(10) J. B. Lee, J . A m e r . C h em . Soe., 88, 3440 (1966).
(11) D. R. Phillips and T. H. Fife, ibid., 90, 6803 (1968).
(12) M. L. Bender and M. C. Chen, i b i d . , 85, 37 (1963).
(13) A. D. F. Toy, ibid., 70, 3882 (1948).

may be avoided by distilling diethyl phosphorochloridate before 
use.14)

Silver Diethyl Phosphate.—The silver salt was prepared by re
action of diethyl phosphate (18.59 g, 0.12 mol) and silver car
bonate (13.78 g, 0.05 mol) in ethyl ether (100 ml) at 25°. The 
stirred slurry was filtered after decantation from the more dense 
unreacted silver carbonate that settles to the bottom of the flask. 
The filtered silver salt was ether washed and dried in  vacu o  at 
90°, yield 21.4 g (82%).

A n a l . Calcd for CiH^AgOiP: C, 18.41; H, 3.86; Ag, 41.34; 
P, 11.87. Found: C, 18.56; H, 3.97; Ag, 41.07; P, 11.96.

Preparation of Acyl Diethyl Phosphates.—The preparation 
described for anisoyl diethyl phosphate is typical of the class of 
acyl diethyl phosphates. Elemental analyses were obtained only 
on the solid mixed anhydrides which were easily purified by crys
tallization. For the peroxy acid preparations, the anhydrides 
were used as obtained without further purification.

Anisoyl Diethyl Phosphate.—Anisoyl chloride (8.50 g, 0.05 
mol) was added dropwise to a stirred slurry of silver diethyl 
phosphate (19.6 g, 0.075 mol) in ethyl ether (100 ml). The 
ether solution was stirred for 1 hr at 25° and filtered to remove 
unreacted silver diethyl phosphate and silver chloride. Filtrates 
that appeared clouded by small amounts of suspended silver 
salts were easily clarified by filtration through a small quantity of 
Florisil. Evaporation gave a light yellow oil (13.5 g, 94% yield) 
having the appropriate ir absorptions for carbonyl at 1740 and 
broad phosphorus-oxygen peaks at 1260 and 1025 cm - 1  [reported 
absorptions for organophosphorus compounds: 15 P = 0  (un
bonded) at 1350-1250, P—O—C (aliphatic) at 1050-990 cm-1] . 
The oil product was used without further purification.

Other Acyl Diethyl Phosphates.—The phosphate anhydrides 
listed in Table I were prepared as described for anisoyl diethyl 
phosphate using the following quantities of reactants and re
action conditions.

3,4,5-Trimethoxybenzoyl Diethyl Phosphate.—3,4,5-Tri- 
methoxybenzoyl chloride (6.9 g, 0.03 mol) was added to silver 
diethyl phosphate (10.4 g, 0.04 mol) in ethyl ether (25 ml), 
yield 7.45 g (72%). The prouct was recrystallized from ethyl 
ether-petroleum ether (2:1, 10 ml) at —20°: mp 44-45°; ir 
C = 0  at 1740, P = 0  at 1270, P—O—C at 1025 cm -1.

A n a l . Calcd for C„H 2iOsP: C, 48.28; H, 6.03; P, 8.91. 
Found: C, 48.44; H, 5.90; P. 8.82.

2,4,6-Trimethylbenzoyl Diethyl Phosphate.—2,4,6-Trimethyl- 
benzoyl chloride (5.49 g, 0.03 mol) was added to silver diethyl 
phosphate (13.1 g, 0.05 mol) in ethyl ether (100 ml): yield 8.44 
g (93%); ir C = 0  at 1758, P = 0  at 1290, P—O—C at, 1028 cm -'.

p-Nitrobenzoyl Diethyl Phosphate.—p-Nitrobenzoyl chloride 
(1.82 g, 0 . 0 1  mol) dissolved in ethyl ether ( 1 0  ml) was added to 
silver diethyl phosphate (4.12 g, 0.015 mol) in ethyl ether (25 ml). 
The product (3.0 g, 85% yield) recrystallized from ethyl ether- 
petroleum ether (1 : 1 , 8  ml/g) to give a light yellow solid: mp
47-48°, ir C = 0  at 1740, P = 0  at 1280, P—O—C at 1030 cm"1.

A n a l. Calcd for CuH„NO,P: C, 43.57; H, 4.65; N, 4.62; 
P, 10.21. Found: 0,43.83; 11,4.75; N, 4.41; P, 10.26.

o-Nitrobenzoyl Diethyl Phosphate.—o-Nitrobenzoyl chloride 
(5.75 g, 0.03 mol) dissolved in ethyl ether (25 ml) was added to 
silver diethyl phosphate (13.05 g, 0.05 mol), in ethyl ether (75 
ml). The product (8.52 g, 95%) was a light yellow oil: ir
C = 0  at 1752, P = 0  at 1280, P—O— C at 1025 cm“ 1.

Stearoyl Diethyl Phosphate.—Stearoyl chloride (9.01 g, 0.03 
mol) was added to silver diethyl phosphate (12.05 g, 0.05 mol) 
in ethyl ether (50 ml). The product (13 g, 100%) was purified by 
recrystallization from ethyl ether (2  ml/g) (note that if moisture 
is present some insoluble symmetrical stearic anhydride is 
formed): mp 36—37°; ir C = 0  at 1775, P = 0  at 1285, P— O— C 
at 1033 cm-1.

A n a l. Calcd for C^HrsOsP: C, 62.83; H, 10.78; P, 7.36. 
Found: C, 62.80; H, 10.85; P, 7.15.

Cinnamoyl Diethyl Phosphate.—Cinnamoyl chloride (5.00 g, 
0.03 mol) dissolved in ethyl ether (25 ml) was added to silver 
diethyl phosphate (7.83 g, 0.03 mol) in ethyl ether (50 ml): 
yield of oil product 7.12 g (81%); ir C = 0  at 1735, P = 0  at 
1270, P—O—C at 1030, C = C  (aromatic conjugation) at 1628, 
HC=CH  (trans) at 975 cm-1.

Pivaloyl Diethyl Phosphate.—Pivaloyl chloride (3.62 g, 0.03 
mol) dissolved in ethyl ether (5 ml) was added to silver diethyl
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phosphate (9.14 g, 0.035 mol) in ethyl ether (50 ml): yield of oil 
product 6.05 g (85%); ir C = 0  at 1760, P = 0  at 1283, P—O—C 
at 1 0 2 0  cm-1.
-Preparation of Peroxy Acids. Peroxyanisic Acid.—Hydrogen 

peroxide (3.4 g of 98% concentration, 0.10 mol) was added 
dropwise to a mixture of anisoyl diethyl phosphate (5.76 g, 0.02 
mol) and methanesulfonic acid (0.96 g, 0.01 mol) in ethyl ether (10 
ml) at 10-15°. After complete addition of hydrogen peroxide, the 
mixture was stirred for 90 min at room temperature. Ice-cold 
water was added ( 1 0  ml) and the peroxy acid was extracted with 
chloroform. The chloroform solution was water washed, briefly 
dried with anhydrous sodium sulfate, and evaporated to give 
peroxyanisic acid (3.36 g, 87% peroxy acid content by iodometric 
analysis. 1-16 The product was purified by recrystallization from 
chloroform (8  ml/g of peroxy acid) at 0°, mp 87-88° (lit. 17 
85-86°).

Other Peroxy Acids.—The peroxy acids were prepared by the 
procedure described for peroxyanisic acid using the following 
quantities of reactants. The reaction conditions, yields, and 
peroxy acid content are recorded in Table I.

3.4.5- Trimethoxyperoxybenzoic Acid.—Methanesulfonic acid 
(0.96 g, 0.01 mol) and H2O2 (1.7 g, 0.05 mol) were added to
3,4,5-trimethoxybenzoyl diethyl phosphate (3.48 g, 0.01 mol) 
dissolved in ethyl ether (10 ml) at 15°. The product (2.03 g, 
8 8 % peroxy acid content) was recrystallized from chloroform- 
petroleum ether (2:1, 15 ml) at —20°, mp 84-85°.

2.4.6- Trimethylperoxybenzoic Acid.—Methanesulfonic acid 
was not required as a catalyst for this preparation. H2O2 (3.4 g,
0 . 1 0  mol) was added to 2,4,6-trimethylbenzoyl diethyl phosphate 
(6.0 g, 0.02 mol) in ether (3 ml) at 0-5° and the reaction was 
completed at 15°. The product solidified from solution in 20 
min (3.5 g, 80% peroxy acid content) and was recrystallized from 
ethyl ether-petroleum ether (5:3, 16 ml) at —20°, mp 55.5-57°. 
(Note that this compound is sometimes difficult to isolate in 
pure form. A semisolid peroxy acid was obtained from one prep
aration that spontaneously decomposed to tar with evolution of 
heat. In the case of studies not requiring the solid peroxy acid, 
it may be preferable to use the dried chloroform solution directly.)

p-Nitroperoxybenzoic Acid.—Methanesulfonic acid (0.67 g, 
0.007 mol) and H20 2 (0.30 g, 0.075 mol) were added to a solution 
of p-nitrobenzoyl diethyl phosphate (1.0 g, 0.0035 mol) in ethyl 
ether (2 ml) at 25-30°. The product (0.85 g, 87% peroxy acid 
content) was recrystallized from chloroform (30 ml) at 0°, mp 
138-139° (lit. 1 mp 138° dec).

( 1 6 )  ( a )  D ,  H .  W h e e l e r ,  O il S o a p ,  9, 8 9  ( 1 9 3 2 ) ;  ( b )  D .  S w e r n ,  O rg. 
R ea ct.,  7, 3 9 2  ( 1 9 5 3 ) .

( 1 7 )  C .  G .  O v e r b e r g e r  a n d  R .  W .  C u m m i n s ,  J . A m e r . C h em . S o c .,  75, 4 2 5 0  
( 1 9 5 3 ) .

o-Nitroperoxybenzoic Acid.—Methanesulfonic acid (1.96 g, 
0 .0 2  mol) and HjOi (1.70 g, 0.05 mol) were added to a solution of
o-nitrobenzoyl diethyl phosphate (3.03 g, 0.01 mol) in ethyl ether 
(5 ml) at 25-30°. The product (1.5 g, 74% peroxy acid content) 
was recrystallized from chloroform-petroleum ether (1:1, 40 
ml/g) at 0°, mp 97-98° (lit. 1 mp 95-96°).

Peroxystearic Acid.—Methanesulfonic acid (0.98 g, 0.01 mol) 
and H2O2 (1.7 g, 0.05 mol) were added to a solution of stearoyl 
diethyl phosphate (4.21 g, 0.01 mol) in ethyl ether (15 ml) at 
2 0 ° and the reaction was completed at 25-30°. The product 
(2.98 g, 92% peroxy acid content) was recrystallized from 
petroleum ether (20 ml/g) at 0°, mp 66-67° (lit.1 mp 65°).

Peroxycinnamic Acid.—Methanesulfonic acid (0.96 g, 0.01 mol) 
and H2O2 (1.70 g, 0.05 mol) were added to a solution of cinnamoyl 
diethyl phosphate (2.94 g, 0.01 mol) in ethyl ether (3 ml). The 
product (1.60 g, 91% peroxy acid content) was recrystallized 
from chloroform-petroleum ether (1:2, 30 ml/g) at —20°, 
mp 75-76.5°.

Peroxypivalic Acid.—Methanesulfonic acid (1.96 g, 0.02 mol) 
and H20 2 (3.40 g, 0.10 mol) were added to a solution of pivaloyl 
diethyl phosphate (5.76 g, 0.02 mol) in ethyl ether (5 ml). A 
slight modification for the isolation of this low molecular weight 
peroxy acid was preferred to the use of chloroform as extraction 
solvent by the addition of ice and saturated ammonium sulfate 
solution and several extractions with olefin-free petroleum ether. 
The combined extracts were washed twice with ammonium sulfate 
solution, dried over anhydrous sodium sulfate, filtered, and 
analyzed volumetrically. The oily product (2.42 g, 98%) was 
recovered by evaporation of solvent but was not further purified.

Registry N o .—Silver diethyl phosphate, 29912-99-0; 
anisoyl diethyl phosphate, 29913-00-6; 3,4,5-tri
methoxybenzoyl diethyl phosphate, 29913-01-7; 2,4,6- 
trimethylbenzoyl diethyl phosphate, 29936-58-1; p- 
nitrobenzoyl diethyl phosphate, 29913-02-8; o-nitro- 
benzoyl diethyl phosphate, 29913-03-9; stearoyl diethyl 
phosphate, 29843-36-5; cinnamoyl diethyl phosphate, 
29920-14-7; pivaloyl diethyl phosphate, 7334-50-1; 
peroxyanisic acid, 29913-05-1; 3,4,5-trimethoxyperoxy- 
benzoic acid, 29913-06-2; 2,4,6-trimethylperoxybenzoic 
acid, 19910-28-2; p-nitroperoxybenzoic acid, 943-39-5;
o-nitroperoxybenzoic acid, 1711-41-7; peroxystearic 
acid, 5796-86-1; peroxycinnamic acid, 16667-07-5; 
peroxypivalic acid, 14909-78-5.

The Reaction of Tolan with a Mixture of Iodine and Peracetic Acid1
Y oshiro  Og ata* and  Iw ao  U rasaki

D e p a r tm e n t o f  A p p l ie d  C h em is try , F a cu lty  o f  E n g in eerin g , N a g o y a  U n iv e rs ity , C h ik u sa -k u , N a g o y a , J a p a n
R eceived  D ecem ber 3 , 1 9 70

The reaction of tolan with a mixture of iodine and peracetic acid in acetic acid stereospecifically gave t r a n s -a -  
iodo-a'-acetoxystilbene (IAS) together with benzil at 50° in the dark. IAS was oxidized by peracetic acid to 
form benzil much faster than tolan, implying that benzil obtained in the iodoacetoxylation of tolan is formed by 
way of IAS. The reaction at room temperature in dispersed light afforded t r a n s - a ,a '-diiodostilbene (DIS), 
which also gave IAS and benzil by the oxidation with peracetic acid. These results and some kinetic data sug
gest a mechanism involving slow formation of acetyl hypoiodite followed by its rapid addition to the triple bond.

In our previous papers2'3 it has been reported that 
aliphatic olefins such as cyclohexene or propylene react 
easily with a mixture of iodine and peracetic acid in

2CH3CH =CH 2 +  I, +  CH3CO3H +  CH3CO2H — >
2 C H 3C H — C H 2 +  H 20

I I
CH3COO I

( 1 )  C o n t r i b u t i o n  N o .  1 6 4 .
( 2 )  Y .  O g a t a ,  K .  A o k i ,  a n d  Y .  F u r u y a ,  C h em . I n d .  (L o n d o n ), 3 0 4  ( 1 9 6 5 ) .
( 3 )  Y .  O g a t a  a n d  K .  A o k i ,  J . O rg . C h e m .,  31, 1 6 2 5  ( 1 9 6 6 ) .

acetic acid-ether at room temperature to give iodo- 
acetoxy compounds, e.g., l-iodo-2-acetoxypropane (ca. 
80% ) from propylene. The kinetic study suggests a 
mechanism involving a rate-determining attack of per
acetic acid on the olefin-iodine 7r complex.

It is interesting to know how this mixture of iodine 
and peracetic acid reacts with acetylenic compounds. 
The reaction of acetylene with a mixture of iodine 
and peracetic acid was found to give diiododiacetoxy- 
ethane together with some other products, but no ole-



T olan with Iodine and Peracetic Acid J. Org. Chem., Vol. 86, No. 15, 1971 2165

T a b l e  I

R e a c t io n  of T o la n  w it h  a  M ix t u r e  o f  I o d in e  an d  P e r a c e t ic  A cid  in  A c e t ic  A cid  to  F orm

a-IODO-or'-ACETOXY8TILBENE (IAS) AND BENZIL0
■Initial concn of reactants, M-----------------------* Catalyst, N  ,-------------- Yield, %b-

[PhC=CPh] II>) [AcO,H] (HjSO,) Temp, °C IAS Benzil
0.10 0.055 0.055 0 50 63 17
0.10 0.055 0.055 0 50 74 14c
0.060 0.033 0.033 0 50 56 16d
0.10 0.055 0.055 0 70 57 15
0.067 0.067 0.067 0 50 57 43
0.10 0.055 0.055 0.05 50 38 36
0.10 0.055 0.055 0.20 50 23 39
0.10 0 0.11 0 50 0 6

a Reaction time, 10 hr at 50° and 5 hr at 70°. 6 Yield based on original tolan was estimated by means of uv spectrophotometry. 
c Acetic acid solutions of tolan and peracetic acid were simultaneously added dropwise to an acetic acid solution of iodine with stirring. 
In the other runs the reactants were all mixed in acetic acid at the beginning of the reaction. d Reaction in 90% aqueous acetic acid.

finic compounds were obtained.4 On the other hand, 
the addition of chlorine, hydrochloric acid, bromine, 
or jV-bromosuccinimide (NBS) to phenyl- or diphenyl- 
acetylenes in acetic acid gave the corresponding cis 
and trans olefins in fairly good yields.5-11 For ex
ample, the reaction of diphenylacetylenes with NBS  
in aqueous acetic acid gave a-bromo-a'-acetoxystilbene 
together with a,a-dibromcdeoxybenzoin, and the 
mechanism involving a rate-determining electrophilic 
attack of hypobromous acid on the triple bond was 
postulated.8 9 10 11’12 The present paper describes our results 
on the reaction of tolan with iodine-peracetic acid 
in acetic acid, which was found to give iodoacetoxy- 
stilbene and benzil. The mechanism of ‘ he reaction 
will be discussed on the basis of the results.

Results and Discussion

The reaction of tolan with a mixture of iodine and 
peracetic acid in acetic acid at 50° in the dark gave 
ircms-a-iodo-a'-acetoxystilbene (abbreviated to IAS) 
in ca. 70%  yield (eq 1). This product was identified

2C6H5C = C C 6H5 +  I2 +  CH3C 0 3H +  CH3C 0 2H — >-
I C,H5
\  /

2 C = C  +  H30  (1)
/  \

CeHs OCOCHs
IAS

by infrared and nmr spectra and elementary analysis. 
The configuration was assigned on the basis of nmr 
spectra, i.e., r 8.24 (singlet) for the methyl group of 
trans-IAS, because the signal is quite similar to that 
at t 8.17 (singlet) of (rans-a-bromo-a'-acetoxystil- 
bene, rather than 7.79 of its cis isomer, both of which 
were obtained by the reaction of tolan with NBS  
in aqueous acetic acid.5 The deshielding of iodine 
in m-iodoacetoxystilbene as observed in cis-bromo- 
acetoxystilbene would also operate to the similar ex
tent. Therefore, the obtained iodoacetoxystilbene 
having the mp 146° is surely the trans isomer. Fur

(4) Y. Ogata, K. Aoki, and Y. Shibata, The 19th Annual Meeting of 
Chemical Society of Japan at Yokohama, 1966.

(5) H. Sinn, S. Hopperdietzel, and D. Sauermann, M o n a tsh . C h em ., 96, 
1036 (1965).

(6) Yu. A. Serguchev and E. A. Shilov, U kr. K h im . Z h ., 32, 34 (1966); 
C h em . A b str ., 65, 585c (1966).

(7) R. C. Fahey and D. J. Lee, J. A m e r . C h em . S oc ., 88, 5555 (1966).
(8) A. Jovtscheff and S. L. Spassov, M o n a tsh . C h em ., 98, 2272 (1967).
(9) R. C. Fahey and D. J. Lee, J. A m e r . C h em . S o c ., 90, 2124 (1968).
(10) J. A. Pincock and K. Yates, ib id ., 90, 5643 (1968).
(11) J. König and V. Wolf, T etra h ed ron  L ett., 1629 (1970).
(12) A. Jovtscheff and S. L. Spassov, M o n a tsh . C h em ., 100, 328 (1969).

ther, no cis isomer was formed in the iodoacetoxylation 
of tolan, since the methyl nmr spectra of the reaction 
mixture gave only a signal at t  8.24.

When equimolar amounts of reactants were used, a 
considerable yield of benzil (ca. 40% ) was obtained 
together with IAS, as shown in Table I. Although 
oxidation of tolan with peracids also gives benzil,13-14 
the yield was low compared with that in the iodo
acetoxylation of tolan (eq 2, Table I). This fact

C6H5f e C C ,H 6 +  2R C 03H — >- C6H5COCOC«H6 +  2R C 02H
(2)

suggests that benzil produced in iodoacetoxylation is 
iurmed not from a direct oxidation of tolan with per
acetic acid but from a successive oxidation of some 
intermediate with peracetic acid. In fact, the per
acetic acid oxidation of IAS gave benzil in a good 
yield, liberating a molecular iodine, as shown in Table 
II and eq 3. Hence, most of the benzil produced is

C6II5

W
/  \

C,HS

OCOCH3

+  CH3C 03H CeHsCOCOC,H5 (3)

T able II
R eaction of a-IoDO-a‘-acetoxystilbene (IAS) with 

P eracetic Acid in Acetic Acid to Form Benzil
Initial amount

,------of reactants------* Volume of ✓----- Reaction—— *
IAS, AcOiH, solvent, Temp, Time, Yield,1
mmol mmol AcOH, ml °C hr %

1 .0 1.1 20 50 10 49
2 .0 2 .2 25 70 5 646 7

a Yield was estimated by means of uv spectrophotometry. 
b Peracetic acid in acetic acid was slowly added with stirring to 
IAS in acetic acid.

probably the result of the successive oxidation of IAS 
with peracetic acid; the amount of benzil produced 
from the direct oxidation of tolan with peracetic acid 
may be neglected. This is confirmed also by the 
kinetic data (Table III).

As shown in Table I, the yield of IAS and/or benzil 
is not so affected by the addition of water to the re
action system. This behavior is different from the 
result in iodoacetoxylation of olefins, where the addi
tion of water considerably lowers the yield.3 The 
reaction at higher temperature gave rather low yield

(13) R. N. McDonald and P. A. Schwab, J. Amer. Chem. Soc., 86, 4866 
(1964).

(14) J. K. Stille and D. D. Whitehurst, ibid., 86, 4871 (1964).



2166 J. Org. Chem., Vol. 86, No. 15, 1971 Ogata and Urasaki

of IAS and/or benzil, probably because the decom
position of peracetic acid became faster. With in
creasing molar ratio of the reagent, the yield of benzil 
rises, but the yield of IAS falls down, probably because 
IAS is further oxidized with excess peracetic acid. 
Moreover, the addition of sulfuric acid lowers the yield 
of IAS and raises the yield of benzil. This indicates 
that the oxidation of IAS with peracetic acid is catalyzed 
by sulfuric acid, while iodoacetoxylation is not an acid 
catalysis.

It is known that benzil is oxidized with peracetic 
acid to give benzoic acid.15 However, the oxidation 
is slow, the value of the second-order rate constant 
being ca. 10~4 Af_1 sec-1 at 70°, which is about a 
hundred times as small as that for the oxidation of 
IAS with peracetic acid to form benzil. Hence, the 
formation of benzoic acid in the iodoacetoxylation 
of tolan with iodine-peracetic acid can be neglected. 
Virtually no benzoic acid was detected in the present 
reaction.

As obvious in Table III, the rate of the reaction 
of IAS with peracetic acid is about a hundred times

T able III
Second-Order Initial R ate Constants for the 

R eaction of P eracetic Acid in  Acetic Acid at 50°
.----Initial concn, M -—. k ,b X  10>,

Substrate“ (III [AcOîH ] M " 1 sec'1
Tolan 0 0.05 0.03
IAS 0 0.05 2.8
Tolan 0.05 0.05 1.3 (0 .6 ,' l .2 d)

0.05 0.05 1.2 (1 .3 ')
• Initial concentration of the substrate was 0.05 M. b Rate 

constant for the consumption of peracetic acid. '  Rate constant 
for the consumption of iodine. d Rate constant for the con
sumption of tolan measured by means of uv spectrophotometry.

as fast as that of the peracetic acid oxidation of tolan. 
The rate of the consumption of peracetic acid and/or 
iodine in the reaction of tolan with a mixture of iodine 
and peracetic acid is almost the same as that in the 
reaction of iodine and peracetic acid alone (Table
III). Such a phenomenon has been observed in the 
iodination of aromatic compound with a mixture of 
iodine and peracetic acid.16 In contrast, iodoacetoxyla
tion of olefin is fast, the second-order rate constant fc2 
being ca. 5 X  10~2 M~l sec-1 at 30° which is ca. 
300-fold of that in the reaction of iodine with peracetic 
acid.3 Hence, the mechanism proposed for the iodina
tion of aromatic compound with iodine-peracetic acid, 
where the reaction of iodine with peracetic acid forming 
acyl hypohalite is rate determining, may be applied 
for the iodoacetoxylation of tolan.

It was found that trans-a,a'-diiodostilbene (DIS) 
was produced in 2 weeks in ca. 80%  yield based on 
original iodine, when the reaction of tolan with iodine- 
peracetic acid was carried out at room temperature 
in 50 vol %  acetic acid-ether under dispersed light 
(eq 4). Under these conditions the rate of consumption

I C6H5
(CH3CO3H) \  /

C6H5C = C C 6H5 -f- 12------------- C ( ' (4)
/  \

C6H5 I
DIS

(15) Y. Furuya and I. Urasaki, Bvll. C h e m . S o c . J a p ., 4 1 , 660 (1968).
(16) Y. Ogata and K. Nakajima, T e t r a h e d r o n , 2 0 , 43 (1964).

of iodine was slow, but after 1 day colorless crystals 
of DIS began to precipitate. The precipitate was 
identified by ir spectrum, mixture melting point de
termination, and elementary analysis.

Here, the formation of DIS in the reaction of tolan 
with iodine alone (6%  yield in 6 days) was slower 
than that in the presence of peracetic acid (80%  yield 
in 2 weeks). Further, the formation of DIS in the 
reaction of tolan with a mixture of iodine and peracetic 
acid also was slower in the dark (11%  yield in 18 days). 
These results suggest that the formation of DIS pro
ceeds mainly in a radical mechanism. Peracetic acid 
and/or a small amount of acetyl peroxide present in 
peracetic acid may affect the radical reaction.

Since the activation energy of a radical addition 
reaction is generally small (2-3 kcal/mol),17 it is ex
pected that the ionic reaction (iodoacetoxylation) is 
preferred to the radical addition at higher tempera
ture. In fact, DIS was not virtually formed in the 
dark at 50°, which supports ionic character of the iodo
acetoxylation and radical nature of the formation of 
DIS. An evidence for the radical nature is the ac
celeration of the reaction of tolan with iodine to form 
DIS by irradiation of light (39%  yield in 3.5 hr) and/or 
by addition of benzoyl peroxide (18%  yield in 5 hr 
at 70°).

DIS also reacted with peracetic acid yielding IAS 
(37% ), benzil (30% ), and liberating iodine (eq 5, Table
IV ). However, IAS is not formed via DIS in the iodo-

I C 6H 5
\  /  - b

C = C  +  CH3CO3H — >-
/  \

C 6H 5 I
I c 6h 5
\  /

C = C  +  CeHsCOCOCeHs (5 )
/  \

C 6H 5 O COCH3

T able IV
R eaction of a,a'-DnoDosTiLBENE (DIS) with 

P eracetic Acid in A cetic Acid to Form
a-IODO-a'-ACETOXYSTILBENE (IAS) AND BENZIL“

Initial amount
,------of reactants------■ Volume of •— Reaction— . .--------Yield6-

DIS, AcO,H, solvent, Temp, Time, IAS, Benzil,
mmol mmol AcOII, ml °C hr % %

2 .0 2 .0 20 50 10 20 22
2 .0 2 .2 25 70 5 37 30'

“ Suspended solution of DIS was always stirred. b Yield based 
on original DIS was estimated by means of uv spectrophotome
try. '  Peracetic acid in acetic acid was slowly added with stir
ring to the suspension of DIS in acetic acid.

acétoxylation of tolan, since no DIS was obtained in 
the reaction of tolan with iodine alone in acetic acid 
at 50° in the dark.

The cis addition of chlorine or hydrochloric acid to 
tolan or phenylpropyne is more favorable than trans 
addition,6’7 9 but the trans adduct is favored in the 
reaction of tolan or phenylpropyne with bromine or 
NBS in aqueous acetic acid.8-10 The present iodo
acetoxylation is specific trans addition, which suggests 
that the configuration of the transition state in these 
additions depends on the size of halogen atoms; thus, a

(17) M. Takahashi, "Chemistry of Free Radicals,” H. Sakurai and K.
Tokumaru, Ed., Nankodo, Tokyo, Japan, 1967, p 30.
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larger halogen gives a lower cis:trans ratio of the 
adducts.

As described above, the reaction of acetylene itself 
with a mixture of iodine and peracetic acid gave no 
olefin, but saturated compounds.4 This is explained 
by a higher reactivity of olefins than the corresponding 
acetylenes in the electrophilic addition reaction, whereas 
tolan gave olefinic products (IAS). This fact may 
be due to the resonance stabilization of the product, 
where the double bond is conjugated with the benzene 
rings. Hence, most of the other additions to phenyl- 
or diphenylacetylenes give also olefinic products.5” 11' 18 
Furthermore, the steric interaction between large iodine 
atoms and/or between an iodine atom and a benzene 
ring may inhibit the addition to iodo olefins. In 
spite of the easy addition of bromine to stilbene,19 
the addition of iodine or acyl hypoiodite to stilbene 
was found to be difficult.

Two kinds of mechanisms have been postulated for 
the addition reaction of acetylenes: one is a mechanism 
involving a nucleophilic addition of bromide ion to 
the triple bond as proposed for bromine addition 
to acetylenes,6 20 and the other is an electrophilic addi
tion proposed for the bromoacetoxylation of diphenyl
acetylenes with NBS in 8 0 -9 0 %  aqueous acetic acid.12 
In the latter, acetyl hypobromite (CH3C 0 2Br), formed 
by the reaction of NBS with water and then with acetic 
acid, may attack the triple bond forming an ion pair 
via a 7r complex, because acetyl hypobromite is more 
electrophilic than hypobromous acid (eq 6).

CH3CO,Br +

Ç A Ç A
1c

J- Ill fast . C slow
+ III ------c

v l I3CU2BI jj|
C

1
C A

1
C A

CH3C02Bi\  
r  'C Bi% vCeH5 

V '11 ill —  IIca+î
C A c a ^ x o c o c h 3

(6)

The present iodoacetoxylation is quite similar to 
bromoacetoxylation except for a higher trans: cis ratio 
of the products. The iodoacetoxylation of tolan is 
an electrophilic addition, since its rate is low compared 
with that of iodoacetoxylation of olefins.

In view of these facts, the following two mechanisms 
are conceivable (eq 7 -9 ) : (a) a rate-determining attack
of peracetic acid on the tolan-iodine ir complex which 
has been proposed by us for the iodoacetoxylation of 
olefins,3 and (b) the slow formation of acetyl hypo
iodite followed by its rapid addition to tolan, as pos
tulated for aromatic iodination.16 Step 9 cannot be 
slower than step 8, because the rate of the consumption 
of tolan in the present reaction is the same as that 
of the formation of acetyl hypoiodite (Table III). 
Though these two cannot be distinguished by the 
present data, mechanism b seems to be more probable 
than mechanism a, because the rate of consumption 
of peracetic acid or iodine in the reaction of iodine

(18) T. J. Barton and R. G. Zika, J. Org. Chem., 35, 1729 (1970).
(19) G. Heublein and E. Mlejnek, Z. Chem., 7, 340 (1967).
(20) H. Sinn, Z. Elektrochem., 61, 989 (1957).

Mechanism a

C A C ^ C C A  +  I2

-*-2

—  C A C ^ C C A
CH3CO3H, ( -Q  

8l0W

T5

c a c = c c a
a+ i+ .

C H ,a x r I \  / C A
> = <

C A  OCOCH3

(7)

Mechanism b

slow
I2 +  CH3CO3H +  C A C 0 2H ------ >  2CH3COJ +  A O  (8)

I  C (H S
fast \  /

C s A fe C C s A  +  C A C O 2I ------- >- C = C  (9)
/  \

CeA OCOCA

with peracetic acid alone (i.e., the formation of acetyl 
hypoiodite or hypoiodous acid) is not affected by addi
tion of tolan to this reaction system, and in this sense 
iodoacetoxylation of tolan is similar to the bromo
acetoxylation reaction with NBS.

The formation of acetyl hypoiodite in the reaction 
of iodine with peracetic acid has not been proved 
directly. In the thermal decomposition of phenyl 
iodine diacetate, acetyl hypoiodite has been postulated 
as an intermediate which decomposes to give methyl 
iodide and carbon dioxide, though acetyl hypoiodite 
has never been isolated.21 Hence, if acetyl hypoiodite 
is formed in a mixture of acetic acid, peracetic acid, 
and iodine, then the formation of methyl iodide and 
carbon dioxide via decarboxylation of acetyl hypoiodite 
may be observed under appropriate reaction conditions 
when the unsaturated substrate is absent (eq 10). The

CACOff — »  C A I +  C0 2 ( 10 )

isolation of methyl iodide in this reaction was expected 
to be difficult, because it is easily oxidized with per
acetic acid to methyl acetate (eq 11).22 Nevertheless,

C A I  +  CH3CO3H — >- C A C 0 2C A  +  H O I ( 11)

both methyl iodide and methyl acetate could event
ually be detected by means of glpc from the mixture 
of acetic acid, peracetic acid, and iodine, as described 
in the Experimental Section. Carbon dioxide was 
also produced in 12.3% yield at 70°. Only 0 .6%  yield 
of carbon dioxide was produced from peracetic acid in 
acetic acid alone under the same conditions. These 
results may be a satisfactory evidence for the forma
tion of acetyl hypoiodite.

Experimental Section

Materials.— About 3.5 M  peracetic acid was prepared by the 
reaction of acetic anhydride with 60% A O 2 in the presence of a 
catalytic amount of A S O ,.23 Stilbene was prepared by the re
duction of benzoin with zinc amalgam,24 mp 124-125° (from 95% 
ethanol) (lit. mp 124°). Tolan was prepared from stilbene by 
the debromination of stilbene dibromide with KOH in EtOH,25 
mp 60.5-61° (from 95% ethanol)(lit. mp 60-61°). Commercial 
99.5% acetic acid was purified by rectification (bp 117-119°). 
Iodine was purified by the sublimation.

(21) J . E. Leffler and L. J. Story, J. Amer. Chem. Soc.. 8 9 , 2333 (1967).
(22) Y. Ogata and K. Aoki, J. Org. Chem., 34, 3974 (1969).
(23) Y. Ogata and I. Urasaki, J. Chem. Soc. C, 1689 (1970).
(24) R. L. Shriner and A. Berger, “ Organic Syntheses,”  Collect. Vol. I ll, 

Wiley, New York, N. Y., 1955, p 786.
(25) L. I. Smith and M. M. Falkof, ref 24, p 350.
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Iodoacetoxylation of Tolan. frms-a-Iodo-a'-acetoxystilbene
(IAS).— Tolan, iodine, and peracetic acid (each 5 mmol) were 
dissolved in acetic acid (50 ml) in the dark and then kept standing 
at 50° for 10 hr. At the end of the reaction ca. 33% of iodine was 
consumed. The reaction mixture was diluted with water, being 
extracted with ether or chloroform. The extract was washed 
successively with aqueous K I, aqueous Na2S20 3, aqueous Na- 
HCO 3, and then with water. The dried (Na2SO<) organic layer 
was removed from the solvent under reduced pressure, yielding 
residual pale yellow solid (1.31 g) which gave yellow crystals of 
IAS (0.68 g) by the fractional crystallization from methanol. 
Additional IAS (0.136 g) was isolated from the filtrate by means 
of column chromatography on silica gel using benzene as eluent, 
so that the total yield of isolated IAS was 0.817 g (44.9% based 
on original tolan),m p 146-146.50 (from methanol).

A methanol solution of this material showed only an inflection 
at about 250 m/x (e 11,000), being similar to the spectra of <*- 
substituted or a,a'-disubstituted stilbenes.26 The ir spectrum 
(KBr) showed absorption bands at 1194, 1220, and 1760 (CO- 
O C = C ), 1370 (CH3), and 1500 and 3000-3070 cm" 1 (C6H5). 
Nmr spectrum (20% in CDC13, standard TM S) showed signals 
at t 2.3-3.0 (multiple!, CeH5) and 8.24 (singlet, CH3COO— ), 
and their intensity ratio was 10:3. These data indicate the 
presence of an acetoxyl group at the a position of stilbene.

Anal. Calcd for C16H13I0 2: C, 52.77; H, 3.60; I, 34.85. 
Found: C, 52.79; H, 3.33; I, 34.8.

Identification of Benzil.— The residue (0.575 g) recovered 
from the above filtrate of IAS was chromatographed on silica 
gel in benzene, yielding 0.136 g of IAS (Ri 0.74 in tic) and 0.321 g 
(30.6% yield) of benzil (Ri 0.69), which on recrystallization 
from methanol gave mp and mmp 95°.

Addition of Iodine to Tolan. trans-a,a'-Diiodostilbene (DIS). 
— Tolan (10 mmol), iodine (5 mmol), and peracetic acid (5 mmol) 
were dissolved in 50 vol %  acetic acid-ether (50 ml) and kept at 
room temperature in the dispersed light. In a few days pre
cipitate began to occur. After 2 weeks the precipitate was filtered 
off, washed with methanol, and dried, yielding 1.80 g of DIS 
(84% yield based on iodine); recrystallization from CHCI3 gave 
mp and mmp (in a sealed tube) 191° dec (lit.26 mp 199° dec).

A methanol solution of this material showed almost the same 
uv spectrum as tolan, indicating the decomposition of DIS to 
tolan and iodine in methanol. It has been reported that DIS 
is slightly decomposed also in n-hexane.26 The ir spectrum 
(KBr) showed absorption bands at 550 (C l) and 1700-2000 and 
3000-3080 cm -1 (CsH5). The nmr spectrum could not be ob
tained because of the poor solubility of DIS.

Anal. Calcd for CuHioI«: C, 38.92; H, 2.33; I, 58.75. 
Found: C, 38.68; H ,2.39; 1,59.0.

An authentic sample of DIS was obtained by the reaction of 
tolan with iodine in acetic acid at room temperature. After 6 
days the yield of precipitated DIS was only 6%  of the theoretical 
amount. Recrystallization from CHC13 gave mp of 191° dec 
in a sealed tube.

Reaction of Tolan with Peracetic Acid.— An acetic acid solu
tion (20 ml) of tolan (2 mmol) and peracetic acid (2.2 mmol) 
was kept standing at 50° for 10 hr. The reaction mixture was 
diluted with water and extracted with chloroform. The extract 
was washed with aqueous NaHC03 and water and then dried 
(Na2SO<). Evaporation of solvent in vacuo gave a solid which

(26) H. Suzuki, Bull. Chem. Soc. Jap., 33, 396 (1960).

consisted of unreacted tolan (94%) and benzil (6% ), according 
to the tic-analysis and uv spectrophotometry.

Reaction of IAS with Peracetic Acid.— Peracetic acid (2.2 
mmol) was added slowly to IAS (2 mmol) in acetic acid at 70° 
over a period of 5 hr. The reaction mixture which contained 
iodine liberated was diluted with water and extracted with chloro
form. The extract, worked up as above, gave yellow solid con
taining IAS and benzil by means of tic analysis, the yield of 
benzil being 64% according to the uv spectrophotometry.

Reaction of DIS with Peracetic Acid.— The suspension of DIS 
(2 mmol) in acetic acid (20 ml) was added with peracetic acid 
(2.2 mmol) in acetic acid (5 ml) at 70° over a period of 5 hr, iodine 
being liberated as the reaction proceeded. After unreacted 
DIS being recovered by filtration (0.284 g, 32.9%), the filtrate 
was diluted with water and extracted with chloroform. The ex
tract was worked up as above to yield yellow solid containing 
IAS (37%) and benzil (30%) (tic and uv spectrophotometry).

Ultraviolet Spectrophotometry.— A methanolic solutions of 
three components (tolan, IAS, and benzil) of known concentra
tions were prepared and extinctions at 230, 258 and 296 m/j were 
measured by a Hitachi double beam uv-visible spectrophotome
ter, Model 124. The compositions calculated from the extinc
tions and molecular absorption coefficient of each component 
agreed with the theoretical within 1% error. Since the main 
products were IAS and benzil, the estimation was done assuming 
the reaction mixture consisted of only the three components.

Typical Procedure for the Rate Measurements.— Separate 
acetic acid solutions of 0.105 M  tolan, 0.1 M  iodine, and 2.0 M  
peracetic acid were allowed to stand at 50° to reach tempera
ture equilibrium. Aliquots (9.5 ml, 10 ml, and 0.5 ml, re
spectively) were pipetted out from the solutions and they were 
mixed quickly to start the reaction, giving each 0.1 M  reactant 
solution. Aliquots (each 2 ml) were pipetted out at known in
tervals of time and placed in a separatory funnel containing dis
tilled water (40 ml) and CCh (20 ml). The content of iodine 
in CCh and that of peracetic acid in aqueous layer were measured 
iodometrically. Sometimes, the titrated CCh layer was then 
analyzed by means of uv spectrophotometry.

Detection of Carbon Dioxide, Methyl Iodide, and Methyl 
Acetate in the Reaction of Iodine with Peracetic Acid.— An 
acetic acid solution (33 ml) of ca. 3 M  peracetic acid (0.1 mol) 
was added dropwise with stirring to an acetic acid solution (50 ml) 
of iodine (0.01 mol) in a three-necked flask fitted with a reflux 
condenser at ca. 70° during 30 min. Then, nitrogen gas was 
slowly bubbled into the reaction mixture for ca. 30 min. The 
gaseous and volatilized products passing through the reflux con
denser were trapped with Dry Ice-methanol, and carbon dioxide 
was then taken up with a saturated aqueous Ba(OH)2, the pre
cipitated BaC03 being filtered off and dried. Trapped products 
were identified by means of glpc employing a Yanagimoto Model 
GCG 550 F with a flame ionization detector operated with a
1.5 m X 3 mm column packed with Apiezon L grease 15% on 
Celite 545 of 80-100 mesh using N2 as a carrier (20 ml/min) at 
40° and H2 in a flow rate of 20 ml/min. Retention times were
2.1 and 3.2 min for methyl acetate and methyl iodide, respec
tively .

Registry No.— IAS, 29478-23-7; DIS, 20432-11-5; 
tolan, 501-65-5; iodine, 7553-56-2; peracetic acid,
79-21-0.
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Twelve monoaryl enynic and diynic esters were synthesized and subjected to refluxing acetic anhydride. 
Seven underwent intramolecular Diels-Alder reactions. Propargyl phenylpropiolate (9) and phenylpropargyl 
propiolate cyclized to 3-hydroxymethyl-2-naphthoic acid lactone (lb ), while irarw-cinnamyl propiolate gave
3-hydroxymethyl-3,4-dihydro-2-naphthoic acid lactone. Derivatives of lb  resulted from methoxy- and methy- 
lenedioxy-substituted compounds. Propargyl fraas-cinnamate, allyl phenylpropiolate, and three derivatives of 
9 did not cyclize. Purified samples of 9 and its derivatives exist as stable hydrates.

Previous studies in our laboratory2-5 concerned the 
intramolecular Diels-Alder reaction of unsaturated 
diaryl esters of the type Ar(C2)C0 2CH2(C2)Ar', where 
each (C2) unit is a -C H = C H -  or - C = C -  group. For 
Ar and Ar' =  phenyl or substituted phenyl groups, the 
products formed have the skeletal structures of 1- or
4-phenyl-3-hydroxymethyl-2-naphthoic acid lactones 
(i.e., of cyclolignan lactones) la and 2a, respectively 
(where ring B may be in the dihydro or tetrahydro 
form). In the present work we investigated the syn
theses and cyclizations of unsaturated monoaryl esters

0

a, R  = Ph; b, R  = H

of the types H(C2)C 0 2CH2(C2)Ar' and Ar(C2)C 0 2CH2- 
(C2)H. For Ar =  Ar' =  Ph intramolecular Diels- 
Alder reactions should lead to 3-hydroxymethyl-2- 
naphthoic acid lactone (lb  =  2b) and its hydro 
products.

The esters prepared for cyclization and the cyclized 
products formed in our study are shown in Table I. 
Syntheses of the esters were effected by four different 
standard methods, as described in the Experimental 
Section. Ethyl 3,5-dimethoxyphenylpropiolate (18), 
needed to obtain 5 and 11, was prepared from 3,5-di- 
methoxybenzaldehyde and triethyl iodophosphono- 
acetate. Compound 18 could not be obtained through 
initial treatment of ethyl trans-3,5-dimethoxycinna- 
mate with bromine, a process which gave the 2-bromo 
derivative instead of the expected dibromopropionate 
(as occurs with ethyl frcros-cinnamate,6 as well as its
3,4-methylenedioxy and 3,4,5-trimethoxy derivatives).7 
In contrast to the other esters in Table I the four pro-

(1 )  (a ) T h is  in v e s t ig a t io n  w a s  s u p p o r t e d  b y  G ra n t  N o .  G M  1 2 7 3 0  f r o m  
th e  N a t io n a l  I n s t it u t e  o f  G e n e r a l  M e d ic a l  S c ie n c e s , U . S . P u b l i c  H e a lth  
S e r v ic e . (b )  N S F  U n d e r g r a d u a te  R e s e a r c h  P a r t ic ip a n t ,  s u m m e r  1 9 6 8 . 
(c )  R e s e a rc h  A s s o c ia te ,  1 9 6 6 -1 9 6 7 . (d )  R e s e a rc h  A s s o c ia t e ,  1969—1 9 7 0 .

(2 ) L . H . K le m m  a n d  K .  W .  G o p in a t h , J. Heterocycl. Chem., 2 , 225  
(1 9 6 5 ).

(3 ) L . H . K le m m , K .  W .  G o p in a t h , D .  H . L e e , F . W .  K e lly ,  E .  T r o d ,  a n d  
T .  M .  M c G u ir e ,  Tetrahedron, 2 2 , 1797  (1 9 6 6 ) .

(4 )  L . H . K le m m , D .  H . L e e , K .  W .  G o p in a t h , a n d  C .  E . K lo p fe n s t e in ,  
J. Org. Chem., 3 1 , 2 3 7 6  (1 9 6 6 ) .

(5 )  L . H . K le m m  a n d  P . S . S a n th a n a m , ibid., 3 3 , 1 26 8  (1 9 6 8 ) .
(6 ) T .  W .  A b b o t t  a n d  D .  A lth o u s e n  in  “ O rg a n ic  S y n th e s e s ,”  C o l le c t .  V o l .  

I I ,  A .  H . B la t t ,  E d .,  W i le y ,  N e w  Y o r k ,  N . Y . ,  194 3 , p p  2 7 0 -2 7 1 .
(7 ) L . H . K le m m , K . W .  G o p in a t h , G . C . K a r a b o y a s ,  G . L . C a p p , a n d  

D .  H . L ee , Tetrahedron, 2 0  , 871  (1 9 6 4 ).

T a b l e  I

P ro d u cts  from  C y c l iza t io n  o f  M o n o a r y l  
U n sa t u r a t e d  E s t e r s“

No.
------------------ Compd used--------------------------*

Formula6
Cyclization

product
Yield,“

%

3
H(C2)C 02CH2(C2)Ar' Series

h c = c c o 2c h 2c = c c ,h 5 lb 2
4 3,4-Methylenedioxy-3 15 3*
5 3,5-Dimethoxy-3 16 10
6 frans-H C=CC02CH2CH=CHC#H5 17* 8
7 3,4-Methylenedioxy-6 15 13
8 3,5-Dimethoxy-6 16 5*

9
Ar(C2)C 02CH2(C2)H Series 

C,HsC feC C 02CH2C = C H lb 14
10 3,4-Methylenedioxy-9 None
11 3,5-Dimethoxy-9 None
12 3,4,5-T rimethoxy-9 None
13 (rans-CeH5C H = C H C 0 2CH2C = C H None
14 C«H6f e C C 0 2CH2C H = C H 2 None
“ Cyclization conditions: refluxing acetic anhydride for 12-72 

hr. b Compounds 4, 5, 7, 8, and 10-12 have substituents on the 
phenyl ring. e An asterisk denotes overall yields from the alcohol 
corresponding to the ester used. d From cyclization in a nitrogen 
atmosphere.

pargyl phenylpropiolates 9-12 retained water of hydra
tion tenaciously. It appears that at least 0.25 mol of 
water is strongly bound to some common structural 
feature in these molecules.

As in earlier studies2-5 cyclization was effected by 
refluxing in acetic anhydride. Air oxidation probably 
accounts for formation of the aromatic compounds 15

R, O 0

15, R, =  H; R 2R 3 =  0 CH20  17
16, R, =  R3 =  CH30 ; R , =  H

and 16 from the enynic esters 7 and 8, respectively. 
Some lb was, likewise, isolated from cyclization of 6 in 
the presence of air. However, 6 gave the dihydronaph
thalene lactone 17 when the reaction was conducted in 
an atmosphere of nitrogen. Even long refluxing did 
not give cyclization of 10-14, while yields were low for
3-9. In all of these intramolecular Diels-Alder reac
tions the aryl group must function as part of the 
“ dienic moiety. ’ ’ Hence, one would expect esters 3-8 of 
the H(C2)C 0 2CH2(C2)Ar' type to cyclize more readily 
than 9-14, where the aryl group is part of the acidic 
moiety. Tendencies for the monoaryl compounds to
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cyclize are analogous to those in the diaryl series,2-5 
although overall yields from starting acidic and alco
holic components were generally higher in the diaryl 
cases.

Experimental Section8

Starting Materials.— Sodium propiolate was prepared by mix
ing equimolar amounts of anhydrous NaH C03 and propiolic acid 
in warm MeOH until C 02 evolution ceased. The precipitated 
salt was collected by filtration and dried in vacuo for 2 days. 
Propiolyl chloride was prepared in situ by stirring (for 5 hr) an 
equimolar mixture of sodium propiolate and SOCl2 in dry ben
zene. Formed in situ analogously from 3,4,5-trimethoxyphenyl- 
propiolic acid7 were the sodium salt and then (by stirring with 
excess SOCl2 for 40 min, followed by repetitive addition and 
evaporation of benzene) the acid chloride. As needed, NaOEt 
was obtained by reacting a weighed amount of Na with excess 
absolute EtOH and removal of unreacted solvent in vacuo. 
Sodium salts of unsaturated alcohols were formed, in turn, by 
repetitive steps of addition of benzene to an equimolar mixture 
of the alcohol and NaOEt and then evaporation of the mixture 
to dryness.

Phenylpropargyl Chloride.9— To a cold (0°), stirred solution of
14.1 g (0.18 mol) of pyridine in 25 ml of CHC13 was added drop- 
wise 20.2 g (0.17 mol) of SOCl2. This solution was added drop- 
wise, in turn, to a cold solution of 19.8 g (0.15 mol) of phenyl
propargyl alcohol (Farchan) in 25 ml of CHCfi. The mixture 
was stirred 10 min longer, refluxed for 2 hr, washed with water, 
dried (Na2S04), and distilled to give 18.2 g (81%) of liquid: 
bp 62-65° (0.1 mm) [lit.10 11 51% , bp 99° (7 m m )]; ir (CHCh) 2230 
(C = C ), 1250 cm-1 (C=CCH ,C1);U nmr (CCh) 5 4.26 (s, 2, 
CH2C1), 7.1-7.7 (m, 5, phenyl).

Ethyl irans-3,5-Dimethoxycmnamate.— Refluxing a solution 
of trans-3,5-dimethoxycinnamic acid (Aldrich) in 3%  anhydrous 
ethanolic HC17 gave crystals (95%, mp 40-45°) converted to 
needles (mp 45-46°) on recrystallization from absolute EtOH: 
ir (CHCh) 1700 (ester C = 0 ) ,  980 cm-1 (irons-CH =CH ); 
nmr (CC1,) S 1.28 (t, 3, J  =  7 Hz, CH2CH3), 3.72 (s, 6 , 2 OCH3),
4.20 (q, 2, CH2CH3), 6.34 (d, 1, J  =  16 Hz, C H = C H C = 0 ) 
which partially overlaps 6 .3-6.7 (m, 4 total, including 3 aromatic 
H ), ca. 7.55 (split d, C H = C H C = 0 ).

Anal. Calcd for C13H I60 4: C, 66.08; H, 6.83. Found: C,
65.99; H, 6.62.

Methyl trans-3,5-Dimethoxycinnamate.— To a refluxing solu
tion of 30.5 g of trans-3,5-dimethoxycinnamic acid in 340 ml of 
MeOH were added (in three portions over a period of 3.5 hr) 
total amounts of 20.2 g of KOH and 40 ml of Me2S04. The mix
ture was evaporated nearly to dryness, treated with water, and 
extracted with ether. The ether layer was washed with aqueous 
NaH C03 solution and then with water and evaporated to yield
32.1 g (99%) of ester, mp 72-74.5°, obtained as prisms (mp
74.5-75.5°) on recrystallization from ether: nmr (CDC13) S
3.78 (s, 9, 3 MeO), 6.38 (d, 1 , J =  16 Hz, C H = C H C = 0 ) which 
partially overlaps 6.48 (t, 1, Jm =  2.2 Hz, H-4), 6.64 (d, 2, H-2 
and H-5), 7.59 (d, 1, C H = C H C = 0 ).

Anal. Calcd for Ci2H i40 4: C, 64.85; H, 6.35. Found: C, 
65.00; H, 6.51.

irans-3,5-Dimethoxycinnamyl Alcohol.— To a stirred, cold 
( — 78°) mixture of 1.37 g (0.036 mol) of LiAlH4 and 100 ml of 
ether was added slowly a solution of 3.88 g (0.016 mol) of ethyl 
trans-3,5-dimethoxycinnamate in 50 ml of ether. The mixture 
was stirred at —78° for 2.5 hr longer, allowed to warm to room 
temperature, and, while still very cold, treated cautiously with 
water until a white solid formed. Evaporation of the dried ether 
layer plus ether extracts of the solid gave 2.9 g (85% pure by 
nmr spectrum, 78% yield) of nearly colorless liquid, which crys
tallized on standing. Recrystallization from CCh gave needles:

(8) Microanalyses were performed by M-H-W Laboratories, Garden 
City, Mich., and Micro-Tech Laboratories, Skokie, 111. Infrared spectra 
were determined by means of a Beckman IR-5A or IR-7 spectrometer; 
and mass spectra were determined by means of a CEC Model 21-110 instru
ment at 70 eV. Unless otherwise indicated, nmr spectra were obtained by 
means of a Varian A-60 spectrometer, with tetramethylsilane used as internal 
standard. In three designated cases a Varian HA-100 instrument was used.

(9) Method developed by T. M. McGuire of this laboratory.
(10) M. J. Murray, J. Amer. Chem. Soc.. 60, 2662 (1938).
(11) L. J. Bellamy, "The Infra-red Spectra of Complex Molecules,"

Wiley, New York, N. Y., 1959, p 59.

mp 54-55°; nmr (CDCb) S 2.12 (broad s, 1, OH), 3.77 (s, 6 , 2 
OCH3), 4.28 (d, 2, J =  4 Hz, CH2), 6.2-6.6 (m, 5, aromatic and 
vinylic H).

Anal. Calcd for CnH140 3: C, 68.02; H, 7.27. Found: C, 
68.37; H, 7.48.

When the preceding reduction was run at 5°, both the vinylic 
and ester functions were affected to give 3-(3,5-dimethoxyphenyl)-
1-propanol: 73%, bp 146-154° (0.5 mm); analytically pure
sample, bp 141° (0.4 mm) [lit.12 bp 145-150° (3 mm)]; nmr 
(CCh) 1.5-1.9 (m, 2, CH2CH2CH2), 2.3-2.7 (m, 2, CH2OH),
3.2-3.6 (m, 3, ArCH2 plus OH), 3.67 (s, 6 , 2 M eO), 6 .1-6.5 (m, 
3, aromatic H ).

Ethyl (rans-2-Bromo-3,5-dimethoxycinnamate.-—To a stirred 
solution of 2 g (8.5 mmol) of ethyl trans-3,5-dimethoxycinnamate 
in 10 ml of CHCh was added (with cooling, over a period of 40 
min) a solution of 1.4 g (8.8 mmol) of bromine in 5 ml of the same 
solvent. The orange color of the mixture persisted during an 
additional hour of stirring. Evaporation of the solvent and 
trituration of the residue with ligroin (60-90°) gave 2.1 g (79%) 
of crystals. Recrystallization from ligroin-benzene produced 
elongated prisms: mp 100-101.5°; positive Beilstein and per
manganate tests, negative AgN 03 test; ir (CHCh) 1710 (ester 
C = 0 ) ,  980 cm-1 (frarw-CH=CH); nmr (CC14) 5 1.32 (t, 3, 
J =  7 Hz, CH.CH3), 3.81 and 3.87 (2 s, 6 , 2 MeO), 4.24 (q, 2, 
CH2CH3), 6.26 (d, 1, /  = 16 Hz, C H = C H C = 0 ) which partially 
overlaps 6.44 (d, J m = 2.5 Hz, H-4), 6.68 (d, 1, H-6 ), 8.04 (d, 
1, C H = C H C = 0 ).

Anal. Calcd for Ci3H ,5Br04: C, 49.54; H, 4.80; Br, 25.36. 
Found: C, 49.32; H, 4.77; Br, 25.59.

irans-2-Bromo-3,5-dimethoxycmnamic Acid.— Hydrolysis of 
preceding bromo ester was effected with aqueous methanolic 
KOH to give a white solid (39%), obtained as needles (mp 185- 
186°) on recrystallization from absolute EtOH: nmr (CDCh) 
6 3.86 and 3.90 (2 s, 2 MeO), 6.42 (d, J  =  16 Hz, C H =C H - 
C = 0 ) ,  6.5-6.9 (poorly resolved, aromatic H), 8.30 (d, C H = C H - 
C = 0 ); ir (CHCh) 1690 cm-1 (C = 0 ) .

Anal. Calcd for C „H „B r04: C, 46.01; H, 3.86; Br, 27.83.
Found: C, 45.74; H, 3.80; Br, 27.61.

Ethyl 3,5-Dimethoxyphenylpropiolate (18).— To a cold (0°), 
stirred mixture of 0.3 mol of sodium triethyl iodophosphono- 
acetate (produced in situ by the stepwise procedure of Brown and 
Stevenson13) was added dropwise a solution of 50 g (0.3 mol) of
3,5-dimethoxybenzaldehyde (Aldrich) in 200 ml of glyme. The 
mixture was stirred for 10 hr while it warmed to room tempera
ture. The solution was evaporated to a small volume, diluted 
with water, and extracted with ether. Evaporation of the ether 
extract produced a dark liquid layer (plus immiscible mineral oil) 
which distilled at 145-160° (0.5 mm) to give 40.8 g (58%) of 
colorless liquid which crystallized on standing at 6°. Recrystal
lizations from absolute EtOH and from CC14 gave prisms: mp 
50-50.5°; ir (CCh) 2245 (C = C ), 1730 cm-1 (ester C = 0 ) ;  
nmr (CCh) S 1.32 (t, 3, J = 7 Hz, CH2CH3), 3.72 (s, 6 , 2 OCII3),
4.23 (q, 2, CH2CH3), 6 .3-6.7 (m, 3, aromatic H).

Anal. Calcd for Ci3Hl40 4: C, 66.65; H, 6.02. Found: C, 
66.80; H, 6.15.

3,5-Dimethoxyphenylpropargyl Alcohol.— To a cold ( — 78°), 
stirred mixture of 0.43 g (0.012 mol) of LiAlH4 in 50 ml of dry 
ether was added, over a period of 20 min, 5 g (0.021 mol) of 
ester 18. The mixture was stirred for 5 hr while it warmed to 
room temperature and was processed further as for the corre
sponding cinnamyl alcohol. Distillation at 170-180° (0.5 mm) 
gave 2 g (49%) of yellow liquid, which crystallized on standing 
at —5°. Recrystallization from CCh gave white, sticky prisms: 
mp 38.5-40°; nmr (CCh) 5 2.77 (broadened s, 1, OH), 3.70 
(s, 6 , 2 OCH3), 4.37 (s, 2, CH2), 6 .1-6.6 (m, 3, aromatic H).

Anal. Calcd for CnH,20 3: C, 68.73; H, 6.29. Found: C, 
69.04; H, 6.55.

Propargyl iran-s-Cinnamate (13).— A mixture of cinnamoyl 
chloride (prepared from 3.7 g of trans-cinnamic acid), 1.4 g of 
propargyl alcohol, 40 ml of dry benzene, and 3 ml of pyridine was 
stirred for 10 hr, washed with water, dried (Na2S04), and evapo
rated. Distillation of the residue gave 3.9 g (84%) of liquid: 
bp 117-119° (0.6 mm); ir (CCh) 3340 (= C H ), 1725 cm -1 
(ester C = 0 ) ;  nmr (CCh) « 2.52 (t, 1, /  =  2.4 Hz, C ^ C H ),

(12) R. Heck and S. Winstein, J. Amer. Chem. Soc., 79, 3114 (1957); 
see also R. Huisgen, G. Seidl, and I. Wimmer, Justus Liebigs Ann. Chem., 
677 , 21 (1964); D. Nasipuri, R. Roy, and U. Rakshit, J. Indian Chem. Soc., 
37, 369 (1960).

(13) D. Brown and R. Stevenson, J. Org. Chem., 30, 1759 (1965).
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4.75 (d, 2, CHj), 6.32 (d, 1, J =  16 Hz, C H = C H C = 0 ), 7.1-7.5 
(m, ca. 5, phenyl), 7.64 (d, 1, C H = C H C = 0 ).

Anal. Calcd for C12H 10O2: C, 77.40; H, 5.41. Found: C, 
77.32; H, 5.30.

Allyl Phenylpropiolate (14).— A mixture of 7.1 g of ethyl 
phenylpropiolate (Aldrich), 0.1 g of NaOEt, and 50-70 ml of 
allyl alcohol was refluxed for 2 hr and then fractionally distilled 
at a slow rate until 20 ml of residue remained. The residue was 
treated with water, neutralized with dilute hydochloric acid, and 
extracted with ether. Distillation of the dried extract gave 7.2 g 
(95% ) of liquid product: bp 96-99° (0.5 mm); nmr (CCh) S 
4.66 (d, 2, J  =  5.5 Hz, CHCH20 ) , 5.0-6.4 (m, 3, CH2= C H ),
7.1-7.7 (m, 5, phenyl).

Anal. Calcd for Cj2H io0 2: C, 77.40; H, 5.41. Found: C, 
77.03; H, 5.02.

Propargyl Phenylpropiolate (9). (a) By Ester Exchange.— In
the preceding manner, except that propargyl alcohol was used 
in place of allyl alcohol, there was obtained 1.9 g (24%) of liquid: 
bp 60-63° (0.4 mm), redistilled at 68.5° (0.5 mm); ir (CCh) 3460 
(weak, OH), 3320 (strong, = C H ), 2130 (C = C ), 1730 cm “ 1 
(ester C = 0 ) ;  nmr (CCh) S 2.54 (t, 1, J  =  2.5 Hz, C = C H ),
4.87 (d, 2, CH2), 7.1-7.7 (m, 3, aromatic H), 7.8-8.2 (m, 2, 
aromatic H ), water signal not apparent.

Anal. Calcd for Ci2H8O2-0.5H2O: C, 74.60; H, 4.70. Found: 
C, 74.46; H, 4.78.

(b) Via Acid Chloride.— In the manner used for 13, a mixture 
of phenylpropiolyl chloride,4 propargyl alcohol, and pyridine was 
converted to 9: bp 118-120° (0.8 mm); nmr (CDCb) 5 2.25 
(t, 1, J  =  2.5 Hz, C = C H ), 4.46 (d, 2, CH2), 6.19 (s, ca. 0.4, 
0.25H2O), 6.S-7.5 (m, 5, aromatic H).

Anal. Calcd for Ci2H8O2 0.25H2O: C, 76.38; H, 4.54.
Found: C, 76.44; H, 4.51.

Propargyl 3,4-Methylenedioxyphenylpropiolate (10).—This 
was prepared from methyl 3,4-methylenedioxyphenylpropiolate7 
and propargyl alcohol (as for 9) to give a liquid product, bp 
140-160° (0.5 mm), which solidified on standing: mp 45-55° 
(26% ); ir (C&) 3320 (= C H ), 1730 (ester C = 0 ) ,  1240 and 1040 
(ArO), and 940 cm“ 1 (0C H 20 );14 nmr (CCh) S 2.40 (s, 0.6, ca. 
0.25H2O), 2.62 (t, 1, J  =  2.2 Hz, C ^ C H ), 4.84 (d, 2, CCH20 ),
5.98 (s, 2, OCH20 ) ,  6.72 (d, 1, J 0 =  8 Hz, H-5), 7.33 (d, 1, 
Jm =  1.5 Hz, H-2), 7.56 (d of d, 1, H-6). Recrystallization from 
CCh and then from absolute EtOH gave prisms: mp 61.5-62.5°; 
ir (CCh) 3670-3400 (OH), 3330 (= C H ), 1730 (ester C = 0 ) ,  940 
c m - ' (0C H 20 ).

Anal. Calcd for C i3H8O4-0.5H2O-0.25C2H6OH: C ,6 5 .1 9 ;H ,
4.25. Found: C, 65.33; H , 4.05.

Propargyl 3,5-Dimethoxyphenylpropiolate (11).— This was 
obtained from ethyl ester 18 by exchange with propargyl alcohol 
and extraction of the product into benzene. Concentration of 
the solution gave crysals, mp 70-73° (25%), obtained as cream- 
colored needles (mp 73-74°) on recrystallizations from CCh and 
absolute EtOH: ir (CCh) 3570-3400 (weak, broad, OH), 3320 
(= C H ), 1720 cm " 1 (ester C = 0 ) ;  nmr (CCh) « 2.41 (t, 1, J  =
2.5 Hz, C ^ C II ), 3.75 (broadened s, ca. 1.4, 0.75H2O), 3.81 
(s, 6 , 2 MeO), 4.84 (d, 2, CH2), 6.55 (t, 1, J m =  2 Hz, H-4),
7.12 (d, 2, H-2 and H-6).

Anal. Calcd for C,4H12O4 0.75H2O: C, 65.23; H, 5.28.
Found: C, 65.05; H, 5.45.

Propargyl 3,4,5-Trimethoxyphenylpropiolate (12).— A mixture 
of 3,4,5-trimethoxyphenylpropiolyl chloride (prepared from 3.5 g 
of acid; vide supra), 0.87 g of propargyl alcohol, 1.3 mg of pyri
dine, and 20 ml of benzene was refluxed for 4.5 hr. The solution 
was washed with water and evaporated to give a product which 
crystallized from EtOH, yield 2.2 g (53%), mp 128-132.5°. 
Recrystallizations from CCh and absolute EtOH gave faintly 
tan needles: mp 133.5-134°; ir (CCh) 3570-3400 (OH), 3320 
(= C H ), 1720 cm“ 1 (ester C = 0 ) ;  nmr (CCh) S 2.38 (t, 1, J =
2.5 Hz, C = C H ), 3.76 (s, 3, MeO at C-4), 3.82 (s, 6 , 2 MeO), 
overlapping broadened band at ca. 3.8 (H20 ? ), 4.71 (d, 2, CH2),
6.73 (s, 2, H-2 and H-6 ).

Anal. Calcd for Ci5H14O5-0.25H2O: C, 64.63; H, 5.24; O, 
30.13. Found: C, 64.98; H , 5.12; O, 30.40.

3-Hydroxymethyl-2-naphthoic Acid Lactone (lb), (a) From
Ester 9.— A solution of 1.42 g of 9-0.25H2O in 80 ml of Ac20  was 
refluxed in a nitrogen atmosphere for 48 hr and then evaporated 
to dryness. Addition of MeOH to the residue gave 0.19 g (14%)

(14) L. H. Briggs, L. D. Colebrook, H. M. Fales, and W. C. Wildman,
Anal. Chem., 29, 904 (1957).

of white plates, mp 202-206°, raised to 203.5-205° (lit.16 206°) 
on recrystallization from acetone-MeOH: ir (CHCb) 1760 cm" 1 
(y-lactone); nmr (CDCla, HA-100) S 5.48 (s, 2, CH2), 7.26 (s, 1, 
H-4), 7 .4 -7 .8 (m, 2, H-6 and H-7), 7.8-8.2 (m, 2, H-5 and H-8), 
8.50 (s, 1, H -l) .

A n a l .  Calcd for C12H80 2: C, 78.15; H, 4.52. Found: C, 
78.25; H, 4.38.

(b) Via Phenylpropargyl Propiolate (3).— A mixture of 0.81 g 
(8.8 mmol) of sodium propiolate, 1.32 g (8.8 mmol) of phenyl
propargyl chloride, and 15 ml of dimethylformamide was refluxed 
for only 30 min in a nitrogen atmosphere and then evaporated 
to dryness. The residue was treated with CC14, filtered to remove 
NaCl, and chromatographed by means of silica gel-benzene to 
give 3 as a liquid: yield 0.7 g (43% ); ir (CCh) 3320 (^ C H ), 
2130 (C = C ), 1730 cm- 1 (ester C = 0 ) ;  nmr (CCh) 5 2.86 (s, 1, 
C = C H ), 4.95 (s, 2, CH2), 7 .1 -7 .6 (m, 5, phenyl).

Refluxing the crude 3 in Ac20  gave a mixture of products from 
which was isolated 11 mg (2% ) of lb , mp 204-205.5°, identified 
by direct comparison with product from method a.

3-Hydroxymethyl-3,4-dihydro-2-naphthoic Acid Lactone (17). 
— As in the preparation of ester 3, equimolar quantities of sodium 
propiolate and ¿rans-cinnamyl chloride (Eastman Kodak) gave, 
on chromatography, a crude product, purified further by evapora
tive distillation at 70-80° (0.1 mm) to give colorless, liquid 
¿raras-cinnamyl propiolate (6) (19% ): ir (CC14) 3320 (= C H ), 
2160 (C = C ), 1710 (ester C = 0 ) ,  960 cm “ 1 (imras-CH=CH); 
nmr (CCh) 5 2.83 (s, 1, C = C H ), 4.67 (d, 2, J  =  6 Hz, CH2),
6.09 (d of t, 1, Jtrans =  16 Hz, C H =C H C H 2), 6.59 (d, 1, 
C H = C H C H 2), 7.1-7.5 (broad s, 5, phenyl).

A solution of 2.6 g of 6 in 100 ml of Ac20  was refluxed in a 
nitrogen atmosphere for 3 days and then evaporated. Extraction 
of the residue with boiling hexane, followed by concentration of 
solvent, addition of benzene (10%  by vol), and cooling gave 0.21 
g (8% ) of 17, obtained as a cream-colored powder: mp 136-138°, 
raised to 139-140° on recrystallization; ir (CHCb) 1760 cm-1 
(v-lactone); nmr (CDCb) & 2.2-3.7 (m, 3, CH2CHCH20 ), 4.04 
and 4.78 (2 pseudotriplets, 1 each, CH20 ), 7.1-7.6 (m, 5, H -l 
and aromatic H); mass spectrum15 16 m/e at 186 (62), 156 (42), 
155 (21), 142 (22), 141 (13), 129 (17), 128 (100), 127 (21), 63
(12), 51 (11), metastable peaks at 154, 131, 105, 104.

Anal. Calcd for Ci2Hi0O2: C, 77.40; H, 5.41. Found: C, 
77.46; H, 5.41.

The nmr spectrum of 17 shows the same pattern of signals for 
aliphatic protons as found in l-phenyl-3-hydroxymethyl-3,4- 
dihydro-2-naphthoic acid lactone.4 The major fragments lost 
from electron impact on 17 are CH20 , C 02, CO, and H. The 
most abundant peak (m/e 128) corresponds to a naphthalene 
cation radical.

6,7-Methylenedioxy-3-hydroxymethyl-2-naphthoic Acid Lactone
(15). (a) Via Enynic Ester.— An equimolar mixture of sodium
3.4- methylenedioxycinnamyl alkoxide7 and propiolyl chloride in 
benzene was stirred for 3 hr, refluxed for 40 min, washed with 
water, and evaporated to dryness to give crude liquid trans-
3.4- methylenedioxycinnamyl propiolate (7) (40%): ir (CHCb)
3320 (= C H ), 2270 (C = C ), 1730 (ester C = 0 ) ,  940 cm- 1 (OCIi2- 
O );14 nmr (CCh) « 2.76 (s, C = C H ), 4.75 (d, J = 6 Hz, CH2- 
0 C = 0 ) ,  5.95 (s, 0C H 20 ), 6 .0-7.0 (aromatic and vinylic H).

Refluxing this ester with Ac20 , evaporation of the solvent, and 
treatment of the residue with petroleum ether gave crystals of 15, 
mp 280-282° (13%), converted to a light yellow solid (mp 282- 
283°) on recrystallization from benzene-petroleum ether, CCh, 
and CHCb plus sublimation at 0.5 mm: ir (CHCb) 1760 (y- 
lactone), 930 cm-1 (OCH20 ) ; nmr (CDCb, HA-100) S 5.42 (s, 
lactone CH2), 6.12 (s, OCH20 ) , 7.19 and 7.69 (2 s, H-4, H-5, 
H -8), 8.28 (s, H -l).

Anal. Calcd for CuHsCL: C, 68.42; H, 3.53. Found: C, 
68.76; H, 3.78.

(b) Via Diynic Ester.— Part a was repeated but with sodium
3.4- methylenedioxyphenylpropargyl alkoxide as the salt. A 
sample of the crude intermediate liquid 3,4-methylenedioxy- 
phenylpropargyl propiolate (4) showed an ir spectrum (CHCb): 
3320 (= C H ), 2130 (C = C ), 1730 (ester C = 0 ) ,  940 cm-* (OCH,- 
O).14 The overall yield of lactone 15 was 3% , mp 280-282°, 
identical with compound in method a as based on mixture melting 
point, as well as ir and nmr spectra.

6,8-Dimethoxy-3-hydroxymethyl-2-naphthoic Acid Lactone
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(15) F. Mayer, W. Schaefer, and J. Rosenbasch, Arch. Pharm. (Wet'n- 
heim), 267, 571 (1929); Chem. Abstr., 24, 839 (1930).

(16) Stable peaks of relative abundance less than 10% are not reported.



(16). (a) Via Enynic Ester.—-In the foregoing manner was
prepared the crude liquid ester ir<ms-3,5-dimethoxycinnamyl 
propiolate (8 ): nmr (CDCh) S 2.92 (s, C = C H ), 3.76 (s, 2 
MeO), 4.80 (d, J  = 6 Hz, CH2), 6.2-6.7 (m, aromatic and vinylic 
H ). _Refluxing this ester in Ae20  gave lactone 16, mp 201-210° 
(5% overall). Sublimation at 0.5 mm raised the melting point 
to 212.5-214°.

(b) Via Diynic Ester.— Likewise was obtained the crude liquid 
ester 3 ,5-dimethoxyphenylpropargyl propiolate (5): ir (CCL)
3320 (= C H ), 2130 (C = C ), 1720 cm -‘ (ester C = 0 ) ;  nmr (CCL) 
S 2.91 (s, f e C H ) ,  3.77 (s, 2 MeO), 4.25 (s, CH2), 6.2-6.6 (m, 
aromatic H). Cyclization was effected in 10% yield to give 
lactone 16: mp 201.5-204.5°, raised to 212.5-214° on re
crystallization from benzene-petroleum ether plus sublimation at 
0.5 mm; ir (CHCL) 1760 cm-1 (y-lactone); nmr (CDCh, H A-100) 
5 3.96 and 4.01 (2 s, 3 each, 2 MeO), 5.41 (s, 2, CH2), 6.54 and
6.77 (2 d, 1 each, J m =  2.5 Hz, H-5 and H-7), 7.64 (slightly 
split s, 1, H-4), 8.81 (s, 1, H -l); identical with product from 
method a as based on mixture melting point, as well as ir and 
nmr spectra.
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Anal. Calcd for C1(H120 4: C, 68.84; H, 4.95. Found: C, 
69.06; H, 5.18.

Registry N o.— lb, 4711-50-6; 3,29577-27-3; 4,29577- 
28-4; 5,29577-29-5; 6,29584-68-7; 7,29584-61-0; 8, 
29584-62-1; 9,29577-30-8; 10,29577-31-9; 11,29577-
32-0; 12,29577-33-1; 13,29584-63-2; 14,29577-34-2; 
15, 5656-51-9; 16, 29577-36-4; 17, 29577-37-5; 18, 
29577-38-6; phenylpropargyl chloride, 3355-31-5; 
ethyl (rans-3,5-dimethoxycinnamate, 29584-64-3; 
methyl (rans-3,5-dimethoxycinnamate, 29584-65-4; 
(rans-3,5-dimethoxycinnamyl alcohol, 29584-66-5; 3- 
(3,5-dimethoxyphenyl)-l-propanol, 1080-05-3; ethyl 
¿rans-2-bromo-3,5-dimethoxycinnamate, 29641-89-2; 
(rans-2-bromo-3,5-dimethoxycinnamic acid, 29584-67-6;
3,5-dimethoxyphenylpropargyl alcohol 29577-41-1.

Fendler, Fendler, and Merritt
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Electrolytes, with the exception of lithium salts, decrease the rate constant for the decomposition of sodium 1,1— 
dimethoxy-2,4,6-trinitrocyclohexadienylide (1) in aqueous solutions. Cationic micellar CTAB and nonionic 
micellar Igepal CO-730 also decrease the decomposition rate of 1 by factors of 12 and 3.7, respectively, and an
ionic NaLS does not affect it. Both enthalpy and entropy factors are involved. The magnitude of micellar 
rate retardation is smaller for l,l-dimethoxy-2,4-dinitro- (2) and l,l-dimethoxy-2,4,5-trinitronaphthalene (3) 
complexes but is significantly greater for the spiro Meisenheimer complex of l-(/5-hydroxyethoxy)-2,4-dinitro- 
naphthalene (5) than for 1. The electrolyte and micellar effects originate from less destabilization of the initial 
state than of the transition state. CTAB enhances the equilibrium constants for the formation of the spiro com
plex of l-(/3-hydroxyethoxy)-2,4,6-trinitrobenzene and 5 by factors of 4750 and 250, respectively, while NaLS or 
Igepal have no appreciable effects. These results are compared critically to those obtained for other nucleophilic 
aromatic substitutions.

The effects of electrolytes and micelles on the re
actions between nucleophiles and 2,4-dinitrohaloben- 
zenes have been determined in aqueous solutions.4 
Such nucleophilic aromatic substitutions involve the 
rate-determining formation of an intermediate which 
decomposes rapidly to products. The relative effects

N02

of electrolytes on the rate constants for the reaction 
of hydroxide ion with 2,4-dinitrochlorobenzene, for

(1) Supported in part by the U. S. Atomic Energy Commission.
(2) Reported, in part, preliminarily by E. J. Fendler and J. H. Fendler, 

Chem. Commun., 816 (1970).
(3) (a) Texas A & M University; (b) Department of Chemistry, Franklin 

and Marshall College, Lancaster, Pa. 17604.
(4) C. A. Bunton and L. Robinson, J. Amer. Chem. Soc., 90, 5965, 5972 

(1968) ; C. A. Bunton and L. Robinson, J. Org. Chem., 34, 780 (1969) ; C. A. 
Bunton and L. Robinson, ih id., 35, 733 (1970); C. A. Bunton and L. Robin
son, J. Amer. Chem. Soc., 92, 356 (1970).

example, are Me4NCl >  K 2S 0 4 >  Na2S 0 4 >  KC1 ~  
H20  >  NaCl >  NaBr ~  N a N 0 3 >  Li2SO, >  LiCl >  
LiBr >  CHsCeHiSOsNa >  LiC104.4 These electrolyte 
effects have been dissected into those on the activity 
coefficient of the aryl halide and those on the ratio 
of the activity coefficient of the hydroxide ion to that 
of the transition state. KC1, NaCl, NaBr, and LiBr 
increase / Arx  but decrease / o h - / / * /  NaC104, on the 
other hand, decreases b o th /ArX and / o h - / / * -

Cationic micellar surfactants were found to enhance 
ki by factors of ca. 60-80, the magnitude of the rate 
decrease by anionic surfactants was somewhat more 
modest, and neutral micellar surfactants had no effect 
on fci.4'5

In order to obtain information on the effects of 
electrolytes and micelles on nucleophilic aromatic sub
stitutions in which the rate-determining step is governed 
by the decomposition of the complex, we have inves
tigated these effects on the rates of decomposition of 
sodium 1, l-dimethoxy-2,4,6-trinitrocyclohexadienylide 
(1). Since micellar catalysis involves specific sub
strate-micelle interactions, we have also examined the 
influence of micellar surfactants on the rates of de
composition of the methoxyl complexes of 1-methoxy-
2,4-dinitronaphthalene (2) and l-methoxy-2,4,5-tri- 
nitronaphthalene (3) and of the spiro Meisenheimer

(5) For reviews of micellar effects on reaction rates, see E. H. Cordes and
R. B. Dunlap, Accounts Chem. Res., 2, 329 (1969), and E. J. Fendler and
J. H. Fendler, Advan. Phys. Org. Chem., 8, 271 (1970).



Effects on Meisenheimer Complex Equilibria J. Org. Chem., Voi. 36, No. 15, 1971 2173

The required absorbance measurements were carried out at 
the appropriate wavelength6-9 in the thermostated cell compart
ment of a Beckman DU-2 spectrophotometer. The tempera
ture was measured inside the cells and was maintained within 
±0 .0 2 °. The decomposition of the complexes obeyed good first- 
order kinetics.

Results

complexes 4 and 5. Micellar effects on the equilibrium 
constants for the formation of complexes 4 and 5 
from their parent glycol ethers, l-(/3-hydroxyethoxy)-

In aqueous solution, the decomposition of Meisenhei
mer complexes is pH independent in solutions more 
alkaline than pH 8.0.6-9 All of the present investiga
tions, unless stated otherwise, have been carried out 
in the middle of the plateau of the pH-rate profile, 
i.e., in the pH-independent region at pH 10.8.

Electrolytes have significant effects on the rate of 
decomposition of Meisenheimer complex 1 (Table I).

T a b l e  I
Electrolyte Effects on the D ecomposition R a t e s  of 

1,1-Dimethoxy-2,4,6-trinitrocyclohexadienylide Ion (1) 
in W ater at 25.00°“

Electrolyte
✓--------- 104A;-.i, sec

1.0 M
-1---------

2.0 M
None 5.08»
LiCIO, 6.51 7.43
LiCl 5.98 6.19
NaNOs 4.25 3.54
NaCl 4.16 3.33
NaBr 4.21 3.33
Me,NCl 4.12 2.68
NaCIO, 3.98 2.97
KC1 3.63 2.56
NasSO, 3.45 2.30
p-M eC6H4S03Na 2.64 1.18

At pH =  10.8. b Mean of six runs, each within ± 3 % .

2,4,6-trinitrobenzene (6) and l-(/3-hydroxyethoxy)-2,4- 
dinitronaphthalene (7), have also been determined.

Experimnetal Section

The preparations of l-(|8-hydroxyethoxy)-2,4,6-trinitrobenzene 
(6),6 l-(/3-hydroxyethoxy)-2,4-dinitronaphthalene (7),6 their 
spiro Meisenheimer complexes 46 and 5,6 and the methoxyl com
plexes of 2,4,6-trinitroanisole (1 ),7 l-methoxy-2,4-dinitronaph- 
thalene (2),8 and l-methoxy-2,4,5-trinitronaphthalene (3 )9 have 
been described. Reagent grade salts were dried in vacuo over 
phosphorus pentoxide immediately prior to their use in making 
up the electrolyte solutions. The sources of the surfactants and 
their purification have been described previously.10 The buffer, 
electrolyte, and surfactant solutions were prepared in deionized 
distilled water. The pH ’s of the solutions were adjusted using 
HC1 or NaOH to the required value and were measured at 25.0° 
with an Orion-801 pH meter. Both in the case of the decompo
sition of complexes 1-3 and in the determinations of the equilib
rium constants for the formation of complexes 4 and 5 in micellar 
solutions, the pH remained within ±0 .0 2  during the experi
ments.

Four solubility determinations were carried out for each sol
vent system; saturated solutions of 1, 2, and 5 containing un
dissolved solid were shaken at 25.00° and filtered, and the con
centration of complex 1, 2, or 5 in the filtrate was determined 
spectrophotometrically. The error in the individual measure
ments is ± 1 0 % . In some cases, the complex concentration in 
the saturated solutions was greater than 1.0 M  and thus is not 
ideal.

(6) E. J. Fendler, J. H. Fendler, W. E. Byrne, and C. E. Griffin, J. Org. 
Chem., 33, 4144 (1968).

(7) J. H. Fendler, E. J. Fendler, and C. E. Griffin, ibid., 34, 689 (1969).
(8) J. H. Fendler, E. J. Fendler, W. E. Byrne, and C. E. Griffin, ibid., 33, 

977 (1968).
(9) J. H. Fendler and E. J. Fendler, ibid., 35, 3378 (1970).
(10) E. J. Fendler, R. R. Liechti, and J. H. Fendler, ibid., 35, 1658 (1970).

With the exception of lithium perchlorate and lithium 
chloride, all the electrolytes decrease the rate con
stants for the decomposition of 1. Results of the 
solubility measurements, expressed as activity coeffi
cients relative to water containing 10 ~3 M  sodium 
hydroxide at 25.00°, show that all the electrolytes 
investigated substantially affect the activity coefficients 
of 1 (Table II).

T a b l e  II
Electrolyte Effects on the 

R elative Activity Coefficients of Sodium 
1,1-Dimethoxy-2,4,6-trinitrocyclohexadienylide (1)

and on Its D ecomposition T ransition State at 25.00°
,—1.0 M  Electrolyte—« /—2.0 M  Electrolyte—*

Electrolyte /iV /i° “ /f o 4= b /i7 /i°  ° y«4=//o+ b

LiCIO, 0.81 0.633 1.06 0.726
LiCl 1.03 0.873 2.98 2.44
¡B-MeCsH4S 03N a 3.04 5.84 1.74 7.49
NaCIO, 4.60 5.87 5.93 10.1
N aN 03 6.18 7.33 10.5 15.0
NaBr 8.95 10.8 13.7 20.9
NaCl 9.08 11.1 19.5 29.7
Me,NCl 13.0 16.0 27.8 52.7
Na2S04 20.6 30.3 74.1 165
KC1 37.3 52.2 45.8 90.9
“ Relative activity coefficients for 1. b Relative activity coeffi

cient for the transition state for the formation of 2,4,6-trinitro
anisole.

Cationic and neutral micellar surfactants decrease 
the rate constants for the pH-independent decom-
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Figure 1.— Benesi-Hildebrand plots for the formation of S in 
water at 25.00°: O 1.0 X  10-2 M  CTAB, n =  7; S 1.0 X  10" 2 
M  NaLS, n =  4; A  water, n =  4.

positions of complexes 1, 2, 3, and 5, but anionic NaLS 
has no effect on these rates (Table III). Table IV

T able III
M icellar Effects on the D ecomposition R ates of 

M eisenheimer Complexes in W ater at 25.00°°
Com 10®k_i, sec >, 10®fc—l, sec f, 10®At—i, sec-1, lOsfc-i, sec'1
plex in H,0 in CTAB 

4.206
in NaLS in Igepal

13.6*
1 50.8 5.20° 52 .0-1 12.3 '  

7.45»
2 176 58. 6* 1786
3 16.0 8.326 17.0 d

5 138 0 .21* 158* 4.2*
° At pH 10.8. 6 2.5 X  10-2 M  CTAB. * 2.0 X  10-3 M  CTAB.

* 1.0 X 10-1 M  NaLS. * 1.0 X 10-2 M  Igepal CO-730. > 2.0 
X  10-2 M  Igepal DM-730. » 2.5 X 10-2 M  Igepal CO-850.
* 1.0 X 10-2 M  CTAB.

T able IV
M icellar Effects on the R elative Activity Coefficients 

of Complexes 1, 2, and 5 and on T heir D ecomposition 
T ransition States

Com — 2.5 X 10-> M CTAB—. ,—1.0 x 10-'i M NaLS—.
plex yrojjo a /■m4= jp^. a yra jp  a

1 0.65 7.9 0.65 0.63
2 1.01 3.1 1.01 0.99
5 1.04 665 0.97 0.85

° fm, f°, fm T and f °  4= are the activity coefficients of complexes 
1, 2, and 5 in micellar surfactant solutions, in water, and that of 
their decomposition transition states in the presence of micelles 
and in water, respectively.

gives the relative solubilities, and hence the activity 
coefficients, of complexes 1 ,2 , and 5 in micellar CTAB  
and NaLS solutions. We have examined the effects 
of micelles on the acid-catalyzed decomposition of 
complex 3. The second-order rate constants for the 
acid-catalyzed decomposition of 3 at 25.00° in water,
2.0 X  10-2 M NaLS, and 1.0 X  10-2 M  CTAB in the 
pH range 4.0-6.4 (5.0 X  10-3 M IvH2P 0 4 and CH3C 0 2Na 
buffers) are 1380, 2833 and 41 1. mol-1 sec-1 , respec
tively.

The effects of micelles on the energies and entropies 
of activation for the pH-independent decomposition 
of complex 1 are given in Table V.

T able V
Arrhenius Parameters for the D ecomposition of 

1,1-Dimethoxy-2,4,6-trinitrocyclohexadienylide Ion (1) 
in M icellar Solutions“

Media
Water
2.5 X 10-2 M  

CTAB 
1.0 X 10-2

E -1
kcal/mol6

17.6 ±  0.8 
24.9 ±  0.8

20.5 ±  0.8

A S -+ , eu,b 
at 25.00°

- 1 6 .5  ±  2.0 
+ 3 .1  ±  2.0

- 9 . 6  ±  2.0
Igepal CO-730

“ pH 10.8. 6 Calculated from linear Arrhenius plots obtained
from runs at 25.00°, 30.25°, and 35.00°.

Although complexes 4 and 5 are formed from 6 
and 7 in aqueous alkaline solutions.4-11 the rate of 
their equilibrium attainment is immeasurably fast by 
our technique.7 Using the Benesi-Hildebrand equa
tion12

[6] or [7] 1 1 /  1 \
A f ï A l O H l j

where A is the absorbance in a 1,0-cm cell, e is the molar 
extinction coefficient, and K  is the equilibrium constant 
for the formation of complex 4 or 5, good linear re
lationships were obtained on plotting [6 ]/A or [7 }/A 
vs. l / [ O H - ] (Figure 1) indicating that simple equilibria 
prevail. Since the intercept of the Benesi-Hildebrand 
plot (Le., 1/e) is susceptible to large errors, previously 
obtained6 values of e have been used to determine 
the K values. The determined values for the equi
librium constants for the formation of 4 and 5 in 
water and in micellar surfactant solutions at 25.00° 
are given in Table VI.

T able VI
M icellar Effects on the Equilibrium Constants for 

the F ormation of M eisenheimer Complexes at 25.00°°
Com K, 1. m ol"1, K, 1. mol-1, K, 1. mol-1, K, 1. mol-1,
plex in H2O in CTAB in NaLS in Igepal
4 2.1 X  107 1.0 X 10“ *
5 5.82 X 104 1.47 X 1 0 " 3.20 X  1 0 " 6 .8  X  1 0 "

° Determined from linear Benesi-Hildebrand plots (see Figure 
1 for typical plots). b 1.0 X  10-2 M  CTAB. * 1.0 X 10-2 M  
NaLS. d 1.0 X  10-2 M  Igepal CO-730.

Discussion

Effects of Electrolytes.— Lithium perchlorate and 
lithium chloride enhance whereas all the other electro
lytes investigated retard the rate of decomposition of 
the methoxvl complex of 2,4,6-trinitroanisole (1). 
Simple electrostatic theory13 clearly fails to account 
for both the direction and the magnitude of these 
effects. The order of the electrolyte effects on fc_4, 
LiC104 >  LiCl >  H20  >  NaNOs >  NaCl >  NaBr >  
M e4NCl >  NaClO, >  KC1 >  Na2S 0 4 >  p-M eC6H 4S 0 3Na 
(Table I), is essentially the reverse of that found for 
the interaction of hydroxide ion with 2,4-dinitrochloro- 
benzene.4

These electrolytes also have substantial effects on 
the mean ion activity coefficient ratios of sodium 1,1- 
dimethoxy-2,4,6-trinitrocyclohexadienylide (1). With

(11) J. Murto, Suom. Kemistilehti, B, 38, 255 (1965).
(12) H. A. Benesi and J. H. Hildebrand, J. Amer. Chem. Soc., 71, 2703 

(1949).
(13) C. K. Ingold, “ Structure and Mechanism in Organic Chemistry,”  

2nd ed., Cornell University Press, Ithaca, N. Y., 1969.



the exception of lithium perchlorate, all the salts in
crease the mean ion activity coefficient of 1 (Table 
II). In the 0 -2 .0  M  electrolyte concentration range, 
the logarithms of the mean ion activity coefficient 
ratios do not vary linearly as a function of concentra
tion; i.e., the Setschenow equation is not obeyed. Since 
the extent of the changes in the activity coefficients 
of the single anion, l,l-dimethoxy-2,4,6-trinitrocyclo- 
hexadienylide ion, and its sodium counterion are not 
known, this behavior is not unexpected. The observed 
order of the activity coefficient ratios for I, LiC104 <  
LiCl <  p-M eC6H4S 0 3Na <  NaC104 <  N a N 03 <  
NaBr <  NaCl <  M e4NCl <  Na2S0 4 <  KC1, does not 
follow any particular trend. It is worth noting, how
ever, that the effects of electrolytes on the mean ion 
activity coefficients of 1 are significantly greater than 
those on the activity coefficients of 2,4-dinitrochloro- 
benzene.4 Furthermore, electrolytes with the exception 
of NaCl, LiCl, and Na2S0 4 stabilize, i.e., decrease 
the activity coefficient of 2,4-dinitrochlorobenzene, 
whereas they primarily destabilize complex 1. The 
observed rate constant changes in the presence of 
electrolytes are therefore due partially to initial state 
effects. The magnitude of the electrolyte effects on 
the transition state can be determined by means of 
the Br0nsted-Bjerrum rate equation

fc-i* = k - i ° j^

where fc_i8 and fc_i° are the rate constants for the de
composition of 1 in the presence and absence of elec
trolytes and fi and / *  are relative mean ion activity 
coefficients for 1 and for its decomposition transition 
state. Since electrolyte effects have been obtained 
both on fc_j and on the mean ion activity coefficient 
ratios of 1, substitution into the Brpnsted-Bjerrum 
rate equation allows the determination of the effects 
of electrolytes on the transition state for the decom
position of 1 (see Table II). Electrolytes, with the 
exception of lithium salts, destabilize both 1 and its 
decomposition transition state. More significantly, 
their effects are considerably more pronounced on the 
transition state than on the initial state. The results 
of the present study clearly illustrate the inherent 
complications of kinetic salt effects even on relatively 
simple reactions.

Micellar Effects.—Cationic and nonionic micelles 
retard the pH-independent decomposition of Meisen
heimer complexes, while anionic NaLS has no ap
preciable affect on the rate (Table III). As in the case 
of the electrolyte effects, the direction of the micellar 
effects on the rate of decomposition of the complexes is 
opposite to that found for the interaction of nucleo
philes with dinitro-substituted halobenzenes,4 in which 
case the rate-determining step is the formation rather 
than the decomposition of the a complex. Since the 
rate constants for the decomposition of 1 are decreased 
only by a factor of ca. 2 in the presence of 1.0-2.0 M 
trimethylammonium chloride and sodium 71-toluene- 
sulfonate while the addition of 10~2 M  CTAB results 
in a 12-fold rate retardation, the latter affects are 
clearly not electrolytic but micellar in origin.

The magnitude of the micellar effects is markedly 
dependent upon the nature of the substrate. CTAB  
retards the decomposition of 1, 2, 3, and 5 by factors 
of 12, 3, 2, and 660, respectively. This substrate

Effects on Meisenheimer Complex Equilibria

specificity and the catalytic behavior in micellar solu
tions must result from differences in initial state or 
in transition state stabilities, i.e., activities, or, indeed, 
from a combination of both, relative to those in water. 
In order to distinguish between these alternatives, 
we have calculated the activity coefficient ratios for 
complexes 1, 2, and 5 in CTAB and NaLS relative 
to water from solubility measurements (Table IV). 
Unlike the electrolytes (Table II), the micelles generally 
have only small or insignificant effects on the activity 
coefficients of these complexes. Complex 1 is solu
bilized to some extent by CTAB and NaLS, whereas 
the initial state activities of complexes 2 and 5 are 
not affected by these micelles. The micellar effects 
of CTAB and NaLS on both the rate of decomposition, 
fc-i, and the initial state stability of complex 1 parallel 
that found in water-DMSO solutions as a function 
of increasing concentration of the dipolar aprotic com
ponent.14 Combination of the rate constant data with 
the relative activity coefficients of complexes 1, 2, 
and 5 in the micellar surfactant solutions affords an 
estimation of the effects of CTAB and NaLS on the 
activity coefficients for the decomposition of these 
complexes (Table IV). It is apparent that the re
tardation of the rates of decomposition of the complexes 
in the presence of micellar CTAB is primarily the 
consequence of destabilization of the transition state, 
whereas the absence of catalysis by NaLS results from 
compensation of initial and transition state effects 
in the case of complex 1 and from insignificant differences 
for complexes 2 and 5. The retardation of the rate 
of decomposition of 1 is, as has been observed in many 
other micellar catalyses,5 a composite of both enthalpy 
and entropy effects (Table V ). These results suggest 
that the transition state for complex decomposition 
is further along the reaction coordinate in water than 
in micellar CTAB.

The equilibrium constants for the formation of spiro 
Meisenheimer complexes in methanol are considerably 
greater than those of their 1,1-dialkoxy analogs.6 In
deed, the dialkoxy Meisenheimer complexes have not 
been observed in water, whereas the spiro complexes 4 
and 5 are quite stable (Table VI). The mechanism 
for the formation of complexes 4 and 5 can be described 
in terms of an initial rapid proton abstraction from 
the glycol ether, 6 or 7, by hydroxide ion followed 
by rate-determining internal cyclization of the resulting 
glycolate ion. The rigidity of the cyclic substituent 
perpendicular to the benzene ring is responsible for 
the enhanced stabilities of these complexes.6 The dra
matic 660-fold decrease in the rate of decomposition 
of the spiro complex 5 as compared to the threefold 
rate retardation for the 1,1-dialkoxy analog 2 by mi
cellar CTAB is explicable exclusively in terms of transi
tion state effects (Table IV ). The rate retardation 
by nonionic Igepal CO-730 is also significant, whereas 
sodium dodecyl sulfate has no discernable affect on 
the rate of decomposition of 5 (Table III). The equi
librium constants (K  =  fci/fc_4) for the formation of 
spiro <j complexes (as illustrated below) in the

k —
ArOCH.CE,OH +  OH’  ^  A r^

*- N )— •
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(14) J. H. Fendler and J. W. Larsen, J. Amer. Chem. Soc., in press.
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presence and in the absence of micellar surfactants 
have also been determined (Table VI). Cationic mi
cellar CTAB enhances the equilibrium constant 
for the formation of 4 and 5 by factors of 4750 and 
252, respectively, while NaLS and Igepal do not affect 
it. Since the rate constants for the formation of spiro 
complexes, kh are dependent on the hydroxide ion 
concentration, the observed micellar effects are com
posites of those on the parent glycol ethers 6 and 7 
and those on the hydroxide ion. The effective hy
drogen ion concentration at the micellar surface, how
ever, may differ appreciably from that in the bulk 
phase.5 The considerably more pronounced micellar 
effect on the rate of the acid-catalyzed decomposition 
of 1 than that on its neutral decomposition substantiate 
this observation. The interpretation of this and simi
lar results in buffered solutions is complicated by the 
uncertainties in the pH of these solutions.6 Combina
tion of the values for fc_i and K  for the spiro complex 5 
in the absence and presence of CTAB (Tables III and
VI) allows the calculation of the rate constants for the 
formation of 5 (fciH!°  =  80 1. mol-1 sec-1 , fciCTAB =  
31 1. mol-1 sec-1). Micellar CTAB thus decreases 
the rate constant for the formation of 5 by a factor 
of 2.6, whereas it catalyzes the hydroxydehalogenations 
of dinitrosubstituted arenes by factors of ca. 60 -80 .4 
These micellar effects are not unexpected based on 
electrostatic considerations since the rate of the former 
reaction, which involves the internal cyclization of 
the naphthyl glycolate anion, would predictably be 
retarded in the presence of cationic micelles due to

partial charge neutralization. The latter case, how
ever, is a typical example of the effect of cationic mi
celles on a reaction between a solubilized neutral or
ganic molecule and a small high-charge density anion.4-6 
The unusually large increase in the equilibrium constant 
for the formation of 5 is, of course, the consequence 
of the micellar enhancement of the rate of formation, 
ki, and the micellar retardation of the rate of decom
position. Combining fc_i and K  values for the in
fluence of Igepal CO-730 on complex 5, one estimates 
that this nonionic surfactant somewhat unexpectedly 
decreases the rate constant for the formation of the 
complex. Qualitatively, the effects of ionic micelles 
on the rates of Meisenheimer complex decomposition 
are explicable in terms of simple electrostatic inter
actions, however the rate retardation caused by non
ionic surfactants cannot be accounted for solely in 
simple electrostatic terms, and evnironmental effects, 
such as hydrophobic and hydrogen bonding interactions, 
must be invoked to rationalize the observed effects.

Although specific steric effects clearly complicate 
the interpretation of the results for the spiro com
plexes 4 and 5, it is evident that micelles affect both 
the initial and transition states for the formation and 
the decomposition of intermediates which are involved 
in nucleophilic aromatic substitution and that this 
dependence is very much influenced by the nature 
of the substrates and intermediates.

Registry N o — 1, 12275-58-0; 2, 29472-26-2; 3, 
29472-29-5; 4, 1280-24-6; 5, 29472-28-4.
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Addition of bromine azide to 3,3,3-triphenylpropene (1) proceeds with phenyl migration under ionic conditions 
(major product, 7) but without phenyl migration under free-radical conditions (major product, 9). The two 
products resulting from bromination of 1 were shown to derive from simultaneous ionic and free-radical addition 
processes. Addition of BrN3 to 3,3-diphenylpropene (10) in polar solvents also proceeds with phenyl migration. 
The regiochemistrv indicates steric control in the BrN3 addition. Solvent effects of a different nature were 
observed during phenyl migration in the IN3 addition to 3,3-diphenylpropene (10) and are interpreted in con
junction with three-membered-ring iodonium ion opening.

Recently Norman and coworkers2 have shown that 
addition of bromine to 3,3,3-triphenylpropene (1) in 
carbon tetrachloride solution leads to a nonrearranged 
adduct 2 and an allyl bromide 3 in a ratio of 1:1.15. 
The unsaturated bromide 3 is a product of phenyl mi-

Ph
e c u

Ph3C C H = C H 2 +  Br2 — >  Ph3CCH—CH2 +  Ph2C = C C H 2
I I I

Br Br Br
1 2 3

Ph
+ 1

Ph2CCCH2Br
I

H
4

(1) Stereochemistry. LXI. For paper LX, see A. Hassner, Accounts 
Chem. Res., 4, 9 (1971).

(2) R. O. C. Norman and C. B. Thomas, J. Chem. Soc. B, 598 (1967).

gration and probably arose from an intermediate of 
type 4 by loss of a proton. Norman, et al., were in fact 
able to trap 4 by carrying out the bromination in meth
anol. 3-p-Anisyl-3,3-diphenylpropene, which reacts 
25 times as fast as 1, gave on bromination in CC14 only a 
rearranged allylic bromide and no unrearranged adduct, 
analogous to 2, was detected.

It was postulated that both 2 and 3 result from an 
ionic addition of bromine. This interpretation seemed 
inconsistent with our recent findings3 that the pseudo
halogens INCO and IN 3 reacted with 1 under ionic 
conditions to give exclusively rearranged adducts (cf. 5).

IN*
1 — >- PhsC— CHCH2I

I I
N3 Ph

5
(3) A. Hassner and J. S. Teeter, J. Org. Chem., 35, 3397 (1970).
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At the same time we have shown4 that bromine azide 
(BrN3) in its additions to olefins is capable of both ionic 
and free-radical behavior, the latter being favored by 
solvents of low polarity. Hence, it became important 
to consider that bromine addition to 1 in CCh may have 
proceeded by a dual mechanism, one leading to a rear
ranged, the other to a nonrearranged product.

Though the formation of the nonrearranged 1,2- 
dibromide 2 could be explained by fast trapping of an 
intermediate radical 6, one cannot a priori assign the

PhsCCHCHjBr
6

formation of 2 to a free-radical addition since there are 
abundant examples in the literature6 of phenyl migra
tion to a 6 radical, for instance, eq 1 .Sa

peroxide,
Ph3CCH2C H ----------->  (Ph3CCH2) +  CO (1)

II * |'
O \

Ph2CHCH2Ph 

Results and Discussion

The addition of BrN3 to 1 in pentane in the presence 
of benzoyl peroxide and fight proceeded much slower 
and led to the nonrearranged adduct 9 in 30%  yield, in 
addition to 55%  of unchanged olefin 1.

pentane
Ph3C C H =C H 2 +  BrN3----------- >  Ph3CCHCH2N3

i (radical)
\  /  Br\  /  BrN, p

Ph3CCHCH2
' I

N 3
10

The structure of 9 was obvious from the base peak in 
its mass spectrum at m/e 243 (Ph3C+) as well as minor 
peaks at m/e 270 (M -+  — BrN3) and 284 [M -+  — (N2 
+  Br) ]. The absence of products resulting from phenyl 
migration indicates that in the free-radical addition of 
BrN3 an intermediate radical (i.e., 10) is trapped by 
bromine azide faster than it can rearrange.

Backed by these results we reexamined the addition of 
Br2 to triphenylpropene 1 in CC14. The results shown 
in Table I clearly indicate that the 1,2-dibromide 2 is a

1. Additions to Triphenylpropene. — The behavior of 
bromide azide with triphenylpropene 1 was examined 
first since, unlike for bromine, the regiochemistry6 of the 
products should be helpful in establishing the reaction 
pathway. Addition of BrN3 in nitromethane-methy- 
lene chloride purged with oxygen to inhibit free-radical 
reaction gave primarily (86% ) the rearranged 1,3- 
bromoazide 7 and a small amount (6% ) of 2,3,3-triphe- 
nylallyl bromide 3. The structure of 7 was obvious

Ph
CH,NOi,

Ph3C C H = C H 2 +  BrN3 ----------->  Ph,CCHCH2Br +  3
I ionic

n 3
7
I ieri-BuO- K +,
| DMSO

Ph2C = C — CHu
8

from its nmr and mass spectra and from chemical reac
tions. Its nmr spectrum was very similar to that of the 
corresponding IN 3 adduct, including two aromatic peaks 
in a ratio of 13:2. The mass spectrum of 7 showed a 
base peak at m/e 180 (Ph2C = N +). A  high-resolution 
mass spectrum confirmed the assignment of the base 
peak to a Ci3H i0N + fragment. Like its iodo analog 5 
bromo azide 7 was inert toward tertiary amines or po
tassium ferf-butoxide in ether but was converted to tri- 
phenylacrolein 8 on treatment with potassium teri-but- 
oxide in DMSO.

The formation of 6 %  of the allyl bromide 3 was unex
pected since no corresponding product was found in 
the IN 3 addition to 1; however, both 3 and 7 are the 
result of phenyl migration as expected from an ionic 
process.

(4) A. Hassner and F. Boerwinkle, J. Amer. Chem. Soc., 90, 216 (1968).
(5) (a) D. Y. Curtin and M. J. Hurwitz, ibid., 74, 5381 (1952); (b) S. 

Winstein and F. H. Senbold, ibid., 75, 2532 (1953); (c) P. D. Bartlett and 
J. D. Cotman, ibid., 72, 3095 (1950); L. H. Slaugh and J. H. Raley, ibid., 
82, 1259 (1960); H. Meislich, J. Coustanza, and J. Streilitz, J. Org. Chem., 33, 
3221 (1968).

(6) Regio is used to describe the directional effects in bond making or
breaking: A. Hassner, ibid., 32, 2684 (1968).

T a b l e  I
P ro d u cts  in  t h e  B r o m in a t io n  o f  
3 ,3 ,3 -T r ip h e n y l p r o p e n e  in  CC14

Conditions /—Yield of products, %—. 
2 3

48 hr, room light“ 45 55
46 hr, dark, 0 2 11 73
46 hr, dark, 0 2 
2,6-Di-Ieri-butylphenol

0 88

° The procedure followed was that described in ref 2.

product of the free-radical addition of bromine to 1, 
which is inhibited when the reaction is carried out in 
the presence of oxygen and of 2,6-di-teri-butylphenol. 
Hence, as in the case of BrN3, ionic addition of Br2 to 1 
leads to phenyl migration, whereas free-radical addition 
produces an unrearranged adduct either instead of or in 
addition to rearranged product.

2. Additions to Diphenylpropene. Solvent Effects 
in Opening of Three-Membered-Ring Iodonium Ions. — 
W e next turned our attention to 3,3-diphenylpropene
(10) in which there is less crowding of phenyl groups 
than in 1.

Several routes leading to 3,3-diphenylpropene (10) 
were investigated including the reported method of 
Walling, et aU All led to a mixture of 1,1- and
3,3-diphenylpropene. The most satisfactory method 
proved to be a Wittig reaction on diphenylacetaldehyde 
followed by separation of the olefin isomers on A g N 0 3-  
alumina. Addition of BrN3, to 10 under ionic condi
tions proceeded with phenyl migration to produce in 
over 80%  yield bromoazide 11, the structure of which 
was assigned on the basis of its mass spectrum (base 
peak at m/e 104 for P h C H = N + ) and its low reactivity 
toward most base 3 or toward zinc (in analogy to 5  

and 7).

H
CH,NO.

Ph2C C H = C H 2 +  BrN3-----------►
10

H Ph
I I

PhCCHCH2Br
I

N3
11

(7) C. Walling and L. Bollyky, ibid., 28, 256 (1963).
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The formation of rearranged product 11 in good yield 
is indicative of the high propensity for phenyl migration 
even in the diphenyl system. Since in the monophenyl 
case (allylbenzene) no rearrangement was observed on 
IN 3 addition,8 the presence of a phenyl substituent to 
stabilize the carbonium ion resulting from phenyl mi
gration (c/. 4) appears essential.

Interestingly, addition of IN 3 to 10 in acetonitrile 
gave rise to two iodo azide products that were separable 
by thick layer chromatography. The minor adduct 
was the expected phenyl rearrangement product 12 as 
indicated by the base peak in its mass spectrum at m/e 
104 (P h C H = N + ). The major product was found to 
be the nonrearranged adduct 13. By analogy with 9,

Ph
CHiCN

10 +  IN 3 ---------->• PhCHCHCHJ +  Ph2CHCHCH2N3
I I

N3 I
12 13

| DABCO

Ph2C = C H C H 2N3
14

the base peak in the mass spectrum of 13 was at m/e 
167 (Ph2CH+). The regiochemistry of 13 was proven 
by elimination of HI at 0° by means of 1,5-diazabicycIo-
[4.3.0]-5-nonene or of 1,4-diazabicyclo [2.2.2 joctane, 
which furnished the allyl azide 14. The structure of 
14 was obvious from its ir (strong azide absorption at 
2112 cm-1), nmr (triplet at r 3.81 and doublet at r 
6.16), and uv spectrum [Amax 253 nm (« 14,500) ].

Opening of the intermediate iodonium ion 15 at the 
terminal carbon to form 13 has evidently proceeded in a 
sterically controlled regiospecific manner as was re
ported for the IN 3 addition to fer£-butylethylene.8b

Ph2CHCH— CH 2
\ V

I
15

Since IN 3 additions are generally ionic, the formation 
of both rearranged and nonrearranged adducts (12 and 
13) was somewhat surprising. In order to determine 
whether adduct 13 was the result of a free-radical addi
tion, we attempted to carry out the IN 3 addition in 
ether. This was possible by generation of IN 3 from 
silver azide {caution!) and IC1 in ether. Although the 
reaction was slow in ether and ca. 20%  of unreacted 
olefin 10 was recovered, we were able to obtain adducts 
12 and 13 in 33%  yield each. These results were not 
compatible with a free-radical pathway leading to 13. 
We interpret the unusual solvent effect in the IN 3 addi
tion to 10 in the following manner. In ether, a solvent 
of low polarity, the iodonium ion exists as a complex or a 
tight ion pair of type 16a or 16b which can undergo

Ph2CHCH— CH2
\  /

1 +
I

n 3-

or PhjCHCH— CH2
\  /  

i +n 3-
16b

16a

^ ether 

12 +  13 * 89

— >  15 +  N3-

^ acetonitrile 

mainly 13

(8) (a) F. W. Fowler, A. Hassner, and L. A. Levy, J. Amer. Chem. Soc.,
8 9 , 2077 (1967); (b) A. Hassner and F. W. Fowler, J. Org. Chem., 3 2 , 2686 
(1968).

opening of the three-membered ring by phenyl migra
tion to produce 12 or by attack of azide ion to form 13. 
In a solvent of higher polarity, such as acetonitrile, 
dissociation of 16 into N 3-  and 15 takes place more 
readily and opening of 15 by azide ions competes more 
effectively with phenyl migration. To lend further 
support for this view, the IN 3 addition to 10 in ether 
was carried out in the presence of an excess of tétra
méthylammonium azide. As expected, the ratio of 
13:12 increased considerably as shown in Table II.

T a b l e  II
So l v e n t  E ffects  on  P h e n y l  M ig r a t io n  

in  th e  A dd itio n  o f  IN3 to  10 
Solvent Ratio of 13/12

Acetonitrile 6
Ether + 1
Ether +  Me4NN3-  24

Somewhat similar results were obtained on INCO  
addition to 3,3-diphenylpropene (10) in ether. The 
resulting isocyanate was not isolated but converted 
with methanol to a crude carbamate. The latter was 
difficult to purify and was isolated in variable yield 
suggesting that it may consist of a mixture of isomers. 
However, only one pure carbamate product (17) could 
be isolated in 30 -4 0 %  yield. Its structure was assigned 
on the basis of its mass spectrum (base peak at m/e 
164, P h C H = N + H C 0 2Me) and zinc reduction to 
methyl A-(1,2-diphenvl-l-propyl) carbamate (18). The

Ph Ph
ether MeOH I Zn

10 +  INCO — >  --------PhCHCHCHJ — >- PhCHCHCIE
1 I

H N C 02Me HNCOAIe
17 18

structure of 18 was evident from its nmr and mass spec
trum. The latter had the same characteristic base 
peak as 17. The nmr spectrum indicated the presence 
of a C-methyl group as a doublet at t  8.84 confirming 
the position of the iodo function in 17.

In the BrN3 addition to 10 in CH3N 0 2, the three- 
membered-ring bromonium ion is more easily equili
brated to a secondary carbonium ion than its analogous 
iodonium ion 15 ;9 hence, phenyl migration is more facile 
and only the rearranged product is observed.

The lack of formation of a 1,2 adduct of type 13 in the 
IN 3 addition to triphenylpropene 1 in acetonitrile is 
probably due to the higher propensity for phenyl migra
tion in the trityl than in the diphenyl methyl system. 
When IN 3 was added to 1 in ether, 5 was obtained in 
55%  yield together with unreacted olefin and other 
products. Separation by chromatography led to the 
isolation of the iodohydrin 19 in 20%  yield. This com-

Ph
ether

1 +  INj — >  5 +  Ph2CCHCH2I
I

OH
19

pound was unstable and was converted upon standing 
in CCli into 2,3-diphenylindene. The formation of the

(9) A. Hassner, F. Boerwinkle, and A. B. Levy, J. Amer. Chem. Soc., 92,
4879 (1970).



iodohydrin is probably due to the presence of water 
from incompletely dried AgN3.

Experimental Section10

Ionic Addition of Bromine Azide to 3,3,3-Triphenylpropene (1). 
—Following the general procedure for BrN3 additions in nitro- 
methane,9 0.54 g (2 mmol) of triphenylpropene 1 was converted to 
0.95 g of crude adduct. The product was placed in a quartz 
tube on 10 g of Woelm neutral alumina impregnated with 1%  
zinc silicate-manganese luminescent indicator. The column was 
eluted with CCU (19 ml) until all the organic material was re
moved from the column, as judged by observation with a short
wave uv lamp. Removal of the solvent left 0.89 g (100%) of a 
partially solid product. Recrystallization from hexane gave two 
crops of crystals: 360 mg, mp 84-87°, and 179 mg, mp 84-92°. 
Another recrystallization of the first crop gave an analytical 
sample (prisms) of 7: mp 86- 88°; ir 2112 (N3) and 633 cm “ 1 
(CBr); nmr r 2.5-3.1 (m, 13), 3.1-3.4 (m, 2), 5.8 (dd, 1, J  =
2.2 and 11.2 Hz), 6.0 (dd, 1, J  =  2.2 and 10.3 Hz), 6.42 (dd, 1,
J  = 11.2 and 10.3 Hz); mass spectrum m / e  (rel intensity) 51
(10), 77 (43, Ph+), 104 (20), 180 (100, Ph2C N +), 181 (16). A 
high resolution mass spectrum of 7 indicated that the ions at m/e 
180 correspond to the elemental composition, C i3H i0N.

A n a l .  Calcd for C2iHl8BrN3: C, 64.29; H, 4.63; N, 10.71. 
Found: C, 64.67; H, 4.74; N, 10.54.

Recrystallization of the second crop from hexane gave a mix
ture of 7 as pale yellow prisms, mp 84-87°, and of 3 as a white 
powdery solid, mp 120-125° (lit.2 125-127°). Using micro 
techniques, 3 mg of crystals of 3 were separated and analyzed: 
ir 631 cm “ 1 (CBr); uv (95% EtOH) Xm„  229 nm (e 30,000), 276 
(16,600).

A n a l .  Calcd for C2iHnBr: C, 72.21; H, 4.91. Found: C, 
72.77; H, 5.17.

Examination of the nmr spectra of the crude product showed, 
besides the peaks for the bromoazide 7, a singlet at r 5.71 (lit.2 
t 5.59). An approximate integration of the peaks showed the 
original azide product to consist of 83% 3-azido-2,3,3-triphenyl- 
propyl bromide (7), 7%  2,3,3-triphenylallyl bromide (3), and 
11%3,3,3-triphenylpropene (1).

Treatment of bromoazide 7 with potassium ierl-butoxide in 
DMSO by the described procedure3 afforded triphenylacrolein 
(8) in 55%  yield.

Free-Radical Additions of Bromine Azide to 3,3,3-Triphenyl
propene (1).— Following the described procedure,4 9 197 mg of 1 
was stirred with a solution of BrN3 in pentane (from 3.0 g of 
bromine) under N2 for 27 hr in the presence of light and benzoyl 
peroxide. Work-up gave 248 mg of a solid consisting of 54%
1 and 30%  9. Separation by preparative thick layer chroma
tography on silica gave pure adduct 9: mp 96-100°; ir 2121 
cm-1 (N3); mass spectrum m/e (rel intensity) 51 (10), 77 (14), 
115 (8 ), 165 (33), 178 (11), 180 (13), 243 [100, (Ph3)C+], 244 
(19), 282 [3, M -+ -  (N2 +  H +  IIB r)], 284 [9, M • + -  (N2 +  
B r)], 363 (2, M - + -  N2).

A n a l .  Calcd for C2iHi8BrN3: C, 64.29; H, 4.63. Found: 
C, 64.39; H ,4.59.

Addition of Bromine to 3,3,3-Triphenylpropene (1).— Follow
ing the described procedure2, 0.33 g (2.1 mmol) of bromine was 
added to 0.541 g (2 mmol) of 1 in CC1< to give after 48 hr a mix
ture of 2 and 3 in a ratio of 45:55 as determined by nmr integra
tion.

When the same reaction was carried out in the dark in the 
presence of O. (bubbling 0 2 into the CC1< for 5 min), the product 
contained 73% 3 and 11% 2. In the presence of 0 2 and a trace 
of di-ieri-butvlphenol, 0.886 g of product, mp 115-128°, was 
obtained which contained 88%  3 as indicated by the integration 
of the singlet at t 5.72 vs. the aromatic multiple!. One crystal
lization from hexane-CCU furnished pure allyl bromide 3: mp

Additions with Opportunity for Phenyl Migration

(10) All solvents used were distilled. Melting points were determined 
on a Fisher block and are uncorrected. Infrared spectra were obtained 
using ca. 3% w /v solution in CC1< with a 0.5-mm KBr solution cell unless 
otherwise noted on a Perkin-Elmer 457 instrument. Nmr spectia were 
obtained on a Varian A-60 or A-60A spectrometer with TMS as an internal 
standard, using approximately a 20% w /v  solution in CDCli. Uv spectra 
were recorded on a Cary 14 spectrometer. Mass spectra were obtained at
70 eV on a Varian MAT CH5 mass spectrograph. Elemental analyses were 
performed by Galbraith Laboratories, Knoxville, Tenn. Thin layer chro
matographs were carried out on silica gel PF:m precoated plates or silica gel 
PF254 2-mm coated plates for preparative layers.

124-125° (lit.2 125-127°); mass spectrum m /e (rel intensity) 180 
(100, Ph2C = N +).

3,3-Diphenylpropene ( 10).— Following the procedure of Corey, 
et a l.," ‘  for preparation of 1,1-diphenylpropene, a solution of 
dimethyl sulfinyl anion in DMSO, prepared from 2.16 g (0.09 
mol), of NaH and 55 ml of DMSO under N2, was treated with
32.1 g (0.09 mol) of freshly prepared triphenylmethylphospho- 
nium bromidellb in 90 ml of DMSO. After stirring for 25 min, a 
solution of 19.6 g (0.1 mol) of diphenylacetaldehyde in 30 ml of 
DMSO was added in one portion. This was stirred for 29 hr at 
60°. The product was poured into 265 g of ice water and ex
tracted with five 100-ml portions of Skellysolve B. The com
bined extracts were washed once with water, dried (Na-,SO,), 
and evaporated to give 14.5 g (83% ) of an oil. The nmr integra
tion indicated a mixture of 65% 3,3-diphenylpropene, 10% 1,1- 
diphenylpropene, and 25% diphenylacetaldehyde. Other at
tempts using different proportions of NaH and Ph3P+CH3Br_ 
gave similar results. This mixture was taken up in 75 ml of 
ether and shaken with a solution of 25 g of NaHS03 in 75 ml of 
water for 5 min. After washing with three 75-ml portions of 
water, the product was dried (MgSO() and evaporated to give
11.9 g (68% ) of an oil which was composed of 84%  3,3-diphenyl
propene and 16% 1,1-diphenylpropene.

The mixture of isomers obtained above (11.9 g) was chromato
graphed on 400 g of 10% AgN 03 on alumina. On elution with 
1000 ml of hexane and solvent evaporation, 0.3 g of 1,1-diphenyl
propene was obtained, mp 42-50° (lit.70 11“ 48.5°), as indicated by 
an nmr doublet at r 8.37. Elution with 300 ml of cyclohexane 
gave 1.4 g more of this isomer, mp 42-48°. Removal of 3,3- 
diphenylpropene from the column required 700 ml of benzene 
which gave, after rotary evaporation, 7.3 g of 3,3-diphenyl
propene of ca. 95% isomeric purity. Further purification was 
easily accomplished by freezing the oil in a Dry Ice-acetone bath 
and adding 3 vol of pentane. The mixture was swirled in an 
ice bath until nearly dissolved and then placed in the freezer. 
Fractional crystallization over a period of 3-5 days gave pure
3,3-diphenylpropene, recovered by filtration through an ice- 
cooled Buchner funnel. This method of crystallization was 
applicable only to mixtures of over 90%  isomeric purity. The 
product melted at 14.5-16° on a precooled stage and showed nmr 
and ir spectra matching those reported for 10.7’ 12

Ionic Addition of Bromine Azide to 10.— The addition was 
carried out following the general procedure.8 From 0.391 g (2.0 
mmol) of 3,3-diphenylpropene (10) there was obtained 0.624 g 
(98%) of pale reddish oil, homogeneous by tic. Both crude and 
chromatographed samples gave correct analysis. The adduct 
was inert to zinc-acetic acid, tertiary amines, and potassium tert- 
butoxide in ether suggesting the rearranged structure 11: ir
2100 cm" 1 (N3); nmr (CCh) r 2.8-3.2 (m, 10), 4.3-5.3 (m, 1),
6 .1-7.0 (m, 3); mass spectrum m/e (rel intensity) 77 (15), 89 
(16), 91 (66), 103 (15), 104 (100%, PhC H =N + and Ph+CHCH2- ), 
115 (29), 165 (14), 169 (40), 171 (39), 178 (22), 179 (20), 180
(14), 183 (14), 185 (14), 273 (51, M  -  HN3), 275 (50).

Anal. Calcd for C,5H14BiN3: C, 56.98; H, 4.46. Found:
C, 57.14; H, 4.44.

Iodine Azide Addition to 3,3-Diphenylpropene (10) in Aceto
nitrile.— The addition8 was carried out using 0.58 g (3 mmol) of 
10. The reaction mixtures were stirred for 19 hr and quenched 
to give on work-up 1.01 g (93%) of an oil which by nmr was 
shown to be 94% of adduct 13 and 6%  of olefin 10. Tic using 
2 .5%  ethyl acetate in hexane gave optimum separation into four 
fractions: Ri 0.18, 0.23, 0.34, and 0.50 (the last one was identi
cal with diphenylpropene). A part of the product, 0.75 g, was 
subjected in three portions to preparative thick layer chroma
tography. Extraction with CH2C12 and rotary evaporation gave 
three fractions (total of 0.57 g), each showing strong azide ab
sorption (ca. 2100 cm “ 1) in the ir. The last fraction (3% ) also 
had a strong peak at 1660 cm -1 suggesting a vinyl azide struc
ture. The first fraction consisted of 80 mg (14% ) of 3-azido-2,3- 
diphenyl-1-propyl iodide (12) as an oil: mass spectrum m/e
(rel intensity) 51 (13), 77 (57, Ph+), 78 (16), 91 (19), 103 (17), 
104 (100, P hCH =N +), 105 (23), 165 (0), 167 (13).

Anal. Calcd for C 15H ,JN 3: C, 49.60; H, 3.89; I, 34.94. 
Found: C, 49.25; H ,3.93; 1,34.41.

The second fraction (0.47 g, 83% ) consisted of l-azido-3,3-

J. Org. Chem., Vol. 36, No. 15, 1971 2179

(11) (a) R. Greenwald. M. Claykowsky, and E. J. Corey. J. Amer. Chem. 
Soc.. 7 8 , 1128 (1963); (b) G. Wittig and U. Schoellkopf, Org. Syn., 4 0 , 66 
(1960).

(12) C. L. Bumgardner, J. Amer. Chem. Soc., 8 3 , 4423 (1961).
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diphenyl-2-propyl iodide (13) which slowly solidified in the 
freezer, mp 47-60°. Chromatography of a small amount on 15 
g of Woelm neutral alumina gave, on elution with benzene, a 
pure solid in the first fractions: 0.10 g; mp 56-58°; mass spec
trum m/e (rel intensity) 51 (26), 77 (74), 78 (23), 91 (60), 103 

'(38 ), 104 (57), 105 (33), 115 (33), 117 (20), 130 (18), 152 (21), 
165 (60), 166 (21), 167 (100, Ph2CH +), 178 (31), 179 (40), 180 
(60), 181 (30), 193 (31), 208 (30).

Anal. Calcd for C isH]4IN 3: C, 49.60; H, 3.88. Found: 
C ,49.86; H ,3.88.

3-Azido-l,l-diphenylpropene (14).— Elimination of HI from 
0.18 g of 13 following the procedure of Hassner and Fowler8 
using 0.13 g of l,5-diazobicyclo[4.3.0]-5-nonene (DBN) in 
acetone for 18 hr gave 0.127 g (100%) of 14 (82% pure by nmr 
integration). This was subjected to preparative thick layer 
chromatography using 2.5%  ethyl acetate in hexane as an eluent 
to give 0.049 mg (42% ) of the pure allylic azide 14 which solidi
fied to give an analytical sample, mp 30-31°. Use of [2.2.2]- 
diazabicyclooctane in the same procedure gave a 53% yield of 14: 
ir 2112 (N3) and 1599 cm ' 1 (C = C ); nmr r 2.4-2.9 (m, 10), 3.81 
(t, 1, J  = 7.5 Hz), 6.16 (d, 2, J  =  7.5 Hz); uv (95% EtOH) Xmox 
230 nm (e 14,500), 253 (14,500).

Anal. Calcd for C,3H13N3: C, 76.57; H, 5.57; N, 17.86. 
Found: C, 76.34; H, 5.42; N , 17.65.

General Procedure for Iodine Azide Addition in Ether.— A 
predried 50-ml three-necked flask fitted with a mechanical stirrer 
and gas outlet was connected directly to an apparatus for dis
tilling ether from LiAlH,. The flask and distillation apparatus 
were flushed with a stream of dry nitrogen and ca. 10 ml of ether 
was distilled into the flask. Silver azide was freshly prepared by 
mixing 0.68 g (4.04 mmol) of AgN 03 in 20 ml of distilled water and 
0.260 g (4.00 mmol) of NaN3 in 4 ml of distilled water in an ice 
bath. The azide was filtered through a coarse sintered glass 
funnel fitted with a piece of glass fiber filter paper and was quickly 
washed with three 10-ml portions of distilled water and five 10-ml 
portions of anhydrous ether. The cake of AgN3 was transferred 
immediately into the reaction flask using a Nalgene powder 
funnel. (Caution! Dry silver azide is extremely shock sensitive.) 
The flask was covered with a serum stopper and connected with a 
reflux condenser-drying tube. The mixture was cooled to —80° 
in a Dry Ice-acetone bath and stirred during the rapid addition of 
0.488 g (3 mmol) of IC1. The flask was covered with foil and 
an ice bath was substituted for cooling. The solution was stirred 
an additional 10-15 min, 2 mmol of the olefin was added, and the 
ice bath was removed. After being stirred for 15-24 hr more, the 
reaction mixture was forced through Celite 545 into a saturated 
NaHS03 solution. The same work-up was used as described for 
IN 3 additions in acetonitrile.8 Deviations are noted for specific 
compounds.

Addition of IN3 to 3,3-Diphenylpropene (10) in Ether.— Using 
the general procedure, 0.433 g (2.03 mmol) of 3,3-diphenyl- 
propene ( 10) was converted into 0.624 g (88% ) of adduct. Nmr 
spectra showed that ca. 20%  of the starting olefin was left un
reacted. Elution of 0.48 g of the product in two portions gave 
0.42 g of recovered product consisting of five fractions. The 
first fraction 72 mg (17%) was identified as 3,3-diphenylpropene
(10) by ir. Recovery of the next two fractions gave 133 mg of 12 
(32%) and 137 mg of 13 (33% ). Ir and mass spectra for these 
compounds were identical with those given above. The fourth 
fraction, 12 mg (3% ), appeared to be a vinyl azide (ir 2100 and 
1660 cm -1) and the fifth, 69 mg (15%), gave only a weak azide 
peak in the ir. Further indentification of these compounds was 
not attempted.

Addition of IN3 to 3,3,3-Triphenylpropene (1) in Ether.—
From 0.54 g (2.00 mmol) of 3,3,3-triphenylpropene (1) was ob

tained 0.859 g (98%) of an oil. Elution of two 0.24-g portions 
of the product on preparative layer chromatograms using 5%  
ethyl acetate in hexane gave five fractions (0.37-g total). Un
reacted 1 (24 mg, 7%  of recovered material) was found to be in 
the first fraction. The ir of the second (60 mg, 16%) and fourth 
(8 mg, 2% ) fractions failed to show azide absorptions and further 
identification was not attempted. The third fraction (205 mg, 
55%) proved to be 3-azido-2,3,3-triphenyl-l-propyl iodide (5) by 
comparison of ir and nmr spectra.

The fifth fraction gave 71 mg (20%) of a brown-white solid: 
mp 120-125° dec; nmr (CCU) r 2.4-3.2 (m, 15), 5.83 (2 d, 1), 
6.43 (m, 2), 7.5 (s, 1). Cooling of the nmr sample in CC1, 
after c a .  2 hr at 25° gave 19 as a white crystalline solid, mp 99- 
101°dec.

A n a l .  Calcd for C2,Hi9IO: C, 60.88; H, 4.62. Found: C, 
60.62; H, 4.54.

When a solution of 19 in CC14 was allowed to stand for 24 hr, 
evaporation yielded crude 2,3-diphenylindene, mp 100-105° 
(lit. 110-112°), identified by ir and nmr comparison with an 
authentic sample.2'3

Methyl Ar-(3-Iodo-l,2-diphenyl-l-propyl)carbamate (17).—
Addition of iodine isocyanate13 to diphenylpropene 10 and treat
ment with methanol gave the crude 1,3-iodo carbamate 17 in 
variable yields (55-80%). Recrystallization from methanol 
gave an analytical sample: mp 167-169°; white needles; ir 
3450 (NH), 1710 cm '1 (C = 0 ); nmr r 2.7-3.2 (m, 10), 4.7-5.2 
(m, 2), 6.43 (s, 3), 6.5-7.0 (m, 2); mass spectrum m/e (rel in
tensity) 42 (19), 43 (12), 57 (13), 77 (14), 78 (10), 104 (33), 121
(11) , 132 (10), 149 (13), 164 (100, PhCH=N+HC02CH3), 165
( 12)  .

A n a l .  Calcd for CnHi8IN 02: C, 51.62; H, 4.59; N, 3.54. 
Found: C, 51.29; H, 4.41; N, 3.54. I

Methyl Ar-(l,2-Diphenyl-l-propyl)carbamate (18).— Reduction 
of 17 (0.190 g, 0.48 mmol) in 0.75 ml of acetic acid was carried 
out with 0.1 g of freshly activated zinc14 at 70°. After stirring 
magnetically for 2 hr at 70°, the mixture was filtered, neutralized 
with solid Na2C 03, and extracted with ether. Evaporation gave a 
white powdery solid, mp 120-133°, yield 0.139 g (100%). Re- 
crystallization from methanol gave 49 mg (38%) of an analytical 
sample: mp 142-143°; nmr t 2.75 (s, 10), 4.9-5.4 (m, 1), 6.50 
(s, 3), 6.99 (p, 1), 8.84 (d, 3); mass spectrum m/e (rel intensity) 
42 (35), 59 (10), 77 (12), 104 (10), 105 (12), 121 (16), 164 (100, 
P hCH =N +HC02CH3).

A n a l .  Calcd for Ci7Hi9N 0 2: C, 75.81; H, 7.11. Found: 
C, 75.99; H ,6.98.

Registry N o .— 1, 3282-07-3; 3, 16536-01-9; 7,
29182-53-4; 9, 29182-54-5; 10, 3542-14-1; 11, 29182-
56-7; 12, 29182-57-8; 13, 29182-58-9; 14, 29182-59-0; 
17, 29182-60-3; 18, 29182-61-4; 19, 29182-62-5;
bromine azide, 13973-87-0; iodine azide, 14696-82-3.
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Poly-/3-keto acids are postulated as intermediates in 
the biosynthesis of many phenolic natural products.2 
Certain of these aromatic compounds lack one or more 
of the hydroxyl groups that would be expected to result 
from cyclization of simple poly-0-keto acids. Birch 
has suggested that reduction of one or more keto groups 
occurs prior to cyclization. Support for this proposal 
has been obtained recently by Lynen and coworkers 
from studies of the biosynthesis of 6-methylsalicylic 
acid by a purified enzyme complex of Penicillium pa- 
tulum .3 These results suggest that reduction and de
hydration of enzyme-bound 3,5-dioxohexanoic acid 
occur to give 5-oxohexenoate, condensation of which 
with malonyl coenzyme A  to give 3,7-dioxo-4- (or 5-) 
octenoic acid followed by cyclization affords 6-methyl
salicylic acid. The double bond must have the cis 
configuration in order for cyclization to occur.

The possible biological role of 5-oxohexenoic acid 
(la  or 2a) prompted us to undertake a synthesis of it 
which could be adapted readily to isotopic incorpora
tion; the paucity of information available on the syn
thesis and properties of simple 5-oxoalkenoic acids pro
vided a further stimulus for this investigation.4-9

CH,COCH2CH =CH COOH  CH3CO CH =CH C H 2COOH
la (cis) 2a (cis)
b (trans) b (trans)

The present synthesis (Scheme I) aimed toward the 
synthesis of cfs-5-oxo-2-hexenoic acid (la) was designed 
to permit efficient introduction of the 14C label at the 1 
position. Commercially available 4-pentyn-2-ol was 
converted to its dilithium salt by reaction with n-butyl- 
lithium. Treatment of this salt with a large excess of 
Dry Ice gave a 4 1 %  yield of 5-hydroxy-2-hexynoic acid 
(3) after chromatography. The reaction is a variation 
of one by Haynes and Jones which employed carbon

(1) (a) This investigation was supported by the General Medical Sciences 
Institute of the National Institutes of Health, U. S. Public Health Service, 
Grant No. GM-12848, and by the Alfred P. Sloan Foundation, (b) Re
search Career Development Awardee, K3-GM-27013, of the National In
stitutes of Health, U. S. Public Health Service.

(2) A. J. Birch and F. W. Donovan, Aust. J. Chem., 6, 360 (1953); A. J. 
Birch, Proc. Chem. Soc., 3 (1962).

(3) P. Dimroth, H. Walter, and F. Lynen, Eur. J. Biochem., 13, 98 (1970).
(4) N. K. Kochetkov, L. J. Kudryashov, and B. P. Gottich, Tetrahedron, 

12, 63 (1961); see also N. K. Kochetkov and L. I. Kudrajshov, J. Gen. Chem. 
USSR, 28, 3020 (1958).

(5) G. A. Russell and L. A. Ochrymowycz, J. Org. Chem., 34, 3624 (1969).
(6) D. M. Barroso, J. Pascual, and J. Sistare, An. Real. Soc. Espan. Fis. 

Quim., Ser. B, 53, 659 (1957); Chem. Abstr., 54, 3400 (1960).
(7) H. E. Smith and R. H. Eastman, J. Amer. Chem. Soc., 79, 5500 (1957).
(8) G. Lohaus, W. Friedrich, and J. P. Jeschke, Chem. Ber., 100, 658 

(1967).
(9) R. Srinivasan and K. L. Rinehart, J. Org. Chem., 33, 351 (1968).

OH OLi

13CI
71-C4H9LÌ I 1. C02

CH3CHCH2C = C H --------------->- CH3CHCH2C = C L i--------->-

OH

CH3CHCH2C=CCOOH

3

2. H

H.

Lindlar catalyst

OH
CrOs, HiSO<,

CH3CHCH2CH=CHCOOH ----------------[la]
acetone, 0°

l b  +  2b

cis-4

dioxide under pressure for carboxylation of the magne
sium salt of 4-pentyn-2-ol.10

Acetylenic acid 3 was selectively reduced to cis 
olefinic acid 4 by hydrogenation with Lindlar catalyst. 
Cyclization of 4 to give 5,6-dihydro-6-methyl-2-py- 
rone10'11 occurs readily; consequently purification of 4 
was not attempted and oxidation of the hydroxyl group 
was carried out immediately.

The oxidation was performed with Jones reagent in 
acetone at 0°. Work-up of the reaction followed by 
chromatography gave 5-oxohexenoic acid as a pale 
yellow oil in 16%  yield based on 3. The structure of the 
keto acid was supported by the mass spectrometric 
molecular weight determination and by elemental 
analyses.

The nmr spectrum of freshly prepared material indi
cated that the intended product la  had undergone isom
erization to give a mixture of the trans isomers lb  and 
2b, with lb  predominating. Neither the cis isomers la  
and 2a nor any enol structures could be detected. Evi
dence for the enolization-ketonization process was ob
tained by equilibration of a chloroform solution of the 
keto acid mixture with deuterium oxide; exchange of the 
C-2 and C-4 protons of both lb  and 2b occurred with a 
half-life of approximately 5 hr.

The uv spectrum of the mixture of keto acids in eth
anol consisted of an intense band at 214 nm (« 10,500) 
and a weaker broad band centered at 290 nm (e 905). 
The short wavelength maximum presumably is an unre
solved composite of lb  and 2b. The maximum of the 
former would be expected near 205 nm and that of the 
latter would be near 220 nm.12 The long wavelength 
band is too intense to arise solely from n —*■ it* excitation 
of the carbonyl groups and is possibly the contribution 
of a small quantity of one or more of the enolized forms 
of lb  and 2b.

Treatment of the mixture of keto acids with 2,4- 
dinitrophenylhydrazine gave a single hydrazone. The 
ir and uv spectra indicated that it was the trans A3 
isomer.14

No further attempts were made to prepare and isolate

(10) L. J. Haynes and E. R. H. Jones, Nature, 155, 730 (1945); L. J. 
Haynes and E. R. H. Jones, J. Chem. Soc., 503 (1946).

(11) See U. Eisner, J. A. Elvidge, and R. P. Linstead, ibid., 1372 (1953).
(12) Compare with crotonic acid [204 nm (« 11,500)*] and irans-3-penten- 

2-one [220 nm («13,300) and 310 («41)**].
(13) R. Heilmann, G. de Gaudemaris, and P. Arnaud, Bull. Soc. Chim. 

Fr., 24 (5), 119 (1957).
(14) See H. O. House and R. S. Ro, J. Amer. Chem. Soc., 80, 2428 (1958).
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a single cis isomer of 5-oxohexenoic acid. In view of the 
facile tautomerism of these acids, it appears that under 
the conditions of most metabolic experiments a mixture 
of isomers would rapidly be formed.

The synthesis of l - 14C-labeled 5-oxohexenoic acids 
lb  and 2b was carried out using a stoichiometric amount 
(i.e., equal to the amount of butyllithium) of carbon 
dioxide generated from 14C-labeled barium carbonate. 
The yield of 3 was comparable with that obtained pre
viously with a large excess of carbon dioxide. The re
duction of 3 and subsequent oxidation were carried out 
in a manner identical with the previous synthesis of 
unlabeled material.

Experimental Section15 16

Preparation of 5-Hydroxy-2-hexynoic Acid (3).— A hexane 
solution of n-butyllithium (45 ml containing 0.11 mol) was added 
cautiously to a stirred solution of 3.36 g (0.040 mol) of 4-pentyn-
2-ol (K & K  Laboratories) in 100 ml of anhydrous ether at 0° 
under nitrogen. The white suspension was stirred for 3 hr at 
room temperature and then poured over crushed Dry Ice. The 
product was isolated by addition of 10 ml of cold 6 M  hydro
chloric acid and thorough extraction into ether. The ethereal 
solution was dried (MgSO,) and evaporated to leave 3.6 g of oil 
which was chromatographed on 15 g of silica gel. Elution was 
carried out with ether-hexane (1:4) and ether. The latter frac
tion contained 2.12 g (41%) of 3: mp 52-54° (lit.10 mp 58°); 
nmr (CDCb) 1.31 (3, d, J =  6.5 Hz, CHS), 2.56 (2, d, J  =  5.5 
Hz, CHj), 4.13 (1, t X  q, J =  6.5 and 5.5 Hz, respectively, 
CH ), and 7.6 (2, broad singlet, OH and CO2H ); ir (molten) 
3400 (broad), 2240, 1700 cm-1. No impurities were detectable 
by nmr or tic; the material was used without further purifica
tion.

Preparation of os-5-Hydroxy-2-hexenoic Acid (4).— Lindlar 
catalyst16 (250 mg) was suspended in 40 ml of freshly distilled 
tetrahydrofuran in a 250-ml flask attached to a Brown hydro- 
genator arranged for external hydrogenation.17 After the system 
had been flushed with hydrogen, 0.578 g (4.5 mmol) of 3 in 2 
ml of tetrahydrofuran was introduced by a syringe. Reduction 
was stopped after rapid hydrogen uptake ceased (ca. 20 min). 
The catalyst was filtered off and the solvent was removed in 
v a c u o  to give reasonably pure 4 as a pale yellow oil in essentially 
quantitative yield: nmr (CDC13) 1.25 (3, d, J = 6 Hz, CH3),
2.83 (2, t X  d, J — 7 and 2 Hz, respectively, CH2), 3.92 (1, m, 
5 CH ), 5.93 (1, d X d, /  =  12 and 2 Hz, 2 CH ), 6.45 (1, d X  t, 
J — 12 and 7 Hz, respectively, 3 CH), and 7.86 (2, broad s, 
OH and COOH); ir (neat) 3300 (broad), 2550, 1690, 1645, 1420, 
1375 cm-1.

Preparation of 5-Oxohexenoic Acids lb and 2b.— Hydroxy 
acid 4 obtained in the above reaction was dissolved immediately 
in 5 ml of reagent grade acetone and cooled to 0°; 1.2 ml of 
Jones reagent18 was added dropwise. After the addition was 
complete, the reaction was stirred for 10 min and poured into 
ice water. The solution was extracted continuously with ether. 
The ether extract was dried (MgSCh) and evaporated to leave 
0.476 g of crude keto acids. The material was chromatographed 
on 15 g of silica gel which had been treated with 0.3 ml of 0.5 N  
sulfuric acid. The column was eluted with chloroform, chloro
form-ether mixtures, and then ether. The fraction eluted with 
ether gave 0.091 g (16% based on 3) of a pale yellow oil which 
was a mixture of lb and 2b. An analytical sample was pre
pared by rechromatography: nmr (CDC13) (for lb) 2.23 (3, s, 
CHj), 3.42 (2, d X d, J  =  7 and 1.5 Hz, CH2), 5.90 (1, d X t, 
J =  15 and 1.5 Hz, respectively, 2 CH), 6.93 (1, d X  t, J =  15 
and 7 Hz, respectively, 3 CH), and 12.7 (1, broad s, OH); nmr 
(for 2b) 2.32 (3, s, CH,), 3.33 (s, d X  d, J = 7 and 1.5 Hz,

(15) Ir and uv spectra were obtained with Beckman IR-10 and DB spec
trometers, respectively. Uv spectra were determined with solutions in 
95% ethanol. Nmr spectra were determined with a Varían A-60 spectrom
eter employing tetramethylsilane as the internal standard. Elemental 
analyses were performed by Galbraith Laboratories, Inc., Knoxville, Tenn.

(16) H. Lindlar, Helv. Chim. A cta , 35, 446 (1952).
(17) R. L. Augustine, “ Catalytic Hydrogenation, Techniques and Ap

plications in Organic Syntheses,” Marcel Decker, New York, N. Y., 1965, 
pp 15-20.

(18) A. Bowers, T. G. Halsall, E. R. H. Jones, and A. J. Lemin, J. Chem.
S o c ., 2555 (1953).

CH2), 6.18 (1, d X  t, /  =  16.5 and 1.5 Hz, respectively, 4 CH ),
6.93 (1, d X  t, J  = 16.5 and 7 Hz, respectively, 3 CH), 12.7 (1, 
broad s, OH); ir (neat) 2650, 1710, 1680, 1640, 1420, 1360, 1270, 
1160, and 980 cm-1; uv 290 nm (broad, e 905) and 214 (c 10,500); 
mass spectrum19 m/e 58 (17), 68 (100), 71 (52), 81 (17), 84 (42), 
85 (23), 95 (10), 110 (25), 113 (48), and 128 (7).

Anal. Calcd for C«H80 3: C, 56.25; H, 6.29. Found: C, 
55.97; H, 6.49.

After a similar preparation of 5-oxohexenoic acid, the crude 
product, prior to chromatography, was converted to the 2,4- 
dinitrophenylhydrazone derivative, mp 157-160°. Chromatog
raphy on silica gel with elution by ethyl acetate gave orange 
needles of the derivative of 2b: mp 177.5-178°; nmr (acetone- 
d6 and DMSO-d$) 2.23 (3, s, CH3), 3.28 (2, m, CH2), 4.75 (2, 
broad 2, OH and N H ), 6.45 (2, m, C H = C H ), 7.95 (1, d, J =  
9 Hz, aromatic 6 H), 8.41 (1, d X  d, J  =  9 Hz, aromatic 5 H ),
8.95 (1, d, /  =  2 Hz, aromatic 3 H ); ir (KBr) 1710, 1620, and 
1595 cm-1; uv 372 nm («22.600).14

Anal. Calcd for C12H12N40 6: C, 46.76; H, 3.92; N, 18.18. 
Found: C ,46.79; H ,3.90; N, 18.00.

The derivative of lb was not detected.
Preparation of l-14C-5-Oxohexenoic Acid.— A vacuum mani

fold was used for this procedure. The reaction vessel was a 
magnetically stirred 250-ml round-bottomed flask with a side 
arm equipped with a serum cap. The flask was flushed with 
nitrogen, evacuated, and closed off. A solution of 4-pentyn-2- 
ol (1.0 g, 12.0 mmol) in 50 ml of ether was introduced by a 
syringe. The vessel was cooled with an ice-acetone bath and
23.8 mmol of n-butyllithium in hexane was introduced. The 
reaction flask was opened briefly to the pump to remove butane 
which had been generated. The mixture was allowed to stand 
at room temperature for 18 hr. The carbon dioxide generating 
system consisted of a 50-ml stirred flask containing 4.70 g of 
14C-labeled barium carbonate (23.8 mmol, ca. 0.3 me) and 
equipped with an addition funnel containing 20 ml of concentrated 
sulfuric acid. A drying tube containing Drierite separated the 
generating system from the manifold. The generating system 
was evacuated, the reaction vessel was cooled with a Dry Ice - 
acetone bath, and then the two systems were opened to each 
other. Sulfuric acid was added slowly. After the reaction was 
complete, the reaction vessel was cooled in a liquid nitrogen 
bath to ensure complete transfer of carbon dioxide. The re
action vessel was then isolated and allowed to warm to room tem
perature. After 3 hr the reaction flask was removed from the 
manifold and its contents were poured into a mixture of 5 ml of 
sulfuric acid and 50 g of ice. The solution was extracted three 
times with ether; the ethereal solutions were combined, dried, 
and evaporated to leave 1.30 g of crude product which was chro
matographed as described above to yield 0.674 g (44% ) of 3, 
mp 56-58°, specific activity 5.27 X 106 dpm/mmol. The ma
terial was carried through the reduction and oxidation steps de
scribed above to give, after chromatography, 350 mg of a mix
ture of lb and 2b. Rechromatography of a center fraction gave 
30 mg of material having a specific activity of 5.35 X 106 dpm / 
mmol. The radiochemical purity was demonstrated by counting 
increments of a thin layer chromatogram.

Registry N o . - l b ,  28845-67-2; 2b, 28845-68-3;
2b 2,4-DNP, 28845-69-4; 3 , 16427-77-3; 4, 28845-71-8.

(19) The mass spectrum was obtained with an LKB-9000 mass spec
trometer by Mr. Charles Wetter. The sample was introduced with the 
direct insertion probe; the ionizing energy was 70 eV.

Return-Rearrangem ent in Solvolyses. 
Triangular Kinetic Schem es

R o g e r  S. M acombf.r

Department of Chemistry, University of Cincinnati, 
Cincinnati, Ohio 45221

Received January 26, 1971

One of the most extensively studied classes of reac
tions in modern physical organic chemistry has been 
the solvolyses of sulfonate esters. The rates of such
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solvolyses are commonly measured by titrimetrically 
monitoring liberated sulfonic acid or lyate ion depletion. 
The derived rate constant kt (eq 1) is assumed to reflect 
îonization when an Sn I mechanism is operative.

kt
R O T s--------->  ROS +  HOTs

SOH

d[ROTs] =  d[HOTs] = 
di di

. /[H O T s]„ -  [HOTs] 
\.[HOTs]„ -  [HOTs]

fc,[ROTs]

( i )

The situation can become considerably more complex 
if rearrangement of the starting material to an isomeric 
sulfonate is concurrent with acid production (eq 2). 
This situation is not at all uncommon.1-5

ROTs

ki

R'OTs

HOTs +  products (2)

In cases6 where fc3 «  /ci the kinetic situation is 
simply that of two parallel reactions, with the specific 
rate of disappearance of ROTs (k, = k3 +  k2) directly 
calculable by use of eq 1 and the experimental infinity 
titer, which will be k3/(ki +  k2) times the theoretical 
infinity titer.7

The situation becomes even more complex if ki ~  
fc31-5 since the rearranged sulfonate contributes signifi
cantly to the liberated acid, exaggerating the experi
mental infinity titer. In such instances first-order 
plots become decidedly nonlinear. One approach to 
the problem when k3 <  fci is to simulate values of the 
infinity titer until a plot of In ([HOTs]„ — [HOTs]f) 
vs. time becomes linear (or nearly so), thus yielding ad
justed values of ki +  fc2.5-8 It was recently stated5 that 
this simulation technique is equivalent to the equation

[HOTs], =

[R O T s]„(l - k2e~k^
ki k2 — k3

(fci -  fci)r(fafe)«\ 
fci + ki +  k3 ) W

(1) T. L. Jacobs and R. S. Macomber, J. Amer. Chem. Soc., 91, 4824 
(1969).

(2) R. S. Macomber, ibid., 9 2 , 7101 (1970).
(3) W. G. Young, S. Winstein, and H. L. Goering, ibid., 7 3 , 1958 (1951).
(4) S. Winstein and K. C. Schreiber, ibid., 74, 2171 (1952).
(5) L. A. Paquette and P. C. Storm, ibid., 9 2 , 4295 (1970). We wish to 

thank Provessor Paquette for a listing of his program.
(6) E. L. Allred and S. Winstein, ibid., 8 9 , 4012 (1967).
(7) It is important to realize that for parallel reactions, such as eq 2 with 

kt =  0 and starting exclusively with ROTs

[HOTsl

[ROTs]* = lROTs]oe-«i + *2>‘ 
[ROTslofo,

k i +  k. '(1 -  e~(*i + **>‘)

[R'OTs], = _  e-(Z, + fa>,)K l +  K j
and more important

X. ln  [ROTs] = X, In ([R'OTs] „  -  [R'OTs],) = at di

j-  In ([HOTs]® -  [HOTs],) = -  (A-, +  Ai)

K. L. Servis and J. D. Roberts, Tetrahedron Lett., 1369 (1967).
(8) A better approach*’4 involves calculation of “ instantaneous”  rate con

stants which lead to “ true”  values of [ROTs]*. In our hands this method 
yielded values of ki-t about 0.5-1.5 times greater than the values obtained 
from the simulation treatment.6 Another advantage of the former technique 
is that it is equally applicable when kt >  ki. For a related approach seeS. 
J. Cri8tol and D. D. Tanner, J. Amer. Chem. Soc., 86, 3122 (1964).

That this equation is incorrect can be most easily seen 
by setting fc3 =  0, in which case eq 3 should7 reduce to

[HOTs], =  X r 1 f (1 "  e _ (*1+W() (4)

which it does not.
If one treats eq 2, carefully avoiding the steady-state 

approximation for R 'O Ts, the following equations are 
generated.9

[ROTs], =  [ROTsJje- (*>+*>)< 

dtRd?TSl =  f c a [ R O T s ] o e - [ R ' O T s ] ,  (5)

Equation 5 is an inexact differential equation which can 
be solved by use of the integrating factor exp(fc3i) to give

[R 'OTs], =  fcflROTsb (e_ t„  _  e - ( kl+ln)t) (6)
/Ci -f- Ki — /C3

With the mass-balance relationship

[HOTs], =  [ROTs]o -  [ROTs], -  [R 'OTs], (7) 

eq 6 yields

[HOTs], =

[ROTs]o|^l — «-(*>+*»)* — j. J  =

[ROTs]„£ 1 +
(k3 — k \ )e -  (ki+kt)t — k n e-k *  

ki - f  k2 — k3 ] (8)

Although not too different in form from eq 3, eq 8 
readily reduces to eq 4 when k3 =  0 .10 Other situations 
in which eq 8 reduces to more familiar forms are (a) k3 
»  fci «  k2

[HOTs], =  [ROTs]o(l -  e-(*i+fe)i) (8a)

as would be expected for two parallel acid-producing 
pathways, and (b) k2 »  ki and fc, ^  fc39

[HOTs], =  [R O T s]„[l +  (8b)

for two consecutive first-order pathways. Notice also 
that (c) if fci =  k3

[HOTs], =  [ROTs]0(l -  e-*>0 (8c)

and thus even if k2 »  klt the contribution of rearrange
ment to k, will escape detection.11

At this point another question might arise. Does the 
scheme in eq 2 adequately represent the “ true” mech
anism shown in eq 9? By applying the steady-state

ki k.
ROTs — >- |ion pair| — >■ HOTs +  products (9)

R'OTs

approximation to the ion-pair intermediate it is found 
that

d lR 'QTs|- =  fcr[ion pair], -  ¡b 'lR 'O Ts], = dt
Kxe-fat -  t f2[R 'O Ts]t (10)

(9) Equation 6 is the general solution of eq 5, but requires that ki 4- kt j* kt 
If coincidentally ki +  kt «= kt, the solution of eq 5 is

[R'OTs]* = [ROTslofote-***
[HOTs]* = [ROTs]o[l -  (kit -f- l)«-*»‘]

(10) It is to be expected that the computer simulation technique will 
yield satisfactory results only when kt < <  ki.

(11) This would be the situation with such systems as 2-norbornyl and 
3-phenyl-2-butyl.
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Figure 1.— Plots of ln { [HOTsJeo/ÜHOTs]«, — [HOTs]t)j vs. time 
for various values of k\, k,, and k, (eq 8).

where Ki -  tjl:r[ROTs]o/(i£» +  kT) and K2 =  h /k j 
(ka +  kr). Solution of eq 10 as for eq 5 leads to

[R 'OTs], = fcifc,[ROTs]0 [ f - ih t  _  e (* • + * ')* ]
k, kg kikg kjkt ( 11)

Applying the mass-balance relationship (eq 7), eq 11 
gives

[HOTs], =

[ROTs] , [ l kj')e~ k* +  fcjfere 
kike +  kikT — ki'k, ] (12)

One may consider the following special cases of eq 12.

(a) k, = 0 :
[R'OTs], =  0 and [HOTs], =  [ROTs]«(l -  e~k*) (12a)

(b) k,' =  0 :

[HOTs], =  fc,fc[R^ sl0 (1 -  e-kit) (12b)

(c) k i — k{'

[HOTs], =  [ROTs]» [ l  -  e (* • + * ') '] (12c)

In both eq 12a and 12b it can be seen that kt (eq 1) is to 
be identified with k„ while in the case of eq 12c kt will 
equal k-, ( =  /c/) only if kT <5C ke, but above all it can 
be seen that

k,k 
k, +  kr

kik
k, +  k, k» = ki'k, 

k, +  kr

and if k-, »  k,'

kt — k, +  ki = kik, +  kik, 
k, -I- kr =  ki

Thus the mechanism shown in eq 2 is an adequate 
representation of the “ true” mechanism given in eq 9.

It is usually stated1-5 that negative curvature in 
first-order plots of eq 1 indicates that fci >  k3 (or k-, > 
ki') and that positive curvature implies the converse. 
From eq 8 we see9

d /  [HOTs]«, \
d< \[H OTs]„ -  [H O Ts],/

d ,  I""______k, T  fci — k3______”|
dt L k2e~k,t +  (fcj -  fc,)e - ( * i + f e ) i j

Negative curvature will appear only if k3 <  k, and. k3 ~ 
h. Similarly positive curvature requires that kz >  ki 
and h  ~  A*. Thus for there to be any deviation from 
linearity k2 must be at least comparable in magnitude 
to ki. Sample plots with various relative values of 
ki, h, and k3 are shown in Figure l . 1* As may be 
obvious from eq 13, lines 3 and 4 (positive curvature) 
as well as lines 5 and 6 (negative curvature) all approach 
having slopes equal tok3ast-*- » .

Acknowledgments.— W e wish to thank Professor 
Paul von R. Schleyer for a stimulating discussion. 
Acknowledgment is made to the donors of the Petroleum 
Research Fund of the American Chemical Society for 
support of this work.

(12) A fortran iv program has been written which permits best values 
for Jfci, kz, and kt (eq 2) to be calculated. The program is of the interactive 
on-line variety, making use of a remote console. Initial estimates of the rate 
constants are progressively refined until the deviation between calculated 
and experimental values of In { [HOTs]co/([HOTslco — [HOTs]*)} reaches an 
acceptable value. A listing of the program will be supplied upon request.

Synthesis o f M andelaldehyde Dim ers

D avid W. Griffiths1 and C. D avid Gutsche*

Department of Chemistry, Washington University,
St. Louis, Missouri 63130

R e c e iv e d  D e c e m b e r  3 ,  1 9 7 0

As a model system for gaining information concerning 
the interconversion between glyceraldehyde and dihy- 
droxyacetone, the isomerization of mandelaldehyde to 
2-hydroxy acetophenone has been studied.2 For this 
purpose it was necessary to secure mandelaldehyde 
itself, 1-deuteriomandelaldehyde, and several para-sub- 
stituted mandelaldehydes; this paper describes the 
syntheses of these substances.

In an early attempt to prepare mandelaldehyde (5a) 
by the acid-catalyzed hydrolysis of mandelaldehyde 
acetate, Nef obtained only 2-hydroxyacetophenone as 
the product.3 More recently, successful syntheses have 
been effected by oxidative hydrolysis of the dimethyl 
thioacetal by means of bromine4 and iodine,5 the prod
uct in both cases being identified on the basis of the in
frared spectrum as the dimer of mandelaldehyde (6a). 
In the present scheme, simple acid-catalyzed hydrolysis 
of mandelaldehyde dimethyl acetal proved to be effec
tive. The dimethyl acetal 4a was synthesized by lith
ium aluminum hydride reduction of the dimethyl acetal 
of phenylglyoxal 3a which, in turn, was prepared by the 
action of trimethyl orthoformate and methanol on 
phenylglyoxal 2a.

The amorphous white powder obtained from the hy
drolysis of 4a had an elemental analysis compatible with 
a (C8H 80 2)„ compound, showed a strong ir band at 1140 
cm-1 characteristic of a C -O -C  linkage, and was trans-

(1) National Aeronautics and Space Administration Predoctoral Trainee, 
1966-1969; National Science Foundation Predoctoral Trainee, 1969-1970.

(2) D. W. Griffiths and C. D. Gutsche, J. Amer. Chem. Soc., in press.
(3) J. U. Nef, Justus Liebigs Ann. Chem., 335, 247 (1904).
(4) F. Weygand, H. J. Bestmann, H. Ziemann, and E. Klieger, Chem. 

Ber., 91, 1043 (1958).
(5) G. A. Russell and L. A. Ochrymowycz, J. Org. Chem., 34, 3618 (1969).
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M J u -JUl
PPM (i)

Figure 1.— Nmr spectra of mandelaldehyde dimers in DMSO-d6: 
(A) freshly prepared dimer 6a; (B) freshly prepared deuterated 
dimer 6g; (C) aged dimer 6a.

parent in the ir in the carbonyl region, in accord with 
the dimer structure 6a. The nmr (see Figure 1) of 
freshly prepared samples of the dimer in dimethyl sul
foxide (DM SO-c/6) was rather simple, having a 10-pro
ton multiplet for the aromatic protons, a 2-proton dou
blet for the protons at C-3 and C-6, a 2-proton doublet 
of doublets for the protons at C-2 and C-5, and a 2-pro- 
ton doublet for the hydroxyl protons. Support for 
this interpretation was provided by the nmr spectrum 
(see Figure 1) of the C-3,C-6 dideuterio dimer 6g (pre
pared by reducing 3a with lithium aluminum deuteride), 
which displayed, in addition to the resonances arising 
from the aromatic ring, a pair of doublets with identical 
coupling constants. If, on the other hand, the sample 
of the dimer 6a in DMSO-de was allowed to stand at 
room temperature for several hours before spectral 
analysis, the spectrum was considerably more complex 
(see Figure 1), indicative of a mixture of isomers. In 
this spectrum, the resonance from the hydroxyl protons 
had become very broad.6

Para-substituted mandelaldehydes were prepared by 
the scheme outlined above for the parent compound. 
Only in the para nitro derivative case was the scheme 
modified with the substitution of sodium borohvdride 
for lithium aluminum hydride in the reduction step.

(6) To account for these observations, it is conjectured that the dimer, 
in the solid state, exists in a boat conformation stabilized by transannular 
hydrogen bonds (7). In this conformation the magnetic environments of the

o

R - H ^ > —  CCH3

la, R  =  H
b ,  R  =  CH30
c ,  R  =  CH3
d, R  =  Cl
e ,  R  =  CF3

f, R  =  N 0 2

0

r _ ^ “ ch o  Ä M

2a, R  — H
b ,  R = C H 30
c,  R - C H 3
d, R  — Cl
e, R  *  CF3

f ,  R « N 0 2

0  OCH; 

CCH LiAlH,, R.

o c h 3

0 H  0CH3 

CH

R ' V h 3

3a, R  — H
b, R  =  CH30
c,  R - C H 3
d ,  R - C l
e, R=» CF3

f, R  — NO2

4a,R =  H ;R '-H
b, R -C H 30 ;R '-H
c,  R=CH3;R '-H
d, R «  Cl; R' — H
e, R -C F 3;R '-H
f, R =■ NOj; R' «> H
g ,  R - H ; R '  =  D

„  Î H . 0

- © + <  ■ A H
5 a , R - H ; R '  =  H

b ,  R - C H 30 ; R ' - H
c,  R - C H 3;R ' =  H
d ,  R - C l ; R '  =  H
e, R  =  CF3; R ' =  H
f ,  R  =  N 0 2;R ' =  H
g ,  R  =  H ;R ' =  D

HO R '

R ' OH

6 a ,R -H ;R '-H
b, R -C H 30 ;R '-H
c, R -C H 3;R '-H
d, R -C l ;R '-H
e, R -C F 3;R '-H
f , R -N O ^ R '-H
g ,  R =  H ;R '-D

In all cases, the products were assigned the dimeric 
structure on the basis of the ir spectra.

Experimental Section7

Mandelaldehyde Dimer 6a.8— Following a published proce
dure,9 acetophenone (la) was converted in 80% yield to phenyl- 
glyoxal 2a. A 112-g (0.84 mol) sample of this material was 
treated with a cooled solution of 300 ml of trimethyl orthoformate 
and 300 ml of methanol containing 5.6 g of ammonium chloride. 
After being stirred at room temperature for 24 hr the solution was 
cooled, diluted with 500 ml of 0.2 N  ammonium hydroxide solu
tion, and extracted four times with ether. The combined ether 
extract was processed in the usual fashion to yield, after distilla
tion of the residue through a 75-cm spinning band column, 110 
g (73%) of the dimethyl acetal 3a as a pale yellow liquid: bp

ring protons are essentially insensitive to the configuration at C-3 and C-6, 
thus producing equivalent sets of hydrogens in the three diastereomers for 
which transannular hydrogen bonding is possible. If, then, this conforma
tion is retained in freshly prepared solutions, the less complex spectrum is 
observed. In solution, however, the transannular hydrogen bond structure 
can eventually equilibrate with other conformations which may, in turn, 
interconvert to other configurations at C-2 and C-5 through ring-opened 
intermediates to produce a mixture of diastereomers in which the equivalence 
of the ring protons as well as the hydroxyl protons is lost. In this case, the 
more complex spectrum is observed.

(7) All melting points and boiling points are uncorrected. Infrared spec
tra were recorded on a Perkin-Elmer Model 137 Infracord spectrometer; 
uv spectra were recorded on a Cary Model 14 spectrometer; nmr spectra 
were recorded on a Varian Model A-60A spectrometer, and chemical shifts 
are reported in parts per million downfield shift from tetramethylsilane, used 
as an internal standard. The nmr spectrum of mandelaldehyde was obtained 
in degassed anhydrous hexadeuteriodimethyl sulfoxide solutions. The 
samples were prepared by placing a weighed amount of dry mandelaldehyde 
in an nmr tube fitted with a 10/30 standard taper joint. The tube was at
tached to a vacuum manifold, and after evacuation approximately 0.4 g of 
DMSO-d6. previously degassed by at least three freeze-thaw cycles, was 
distilled into the sample tube through the all-glass system. The sample 
tube was then sealed off at 10 ~8 mm. Microanalyses were performed by 
Micro-Tech Laboratories, Skokie, 111., and by Mikroanalytisches Labora- 
torium, Vienna, Austria.

(8) We are indebted to Dr. D. W. Holty for carrying out exploratory ex
periments in this series.

(9) H. A. Riley and A. R. Gray, “ Organic Syntheses," Collect. Vol. II, 
Wiley, New York, N. Y., 1943, p 509.
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T a b l e  I
Y ie l d  an d  A n a l y t ic a l  D a t a  on  P a r a -S u b st it u t e d  M a n d e l a l d e h y d e  D im e r s

Yield Yield
Para of 4, of 6, — Calcd, % ---- -----Found, % —

substituent % % Mp, "C Formula c H N or X c H N or X

c h 3o 60 53 148-150 CgHioOa 65.05 6.07 65.10 6.13
CH3 58 37 148-150 CsH pA 71.98 6.71 72.13 6.79
Cl 52 61 160-161 c 8h ,c io 2 56.33 4.14 20.78 56.24 4.12 20.56
F3C 45 20 159-162 C 9H7F302 52.95 3.46 27.92 a
n o 2 27 40 163-167 c 8h ,n o 4 53.04 3.90 7.73 53.14 4.04 7.14

° Satisfactory analyses could not be obtained for the p-trifluoromethylmandelaldehyde dimer 6e, the results being consistently low in 
carbon and fluorine. Nmr analysis, however, indicated that a trifluoromethyl, rather than a difluoromethyl, group was present.

100-101° (4.5 mm) [lit.10 bp 133° (16 mm)]; ir (liquid) 1700 
(C = 0 )  and 1120 cm" 1 (CH3OC); nmr (CCh) 5 3.40 (s, 6, 
CHaO), 5.03 (s, 1, CH), 7.18-7.53 (m, 3, Ar H), and 8.03-
8.20 ppm (m, 2, Ar H). To a stirred suspension of 28.5 g (0.75 
mol) of lithium aluminum hydride in 600 ml of tetrahydrofuran, 
a solution of 77 g (0.43 mol) of 3a in 75 ml of tetrahydrofuran was 
added, dropwise, over a period of 1 hr. After refluxing for 12 
hr the reaction mixture was cooled to 0°, treated with water, and 
worked up in the usual way to yield, after distillation of the crude 
product through a 75-cm spinning band column, 62 g (80%) of 
mandelaldehyde dimethyl acetal (4a) as a colorless liquid: bp 
80-82° (0.5 mm); ir (liquid) 3550 (OH), 2990 (CH3), and 1130 
cm" 1 (CH3OC); nmr (CDC13) S 3.08 (s, 3, CHsO), 3.28 (s, 4, 
CH30  plus OH), 4.11 (d, 1, J =  6.5 Hz, H at C-2), 4.49 (d, 1, 
J =  6.5 Hz, H at C -l), and 7.12-7.38 ppm (m, 5, Ar H ). A-62 g 
(0.34 mol) sample of this material was added to 1500 ml of 0.5 
N  hydrochloric acid, and the mixture was stirred at room tem
perature for 5 days. The precipitated solid was collected by 
filtration and washed, consecutively, with water and reagent 
grade acetone to yield 36 g (75%) of mandelaldehyde dimer 6a 
as a white powder, mp 149-152°. Further purification was 
effected by acetone extraction of this material for 5 days in a 
Soxhlet apparatus, the material remaining in the extraction 
thimble being obtained as a white powder: mp 164-165° (lit.5 
134-137°); ir (KBr) 3550 (OH) and 1140 cm“ 1 (COC); uv 
(95% ethanol) 248 nm (e 106), 252 (151), 258 (192), 264 (147), 
and 295 (6); nmr (degassed DMSO-de) 3 5.20 (d of d, 2 , /  =  5.0 
and 2.0 Hz, CHCHOH), 5.37 (d, 2, J =  2.0 Hz, CHCHOH),
6.30 (d, 2, J =  5.0 Hz, CHCHOH), and 7.21-7.59 ppm (m, 10, 
A rH ).

Anal. Calcd for C8H80 2: C, 70.57; H, 5.92. Found: C, 
70.35; H, 6.02.

Deuteromandeladehyde Dimer 6g.— Substituting lithium 
aluminum deuteride for lithium aluminum hydride, a 90-g sample 
of 3a was reduced in the fashion described above to yield, after 
distillation through a 75-cm spinning band column, 78 g (87%) 
of 4g as a colorless oil: bp 88-90° (1 mm); ir (liquid) 3590 (OH), 
3000 (CH3), and 2180 cm“ 1 (CD ); nmr (CCh) 3.08 (s, 3, CH30 ) ,
3.28 (s, 4, CH30  plus OH), 4.12 (s, 1, CH), and 7.10-7.37 (m, 5, 
Ar H ). This was hydrolyzed and the crude product purified as 
described above to yield 6g as a colorless powder: mp 164-165°; 
ir (KBr) 3550 (OH), 2180 (C -D ), and 1140 cm ’ 1 (COC); nmr 
(degassed DMSO-d6) 6 5.20 (d, 2, J =  5.0 Hz, CDCHOH), 6.30 
(d, 2, J = 5.0 Hz, CDCHOH), and 7.21-7.59 ppm (m, 10, 
Ar H).

Para-Substituted Mandelaldehyde Dimers 6b - f .— p-Methoxy-, 
p-methyl-, p-chloro-, and p-trifluoromethylmandelaldehyde 
dimers were prepared in a fashion identical with that described 
above for mandelaldehyde dimer itself. In the preparation of 
p-nitromandelaldehyde dimer (6f) the reduction of the keto 
acetal 3f was accomplished with sodium borohydride. The 
optimum yields in these syntheses were realized without isolation 
of intermediate reaction products until the substituted mandelal
dehyde dimethyl acetals 4b -f were reached, at which point purifi
cation was accomplished by distillation through a 75-cm spinning 
band column. The yields of the mandelaldehyde dimethyl acetal 
and the mandelaldehyde dimer, along with analytical data on 
the latter, are recorded in Table I.

Registry N o.—3a, 6956-56-5; 4a, 21504-23-4; 4g, 
29568-40-9; 6a, 21504-13-2; 6b, 29568-41-0; 6c,

(10) W. Madelung and M. E. Oberwegner, Chem. Ber., 65, 931 (1932)

29568-42-1; 6d, 29568-43-2; 6e, 29568-44-3; 6f,
29568-45-4; 6g, 29568-46-5.

Acknowledgment.— This work was supported, in 
part, by Grant No. 5 R O l A M  02398 from the National 
Institutes of Health and Grant No. GP-11087X from 
the National Science Foundation to whom the authors 
express their gratitude.
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Herein we report some interesting solvent and tem
perature effects on the stereochemistry of the reduction 
of ani ¿-7-phenyl-7-chloronor car ane (la) and anti-1- 
phenyl-l-chloro-CTs-2,3-dimethylcyclopropane (3a) with 
sodium naphthalenide (Scheme I).

Sc h em e  I

Compound 3a was obtained in pure form by methods 
previously described.2 Compound la  was synthesized 
by similar means (see Experimental Section) and has 
spectral and physical properties consistent with those 
reported by Schober.3 The product ratios obtained in 
the reductions were determined by gas chromatography 
and are contained in Tables I and II.

We have defined as “ dilute conditions’1 those reduc
tions in which the reducing agent is added dropwise to 
a solution of the cyclopropyl halide, while “ concen-

(1) Abstracted from the honors thesis of G. W. and the masters thesis of 
R. L. T., Middlebury College, 1970.

(2) D. B. Ledlie and S. MacLean, J. Org. Chem., 34, 1123 (1969).
(3) D. L. Schober, Ph.D. Thesis, University of Chicago, 1969.
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T able I “ '6
R elative Percentages of Products Obtained 

in the R eduction of la  and 3a with Sodium 
N aphthalenide in TH F or DM E Solvent Systems

Solvent -------Room temp------ . ------79°—------,
(reagent solvent) 2a 2b 4a 4b 2a 2b 4a 4b

Dilute Conditions
1 TH F (TH F) 64 36 86 14 83 17 92 8
2 DM E (D M E) 42 58 58 42

Concentrated Conditions
3 TH F (THF) 40 60 42 58 42 58 76 24
4 DM E (D M E) 40 60 58 42

a Each entry is an average of at least two trials. In all cases
data obtained in repeated runs differed by no more than 3% . 
b Absolute yields were between 80 and 100%  for the reduction of 
la. Absolute yields were not determined for the reduction of 3a; 
however, in a similar study carried out in this laboratory which 
employed sodium biphenylide as the reducing agent yields 
averaged greater than 80%.

T able 11“
R elative Percentages of Products Obtained 

in the R eduction of la  and 3a with Sodium 
N aphthalenide in D iethyl Ether Solvent Systems

Solvent -------Room temp------ ------------ 79°-------- *
(reagent solvent) 2a 2b 4a 4b 2a 2b 4a 4b

Concentrated Conditions
1 Et20  (TH F) 12 88 29 72 41 58 61 38
2 Et20  (D M E ) 26 74 45 55
° Each entry is an average of at least two trials. In all cases 

data obtained in repeated runs differed by no more than 3%.

trated conditions” are those in which the cyclopropyl 
halide is added to a solution of the reducing agent.4 5

As may be observed in Table I, the reductions carried 
out in tetrahydrofuran at —79° afforded a greater per
centage of anti isomer than the corresponding reduc
tions carried out at room temperature. In other words, 
as the temperature is lowered an increase in the ther
modynamically more stable isomer results.6 We feel 
that this occurs as a result of an increase in the concen
tration of the more stable cyclopropyl carbanion inter
mediate 6a generated during the course of the reduction 
at this temperature. Several investigations which have

6a 6b

j I =  CH3—, CHa- or -CH/CHACH,-

a bearing on the mechanism of sodium naphthalenide 
and sodium biphenylide reductions of various organo 
halides have recently appeared.6'7 From a perusal of 
these studies it seems quite clear that reductions of 
of alkyl bromides and chlorides with these reagents pro
ceed via two, fast, one-electron transfers affording a car
banion which then abstracts a proton from solvent.

e e SH
RX — >- R- +  X -  — >  R - --->- RH

(4) The designation “ dilute conditions” is not strictly correct since the re
action of the halide with the radical anion is very rapid and is probably over 
before the drop of reducing agent is completely dispersed.6

(5) S. J. Cristol and R. V. Barbour, J. Amer. Chem. Soc., 90, 2832 (1968).
(6) G. L. Gloss and R. A . Moss ibid., 86, 4042 (1969).
(7) (a) S. J. Cristol and R. W. Gleason, J. Org. Chem., 34, 1762 (1969);

(b). J. F. Garst, P. W. Ayres, and R. C. Lamb, J . Amer. Chem. Soc., 88, 4260
(1966); (c) G. D. Sargent and M. W. Browne, ibid., 89, 2788 (1967); (d)
G. D. Sargent, J. N. Cron, and S. Bank, ibid., 88, 5363 (1966); (e) J. Jacobs
and D. Pensak, Chem. Commun., 400 (1969).

In addition, hydrogen abstraction from solvent by an 
intermediate radical does not seem to be a major com
peting reaction for the alkyl systems.8 It is our con
tention that in the reduction of a system such as la  or 3a 
a cyclopropyl radical is generated in which the barrier 
to inversion is quite low.10’11 Thus, stereochemical 
integrity is quickly lost. A second electron is then 
rapidly added to generate the cyclopropyl carbanions 
6a and 6b which because of the adjacent phenyl sub
stituent are interconvertable. At the lower tempera
ture there is a preponderance of 6a, and as a result an 
increase in the percentage of the anti product is ob
served at this temperature.

If the reaction conditions are reversed (concentrated 
conditions, tetrahydrofuran), considerably more of the 
syn isomer is formed. It was observed that these re
ductions were much slower than for the corresponding 
dilute cases. Reactions carried out under the dilute 
conditions could be quenched immediately after the re
ducing agent had been added without effecting the 
yields of products. However, under the concentrated 
conditions the reaction mixture had to be stirred ap
proximately 0.5 hr before starting material was com
pletely consumed. This would imply that the halo- 
cyclopropanes are not soluble in the reducing medium, 
and perhaps the heterogeneous nature of the system 
and the more highly structured nature of the reducing 
medium as compared to the dilute cases places steric 
constraints upon the protonation process such that 
protonation from the less-hindered face of the carban
ion is favored. This would result in more syn product.

In the dimethyoxyethane (D M E) reductions, how
ever, the product ratios are identical for both dilute and 
concentrated conditions. It might be argued that, due 
to the greater size of the D M E  molecule in comparison 
to that of TH F, more of the syn product would be ex
pected in the D M E  reductions and this is the overriding 
factor under both sets of reaction conditions. Further, 
one might expect to observe more of the syn product in 
reductions of la than in the corresponding reductions 
of 3a since the steric bulk of the methylene bridge in the 
carbanion derived from la should tend to make pro
tonation from the syn face of the molecule (resulting in 
anti product) less favorable than for the carbanion de
rived from 3a which lacks a methylene bridge. In all 
cases tabulated in Table I this is observed.

Sodium naphthalenide has been shown to be unstable 
in diethyl ether; however, if enough T H F  and D M E  are 
present to adequately solvate the radical anion, solu
tions of the radical anion in T H F -E t20  or D M E -E t20  
can be prepared.12

Several reductions were carried out employing solu
tions which were prepared by adding an excess of the 
reducing agent, dropwise, to 15 ml of anhydrous diethyl 
ether (see Table II). These solutions possessed the 
characteristic green color of the radical anion; however, 
their homogeneity is somewhat questionable since the

(8) Walborsky and Chen have recently demonstrated in one case that a 
cyclopropyl radical is more reactive than an alkyl radical; thus, in our 
systems some hydrogen abstraction by an intermediate cyclopropyl radical 
may indeed be taking place.9

(9) H. M . Walborsky and J. Chen, J. Amer. Chem. Soc., 92, 7573 (1970).
(10) (a) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147 

(1963); (b) M. J. S. Dewar and M. Shanshall, J. Amer. Chem. Soc., 91, 
3654 (1969).

(11) A planar species cannot be ruled out in this instance.
(12) N. D. Scott, J. F. Walker, and V. C. Hansley, i b i d . ,  58, 2442 (1936).



2188 J. Org. Chem., Vol. 36, No. 15, 1971 Notes

concentration of THF or DME is initially too low to 
stabilize the radical anion and thus sodium and naptha- 
lene are probably formed to some extent. Of particu
lar interest in Table II is the Et20  (THF) system at 
room temperature which afforded considerably more of 
the syn product than did the THF (THF) system under 
comparable conditions (Table I). Again, one can en- 
voke steric arguments in explaining these results; how
ever, the probably nonhomogeneous nature of these 
solutions precludes a detailed picture of the protonation 
process.

It is evident from the data presented in Tables I and 
II that the stereochemistry of reduction for this type of 
system can be controlled by appropriate choice of reac
tion conditions. The problem of removing naphtha
lene and other aromatic by-products from the reaction 
mixture after a reduction has been carried out makes the 
synthetic worth of this technique somewhat question
able. In the systems here studied this was indeed a 
problem. However, one can envision phenylcyclo- 
propane systems which are amenable to separation, and 
for these cases the technique has merit. Yields are 
usually high and cyclopropane cleavage products are 
not obtained. This is a serious drawback in the so
dium-liquid ammonia reduction of cyclopropyl halides 
possessing a phenyl substitutent.

Experimental Section13

7-Phenyl-7-chloronorcarane (la  and lb ).— The compound was 
prepared in a 34% yield according to the method of Closs and 
Coyle.14

<mif-7-Phenyl-7-chloronorcarane (la ).— A mixture of the 
epimers la and lb (27.3 g, 0.132 mol; 2 /1  =  l a / l b ) and silver 
nitrate (8.99 g, 0.053 mol) in 50 ml of methanol was stirred for 
24 hr. The reaction mixture was filtered, water and ether were 
added to the resulting solution, and the organic layer was sepa
rated. The reaction mixture was then worked up in the usual 
manner. Compound la was separated from 7-phenyl-7-methoxy- 
norcarane and 2-phenyl-3-methoxycycloheptene by column 
chromatography on silica gel and elution with ligroin. After 
five recrystallizations from pentane, 6.96 g of a white solid (mp 
36-37°) was obtained. Spectral data and melting point were 
in complete agreement with those previously reported.3

onii-l-Phenyl-l-chloro-a>-2,3-dimethylcyclopropane (3a).— 
The compound was prepared as previously described.2

Sodium Naphthalenide.— Sodium naphthalenide was prepared 
in both DME and THF according to the method of 
Scott.12

Sodium Naphthalenide Reductions.15 Dilute Conditions.— To
a solution of compound la or 3a (50 mg) in 15 ml of freshly dried 
DME or THF or ether was added dropwise with stirring ap
proximately a twofold excess of sodium naphthalenide reagent 
(1.0 M ). The reaction mixture was stirred for 5 min and 
quenched with water. An internal standard was added and the 
resulting mixture was analyzed by vpc (column a for the reduc
tion of la and column b for the reduction of 3b).

Concentrated Conditions.— To a solution of 2 ml of reagent 
(1.0 M)  in 15 ml of freshly dried DM F, THF, or ether was added 
with stirring neat or in solution approximately 50 mg of la or 3b.

(1 3 )  I n fr a r e d  s p e c t r a  w e re  d e te r m in e d  w ith  a  P e r k in -E lm e r  M o d e l  137 o r  
M o d e l  4 5 7  r e c o r d in g  s p e c t r o p h o t o m e t e r .  A ll  s p e c t r a  w e re  m e a su re d  in  
c a r b o n  t e t r a c h lo r id e  u n le ss  o th e r w is e  s t a t e d .  T h e  n m r  s p e c t r a  w e re  m e a 
su re d  a t  60  H z  w ith  an  H it a c h i  P e r k in -E lm e r  R 2 0  s p e c t r o m e t e r  u s in g  te t ra -  
m e th y ls i la n e  as th e  in te rn a l r e fe r e n c e . C o lu m n s  u s e d  f o r  g a s  c h r o m a t o g 
r a p h y  ( v p c )  w e re  (a ) 1 0 %  C a r b o w a x  2 0 M  8 f t  X  0 .2 5  in . a n d  (b )  2 0 %  
D C Q F 1  12 f t  X  1A i n .  A ll  y ie ld s  w e re  d e te r m in e d  b y  v p c .  U n le s s  o th e r w is e  
s t a t e d ,  m a g n e s iu m  s u lfa te  w a s e m p lo y e d  as th e  d r y in g  a g e n t . A ll  r e a c t io n s  
in v o lv in g  a ir  o r  m o is tu r e  s e n s it iv e  c o m p o u n d s  w e re  ca r r ie d  o u t  u n d e r  a 
n it ro g e n  a t m o s p h e r e .

(1 4 ) G . L . C lo s s  a n d  J. J. C o y le ,  J. Org. Chem., 3 1 , 2 7 5 9  (1 9 6 6 ) .
(1 5 )  T h e  r e d u c t io n  p r o d u c t s  w e re  c h a r a c t e r iz e d  b y  v p c  r e t e n t io n  t im e s  

a n d  c o m p a r is o n  o f  in fr a r e d  s p e c t r a  w ith  a u t h e n t ic  s a m p le s . W e  th a n k  
P r o fe s s o r  G . L . C lo s s  f o r  s u p p ly in g  u s  w ith  th e  in fr a r e d  s p e c t r a  o f  c o m p o u n d s  
2a a n d  2b.

The reaction mixture was then stirred for 30 min. It was worked 
up and analyzed as described above.

Registry N o .—la, 6434-79-3; 3a, 13154-00-2; so
dium naphthalenide, 12521-84-5.
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Some years ago, we reported1 the general synthesis of 
fluorine-containing thiophenes via the reaction of thi- 
enyllithiums with perchloryl fluoride. Recently re
newed interest2 3 in this reaction prompts us to report 
further work in this area. Fluorine derivatives of five- 
membered heterocycles have been only slightly investi
gated.4 Recent evidence has indicated5 that fluorine 
in the 2 position of thiophene has a stronger electron- 
withdrawing effect than in fluorobenzene. For these 
reasons, it became of interest to us to determine the po
sition of electrophilic substitution and lithiation of 
2-fluorothiophene.

Acylation of 2-fluorothiophene (1) with acetyl chlo
ride and stannic chloride gave 5-fluoro-2-acetylthio- 
phene (2). This ketone gave 5-fluoro-2-thenoic acid
(3) upon treatment with sodium hypochlorite and base. 
Iodination of 1 by the iodine-mercuric oxide method 
and nitration, using nitric acid in acetic anhydride, 
also gave the corresponding 5-substituted products 4 
and 5. In all three of these examples, the products 
were 98% isomerically pure on the basis of nmr exam
ination of the reaction mixture work-up. The assign
ment of substitution position was based on a comparison 
with recently observed coupling constants2 for 2-fluoro- 
thiophene. In all cases, typical JF_H, values of 1.4-2.1 
Hz and / h^h, values of 4.0-4.6 Hz were recorded (Table
I).

Lithiation of 2-fluorothiophene with n-butyllithium 
followed by treatment with dimethylformamide gave
5-fluoro-2-thenaldehyde (6). The aldehyde was readily 
oxidized to 3 by silver oxide in base. The formation of 
3 by this route as well as the observed nmr parameters 
for 6 (Table I) confirm the structure of the aldehyde.

(1 )  R . D . S c h u e tz , D .  D .  T a ft ,  J . P . O ’ B r ie n , J . L . S h ea , a n d  H . M .  M o r k .  
J . O rg . Chem., 2 8 , 1 4 2 0  (1 9 6 3 ).

(2 ) S . R o d m a r ,  B . R o d m a r , M .  K . S h a rm a , S. G r o n o w it z ,  H . C h r is t ia n s e n , 
a n d  U . R o s e n , Acta Chem. Scand., 2 2 , 9 0 7  (1 9 6 8 ).

(3 ) H . C h r is t ia n s e n , S . G r o n o w it z ,  B .  R o d m a r , S . R o d m a r , J . R o s e n ,  a n d  
M . K . S h a rm a . Aik. Kemi., 3 0 , 561 (1 9 6 9 ) .

(4 ) T e t r a f lu o r o fu r a n  is know m  b u t  r a p id ly  p o ly m e r iz e s  a t  r o o m  t e m p e r a 
tu r e :  J . B u rd o n , J . C .  T a t lo w , a n d  D . F . T h o m a s ,  Chem. Commun., 48
(1 9 6 6 ) . T e t r a f lu o r o t h io p h e n e  is  k n o w n  a n d  s t a b le :  J . B u r d o n , J . G . C a m p 
b e ll,  I .  \V. P a rs o n s , a n d  J . C .  T a t lo w ,  ibid., 2 7  (1 9 6 9 ) .

(5 ) B a s e d  o n  th e  d iffe re n ce  in  p K  b e t w e e n  2 -t h e n o ic  a n d  5 - f lu o r o -2 -
th e n o ic  a c id :  G . P .  N il le s  a n d  R .  D . S ch u e tz , J. Org. Chem., in  press .
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T a b l e  I
C o u p l in g  C o n st a n t s  for  V a r io u s  2 -S u b st it u t e d  

5 -F l u o r o t h io p h e n e s

R = JFU, JTH,
1“ H 1.62 3.07 3.89
2 c o c h 3 1.4 3.6 4.2
3 COOH 1.8 4.0 4.0
4 I 2.1 3.6 4.1
5 NO2 2.0 4.6 4.6
6 CHO 1.4 3.8 4.4

° Reference 2.

The 'H - 19F coupling constant is known to increase in 
going from H 3 to H 5 in 2-fluorothiophene.2 This effect 
is further exemplified in the quite large 5</f - c h o  coupling 
constant of 4.2 Hz, determined in both the ‘H and 19F 
nmr spectra. We therefore expected that the coupling 
between the fluorine and methyl protons in 2 might be 
observable. Indeed, this coupling was determinable 
and found to have a value of 0.45 Hz.

Karabatsos and Vane have shown0 that H 3-C H O  
coupling in substituted benzaldehydes is observable 
only when the “ W ” effect (i.e., H 3-C H O  are trans- 
trans) is applicable. Thus, the principle rotamer in 6 
would be the one in which the carbonyl function eclipses 
the sulfur atom. Further evidence was sought for this 
in the present work by variable temperature nmr ob
servation of 6. J¥.cho =  4.6 Hz for 6 in decalin be
tween — 34 and + 4 2 ° . At 64°, J = 4.2 Hz, and at 
89°, J =  3.9 Hz. Further increases in temperature up 
to 160° did not affect the coupling constant.7 8

These results are consistent with 7 representing the 
conformation of 6 and implies that 8 represents the con-

7 8

formation of 2 at room temperature and lower. In
creasing the temperature serves to decrease this rotamer 
population as a consequence of overcoming the rota
tional energy barrier about the carbonyl carbon-thio
phene ring bond. This results in a decrease in J f -c h o  
since the trans-trans coupling should be larger than the 
trans-cis coupling.9

While it is possible that some contribution to the 
magnitude of J f -c h o  could arise from 6-bond coupling 
via the carbon skeleton, it was noted that no additional 
splitting of the aldehyde proton occurred at high tem
perature despite the trans-trans relationship between 
H3 and CHO of the higher energy rotamer.10 It would 
appear that coupling occurs through the sulfur (“ W ”  
effect) in both 2 and 6.

(6) G. J. Karabatsos and F. M. Vane, J .  Amer. Chem. Soc., 85, 3886 
(1963).

(7) All coupling constants were determined at least three times each; the 
maximum deviation was ±0 .05 Hz.

(8) This corresponds to a energy barrier (A£'a*298) to rotation of ~16 
kcal/mol. Other representative energy barriers for rotation about an 
sp^sp2single bond following: 2-furanaldehyde, 10-11 kcal; p-methoxybenz- 
aldehyde, 9.2 kcal [J. P. Lowe, Progr. Phys. Org. Chem., 6, 1 (1968)].

(9) It was not possible to determine temperature effects on the nmr of 2 
since the coupling approaches the limit of resolution of the instrument.

(10) This coupling is also absent in 2-thenaldehyde: S. Gronowitz and 
R. A. Hoffman, Acta Chem. Scand., 13, 1687 (1959).

Experimental Section

Melting points were determined on an Electrothermal melting 
point apparatus calibrated with furnished standards. Infrared 
spectra were recorded on a Perkin-Elmer 237B spectrophotom
eter between NaCl plates for liquids and as KBr disks for solids. 
The nmr spectra were recorded on a Varian A-56/60 instrument 
at ambient probe temperature and with Freon 112 as solvent and 
internal standard but referred to CC13F (<i> scale) and with TMS 
as internal standard for the proton spectra. Variable temperature 
nmr spectra were run in decalin. Analyses were by Galbraith 
Laboratories, Knoxville, Tenn.

5-Fluoro-2-thenaldehyde (6).— A solution of 70 ml of 1.6 N
n-butyllithium (Foote Chemical Co.) was cooled to 3° and treated 
dropwise over a period of 1 hr with 10.2 g (0.100 mol) of 2-fluoro
thiophene in 50 ml of ether. To this 8.0 g (0.11 mol) of dimethyl- 
formamide in 40 ml of ether was added in 30 min. After an addi
tional 1 hr of stirring, the mixture was poured into 100 g of ice 
and 50 ml of 6 N  HC1. The organic layers were separated, and 
the aqueous layer was extracted with four 100-ml portions of 
ether. The combined, dried (Na2SO<) ether solutions were dis
tilled to give 8.2 g (0.063 mol, 63% ) of aldehyde: bp 60-61° 
(63 Torr); n28D 1.5482; ir 1680 cm-1 (C = 0 ) ;  pmr t 0.18 (d, 
J  =  4.2 Hz, CHO), 2.32 (d of d, J =  4.4, 3.8 Hz, H 6 7 8), 3.22 (d 
of d, J = 4.4, 1.4 Hz, H 4); fmr <t> 116.7 (m, J =  4.2, 3.8,
1.4 Hz).

A 2,4-dinitrophenylhydrazone prepared in the usual manner 
was recrystallized twice from ethanol for analysis, mp 257-258° 
dec.

Anal. Calcd for C „H ,04FN4S: C, 42.72; H, 1.96; N, 18.12; 
S, 10.37. Found: C, 42.64; H, 2.01; N, 17.96; S, 10.44.

5-Fluoro-2-thenoic Acid (3). A.— A mixture of 3 g of silver 
oxide and 2 g of sodium hydroxide in 40 ml of water was stirred 
and 1.30 g (0.0100 mol) of 5-fluoro-2-thenaldehyde was added 
in one portion. The mixture was stirred for 30 min and filtered. 
The filtrate was acidified to congo red with concentrated HC1. 
The precipitate of 5-fluoro-2-thenoic acid was collected and re
crystallized from hot water: mp 146-148°; yield 0.70 g (0.0048 
mol, 48% ); ir 1680 cm-1 (C = 0 ) ;  pmr r 0.52 (s, COOH), 2.83 
(t, J  =  4.0, 4.0 Hz, H 8), 3.31 (d of d, J  =  4.0, 1.8 Hz, H 4).

Anal. Calcd for C3H3F 0 2S: C, 41.08; H, 2.07; S, 21.94. 
Found: C, 41.14; H, 1.98; S, 21.77.

B. By the Haloform Reaction.— A mixture of 30 ml of 6%  
sodium hypochlorite, 20 ml of 5 M  NaOH, and 1.30 g (0.0100 
mol) of 5-fluoro-2-acetylthiophene was heated on the steam bath 
for 2 hr. The solution was cooled and acidified to Congo red 
with concentrated HC1. The collected acid was recrystallized 
from water, yield 0.42 g (0.0029 mol, 29% ). This material was 
identical by melting point, mixture melting point, and infrared 
spectra with that prepared in A.

5-Fluoro-2-acetylthiophene (2).— A mixture of 1.02 g (0.0100 
mol) of 2-fluorothiophene and 0.87 g (0.011 mol) of acetyl chlo
ride in 15 ml of CS2 was cooled to 15° and treated dropwise with
2.87 g (0.011 mol) of stannic chloride with stirring in 1 hr. After 
an additional 1 hr of stirring, the mixture was poured into 10 ml 
of water. The organic layer was separated and the aqueous layer 
was extracted with two 20-ml portions of carbon disulfide. The 
combined, dried (Na2SO<) organic phases were stripped of solvent 
and the residue was vacuum distilled to give 1.15 g (0.0072 mol, 
72% ) of ketone: bp 80° (15 Torr); ir 1670 cm “ 1 (C = 0 ) ;  pmr 
r  2.73 (d of d, J =  4.2, 3.6 Hz, H 8), 3.63 (d of d, J =  4.2, 1.4 
Hz, H 4), 7.63 (d, J  =  0.45 Hz, CH3); fmr 4> 119.5, (m, /  =  3.6,
1.4, 0.45 Hz).

A 2,4-dinitrophenylhydrazone prepared in the usual manner 
was recrystallized from ethanol for analysis, mp 246-248°.

Anal. Calcd for CI2H0FN4O4S: C, 44.58; H .2 .49 ; N, 17.33; 
S, 9.92. Found: C, 44.46; H, 2.54; N, 17.21; S, 9.84.

5-Fluoro-2-iodothiophene (4).— A solution of 0.64 g (6.3 mmol) 
of 2-fluorothiophene in 5 ml of ether was treated with alternate 
portions of 1.1 g of yellow mercuric oxide and 1.6 g (6.3 mmol) of 
iodine with vigorous stirring, during 20 min, about 10%  of each 
reagent being added at one time. The suspension of mercuric 
iodide was filtered off and washed with several portions of ether. 
The combined filtrate and washings were distilled to remove the 
solvent. The residue was subjected to micro molecular distilla
tion at 60° (20 Torr) to give 0.88 g (3.9 mmol, 62% ), of product: 
pmr r  3.18 (d of d, J  =  4.1, 3.6 Hz, H 8), 3.90 (d of d, J  =  4.1,
2.1 Hz, H 4).

5-Fluoro-2-nitrothiophene (5).— A solution of 0.57 g (5.6 mmol) 
of 2-fluorothiophene in 5 ml of acetic anhydride was cooled to
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0° with stirring. To this a solution of 0.77 g (1.0 mmol) of 90% 
nitric acid in 5 ml of acetic anhydride was added during 30 min. 
The reaction mixture was then stored at 0° for 24 hr and then 
poured into 50 g of ice and set aside at 0° for 24 hr. The solution 
was extracted with ether (two 25-ml portions) and the combined 
dried (Na2S04) extracts were stripped of solvent. The residue 
was distilled at 80° (15 Torr) to give 0.72 g (4.9 mmol, 87% ) of 
product: pmr r 2.40 (t, J =  4.6, 4.6 Hz, H3), 3.47 (d of d, 
/  =  4.6. 2.0 Hz, H 4).

Anal. Calcd for C4H2F N 02S: C, 32.63; H, 1.37; N, 9.52; 
S, 21.80. Found: C, 32.90; H, 1.61; N, 9.55; S, 22.01.

Registry N o — 2, 29669-44-1; 2 2,4-DNP, 29669-
45-2; 3, 4377-58-6; 4 ,29669-47-4 ; 5 ,29669-48-5 ; 6, 
29669-49-6; 6 2,4-DNP, 29669-50-9.

Condensed 1,3-Benzothiazines. A Facile
Rearrangement of 3-Alkyl-8-nitro-s-triazolo- 

[3,4-b](l,3,4)benzothiadiazepine

T . G e o r g e * a n d  R . T a h il r a m a n i

Cmtributim, No. 213 from the CIBA Research Centre, 
Goregaon, Bombay 63, India

Received October 26, 1970

The fission of an N -N  or of an N - 0  bond with forma
tion of a cyano group under the influence of nucleophilic 
agents is well documented in five- and six-membered 
systems.1 This note describes a novel example of a re
arrangement in a seven-membered heterocyclic system 
involving fission of an N -N  bond.

In connection with the synthesis of condensed s-tri- 
azole heterocycles described earlier,2 3 3-alkyl-4-(2- 
chloro-5-nitro) benzalamino-5-mercapto-s-triazoles were 
prepared by condensation of 3-alkyl-4-amino-5-mer- 
capto-s-triazoles3 with 2-chloro-5-nitrobenzaldehyde. 
It was reported earlier2 that refluxing the sodium salt of 
the ethyl analog la in dioxane gave 3-ethyl-8-nitro-s- 
triazolo[3,4-6](l,3,4)benzothiadiazepine (2a) as a 
yellow compound which showed in the nmr spectrum in 
DMSO-d6 the azomethine proton as a singlet at 8 8.86. 
2a was also obtained by refluxing la with 1 equiv of 
sodium ethoxide in ethanol.

In the presence of 1.3-2.0 equiv of sodium ethoxide, 
la gave a new product isomeric with 2a as shown by 
analytical values and spectral data. The nmr spectrum 
showed no signal at 8 8.86 corresponding to the azo
methine proton of 2a; the ir spectrum contained an N H  
band at 3350 and 3260 cm-1 but no nitrile band. From 
these data, the product can be formulated as 3-ethyl-
5-imino-7-nitro-5T/-s - triazolo [3 ,4 -6 ]-1 ,3 -benzothiazine 
(3a). The course of the reaction from la can be envis
aged as involving the formation of 2a which in the pres
ence of base undergoes scission of the N -N  bond to form 
the nitrile 2 'a which undergoes facile intramolecular 
ring closure to form 3a. An alternative structure, 3- 
ethyl-5-imino - 7 - nitro- 5H-s - triazolo [5,1-5 ] -1 ,3  - benzo
thiazine (3'a) cannot be ruled out. Treatment of 2a 
in presence of 0.3-1 equiv of sodium ethoxide in ethanol

(1) Yu. A. Naumov and I. I. Grandberg, Russ. Chem. Rev., 36, 9 (1966).
(2) T. George, R. Tahilramani, and D. A. Dabholkar, Indian J. Chem., 7, 

959 (1969).
(3) H. Beyer and C. F. Kroger, Justus Liebigs Ann. Chem., 637, 135 

(1960).

la, R =  C2H5 
b, R =  CH3

R

5 6

2a, R =  C2H5; R' =  NO,
b , R=CH3;R' =  N02
c , R =  C2H5;R' =  NH2

N -N

NO.

N ^

H

2'a, R 
b ,R = C H

3'

3a,3,a;R =  C2H5;R' =  NH
3b, 3'b; R =  CH3; R' =  NH
3c, 3'c; R =  C2H5; R' =  NC (= 0 )C H 2C1
3d,3'd;R  =  C2H5;R' =  0

4a, R =  Cl 5
b, R =  OC2H5

n o2
R

6a, R =  NH 
b, R =  0

gave 3a in 68%  yield, showing that the reaction from la  
proceeds through 2a as an intermediate.

Confirmation of the product as 3a or 3 'a was obtained 
by establishing its identity with the condensation prod
uct of 2-chloro-5-nitrobenzonitrile4 (4a) and 3-ethyl-5- 
mercapto-s-triazole3 (5) in presence of sodium ethoxide. 
Under carefully controlled conditions of hydrolysis, 3a 
gave 3d, the corresponding oxo compound which showed 
the carbonyl band at 1710 cm-1 in the ir spectrum. 
This is in agreement with the reported values for fused 
cyclic lactams.6 The chloroacetyl derivative 3c and 
the oxo compound 3d can have the alternative struc
tures 3'c and 3'd.

(4) J. J. Blanksma and P. G. Fohr, Red. Trav. Chim. Pays-Bas, 65, 706 
(1946).

(5) L. J. Bellamy, “ The Infrared Spectra of Complex Molecules,”  Wiley, 
New York, N. Y., 1957, p 205.
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The methyl analog lb gave 2b on refluxing with 1.1 
equiv of sodium ethoxide in ethanol. Treatment of 2b 
with 1 equiv of sodium ethoxide gave 3b as the main 
product along with a low yield of 2-ethoxy-5-nitrobenzo- 
nitrile (4b) which was obviously formed by the action of 
sodium ethoxide on the intermediate nitrile 2'b. Re
duction of 2a with Raney nickel gave 2c winch failed to 
undergo base-catalyzed rearrangement to a con
densed 1,3-benzothiazine system, showing that the ni- 
tro group is essential for the rearrangement to occur.

As intramolecular amidine formation to give rise to 
condensed 1,3-benzothiazine system occurs in a facile 
way in the case of 4-amino-5-mercapto-s-triazoles, it 
was of interest to use other heterocyclic substrates con
taining the -N H C (S H )= N -sy ste m . 2-AIercaptobenz- 
imidazole was treated with 2-chloro-5-nitrobenzoni- 
trile (4a) in presence of sodium ethoxide to give in 
good yield 6-imino-8-nitro-6//’-benzimidazoIo[2,3-i)]-
1,3-benzothiazine (6a). On treatment with ethanolic 
hydrochloric acid, the corresponding oxo compound 6b 
was obtained, the carbonyl band of which appeared at 
1702 cm-1 in the ir spectrum.

Experimental Section

Melting points are uncorrected. The ir spectra were examined 
as Nujol mulls on a Perkin-Elmer Model 421 spectrophotometer. 
The uv spectra in 95% ethanol were recorded on a Beckman 
DK-2A Model spectrophotometer and the nmr spectra were 
recorded on a Varian Associates A-60 spectrometer with TMS as 
internal standard.

3-Alkyl-4-(2-chloro-5-nitro)benzalamino-5-mercapto-s-tri azoles.
— The above compounds were prepared by refluxing together 1 
equiv of 3-alkyl-4-amino-5-mercapto-s-triazole with 1.1 equiv of 
2-chloro-5-nitrobenzaldehyde in 2-propanol containing 5 drops 
of concentrated HC1. The product was separated by filtration, 
washed with dilute sodium bicarbonate solution and water, and 
recrystallized from methanol.

4-(2-Chloro-5-nitro)benzalamino-3-ethyl-5-mercapto-s-triazole
(la) was obtained as yellow crystals in 80% yield: mp 236°; 
ir 1605 and 1588 cm -1; uv max 250 nm (log 1 4.43) and 350 (3.62); 
nmr (CF3COOH) 1.62 (t, 3 H , CH2CH3), 3.3 (q, 2 H, CH2CH3), 
7.81 (d, 1 H, /  =  9 Hz, aromatic), 8.40 (q, 1 H, J  =  2.5 and 9 
Hz, aromatic), 8.77 (d, 1 H, J =  2.5 Hz, aromatic), and 8.81 
(s, 1 H, C H = N ).

Anal. CalcdforC nH 10ClN6O2S: 0 ,42 .38 ; H, 3.23; N, 22.47; 
S, 10.55. Found: C .42.63; H, 3.34; N, 22.21; S, 10.55.

4- (2-Chloro-5-nitro )benzalamino-5-mercpto-3-methyl-s-triazole
(lb) was obtained as yellow crystals in 74% yield, mp 252°; 
ir and uv spectrum were similar to those of la.

Anal. C a lcd forC 10H8ClN:.O2S: C, 40.35; H, 2.71; N, 23.51. 
Found: C, 40.27; H, 2.80; N, 23.43.

3-Alkyl-8-nitrobenzo (7,8 )-s-triazolo [3,4-6] (1,3,4 )thiadiazepines.
■—Equimolar amounts of 3-alkyl-4-(2-chloro-5-nitro)benzalamino-
5-mercapto-s-triazoles and sodium ethoxide in ethanol were 
heated under reflux for 4 hr. The product was separated by 
filtration, washed with water, and recrystallized from methanol.

3-Ethyl-8-nitrobenzo(7,8)-s-triazolo[3,4-6] (1,3,4 )thiadiazepine 
(2a) was obtained as yellow crystals in 67%  yield: mp 240°; 
ir 1605 and 1520 cm-1; uv max 237 nm (log e 3.24) and 278 
(infl) (3.08); nmr (DMSO-d6) 3 1.33 (t, 3 H, CH2CH3), 2.82 (q, 
2 H, CH2CH3), 7.91 (d, 1 H, C-10 H ), 8.41 (q, 1 H, C-9 H),
8.62 (d, 1 H, C-7 H ), and 8.86 (s, 1 H, C H = N ).

Anal. Calcd for CuHsNsChS: C, 48.00; H, 3.30; N , 25.45. 
Found: C, 48.24; H, 3.52; N, 25.16).

3-Methyl-8-nitrobenzo (7,8 )-s-triazolo [3,4-6] (1,3,4 )thiadiaze- 
pine (2b) was obtained in 70% yield: mp 275°; ir 1605 and 1520 
cm-1; uv max 233 nm (log e 4.34) and 277 (infl) (4.03).

Anal. Calcd for Ci0H7N5O2S: C, 45.98; H, 2.70; N , 26.81. 
Found: C, 46.16; H, 2.92; N, 27.07.

3-Ethyl-5-imino-7-nitro-5£f-s-triazolo [3,4-6] -1,3-benzothiazine 
(3a). Method A. From la.— To a solution of sodium (0.253 g, 
12 mg-atoms) in ethanol (70 ml) was added compound la (3.12 g, 
0.01 mol). A crystalline solid began to separate when the re
action mixture was heated under reflux with stirring for 1 hr.

The refluxing was continued for 4 hr, the reaction mixture cooled, 
and the product was filtered, washed with water and ethanol, and 
recrystallized from methanol to give 3a as pale yellow crystals: 
yield 1.8 g (66% ); mp 176°; ir 3350, 3260, and 1650 c m '1; 
uv max 218 nm (log « 4.48) and 320 (3.93); nmr (DMSO-d6) S 
1.35 (t, 3 H, CH2CH3), 2.80 (q, 2 H, CH2CH3), 7.72 (d, 1 H, 
C-9 H ), 8.43 (q, 1 H, C-8 H), and 9.50 (d, 1 H, C-6 H).

Anal. Calcd for CnHoNsChS: C, 48.00; H, 3.30; N, 25.45. 
Found: C, 48.29; H, 3.43; N, 25.31.

Method B. From 2a.— Compound 2a (8.25 g, 0.03 mol) was 
added to a solution of sodium (0.23 g, 10 mg-atoms) in ethanol 
(150 ml) and the reaction was carried out and worked up as 
above to obtain a yield of 5.6 g (68% ).

Method C. From 4a and 5.— From 4a (1.29 g, 0.01 mol) and 
5 (1.83 g, 0.01 mol) using sodium ethoxide from sodium (0.25 g, 
12 mg-atoms) in ethanol (60 ml) 3a was obtained in 43.5% yield.

5-Imino-3-methyl-7-nitro-5/f-.s-triazolo [3,4-6] -1,3-benzothiazine 
(3b).— Compound 2b (2.61 g, 0.01 mol) was added to ethanol 
(100 ml) to which sodium (0.23 g, 10 mg-atoms) had been added 
previously. The mixture was stirred and heated under reflux 
for 6 hr. The precipitate formed on cooling was filtered and re
crystallized from ethanol to afford 0.8 g (31%) of 3b: mp
191°; ir 3350, 3260, and 1645 cm“ 1; uv max 218 nm (log e 4.48) 
and 323 (3.93).

Anal. Calcd for C10H,N5O2S: C, 45.98; 11,2.70; N, 26.81. 
Found: C, 46.33; H, 2.91; N, 27.05.

The filtrate was concentrated under reduced pressure and 
cooled to give 80 mg of 4b which on recrystallization from 2- 
propanol melted at 94°: ir 2240, 1600, 1580, 1030, and 750 cm -1; 
uv max 296 nm (log e 4.37) and 233 (infl) (4.21); nmr (CDC13) 
S 1.51 (t, 3 H, CH3), 4.33 (q, 2 H, OCH2), 7.14 (d, 1 H, aromatic 
proton), and 8.45 (m, 2 H, aromatic protons).

Anal. Calcd for C<iH8N20 3: C, 56.25; H, 4.20; N , 14.58. 
Found: C, 56.11; H, 4.39; N, 14.44.

3-Ethyl-5-(chloroacetyl)imino-7-nitro-5/7-s-triazolo [3,4-6]-1,3- 
benzothiazine (3c).— To a stirred suspension of 3a (2.75 g, 0.01 
mol) in dry toluene (50 ml) containing pyridine (1 ml), a solution 
of chloroacetyl chloride (1.24 g, 0.01 mol) in toluene (10 ml) was 
added dropwise. The mixture was heated under reflux for 4 hr 
and cooled. The precipitated product was filtered and washed 
with water and ethanol. Recrystallization from methylene 
chloride-hexane gave 1.7 g (49.35%) of 3c as colorless crystals: 
mp 218°; 1700 and 1650 cm-1; uv max 323 nm (log e 4.04) and 
235 (infl) (3.96).

Anal. Calcd for C13H10ClN5O3S: C, 44.39; H, 2.87; N,
19.91. Found: C, 44.69; H, 3.16; N, 20.01.

3-Ethyl-7-nitro-5-oxo-5H-s-triazolo [3,4-6] -1,3-benzothiazine
(3d).— Compound 3a (1.37 g, 0.005 mol) was warmed with con
centrated HC1 (5 ml) and ethanol (10 ml). A homogeneous 
solution was formed and after 5 min the crystaline precipitate 
which was formed was filtered, washed with dilute sodium bi
carbonate, and recrystallized from ethanol to give 0.3 g (22%) of 
3d: mp 193°; ir 1710 and 1610 cm “ 1; uv max 236 nm (log « 
4.36) and 323 (3.81).

Anal. Calcd for CnHsNAbS: C, 47.83; II, 2.92; N, 20.29. 
Found: C, 47.70; H, 3.17; N, 20.06.

7-Amino-3-ethyl-s-triazolo [3,4-6] (1,3,4 )benzothiadiazepine (2c). 
— A mixture of compound 2a (4.0 g), Raney Nickel W-2 (2.5 g), 
and methanol (200 ml) was shaken with hydrogen at ambient 
temperature and atmospheric pressure until the absorption ceased 
which corresponded to absorption of nearly 3 mol of hydrogen. 
The suspension was filtered and the filtrate was evaporated to give 
a crystalline solid which melted at 160°. Recrystallization from 
ethanol gave 2.9 g (81%) of 2c as yellow crystals: mp 181°;
ir 3320 and 3200 cm“ 1; uv max 246 nm (log e 4.53).

Anal. Calcd for CnHnNsS: C, 53.87; H, 4.52; N , 28.56. 
Found: C, 53.49; H, 4.86; N , 28.55.

Treatment of 2c (2.45 g) with sodium ethoxide under conditions 
described for 2a gave back unchanged material.

6-Imino-8-nitro-6H-benzimidazolo [2,3-6]-1,3-benzothiazine 
(6a).— The above compound was obtained in 65% yield from 
2-mercaptobenzimidazole and 2-chloro-5-nitrobenzonitrile 4a 
using sodium ethoxide under conditions described for 3a and re
crystallized from methanol: mp 287°; ir 3280, 1600, and 1580 
cm“ 1; uv max 225 nm (log e 4.31), 245 (4.16), and 345 (3.63).

Anal. Calcd for ChH8N40 2S: C, 56.76; H, 2.72; N , 18.91. 
Found: C, 56.43; H, 2.89; N, 18.87.

8-Nitro-6-oxo-6//-benzimidazolo [2,3-6] -1,3-benzothiazine (6b). 
— Compound 6a (1.48 g) was added to ethanol (15 ml) containing



2192 J. Org. Chem., Vol. 36, No. 15, 1971 Notes

concentrated HC1 (8 ml) and heated under reflux with stirring 
for 4 hr. Filtration of the product followed by treatment with 
dilute sodium bicarbonate solution and ethanol gave yellow 
crystals of 6b: yield 1.3 g (88% ); mp >305°; ir 1702 and 1612 
cm-1; uv max 222 nm (log < 4.26), 260 (4.35), and 335 (4.05).

Anal. Calcd for C14H7N30 3S: C, 56.57; H, 2.37; N, 14.14. 
Found: C, 56.86; H, 2.67; N , 13.90.

Registry N o .— la, 24848-32-6; 
2a, 24848-33-7; 2b, 29669-36-1;
3a, 29669-37-2; 3b, 29669-38-3;
3d, 29669-40-7; 4b, 29669-41-S;
6b, 29669-43-0.

lb , 29669-34-9; 
2c, 29913-47-1; 
3c, 29669-39-4; 
6a, 29669-42-9;
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It has been reported earlier1 that the pyrido[l,2-a]- 
pyrimidine nucleus can be functionalized by the Vils- 
meier-Haack reaction to obtain 2-chloro-3-formyl-
4-oxo-4//-pyrido[1,2-a]pyrimidine (la). We are de
scribing below a facile synthesis of some tricyclic sys
tems starting from la.

Reaction of la with methylamine and benzylamine 
took place exothermically to give the aldi mines 2a and 
2b. The nmr spectrum of 2a showed the presence of 
the C H = N C H 3 moiety, the methyl as a doublet at 5 
3.42, and the methine proton as a quartet at 5 8.78 
(<7ch,nch3 =  — 1-6 H z);2 2b showed the presence of 
the C H = N C H 2C6H5 moiety, the methylene group as a 
doublet at 5 4.72, and the methine proton as a triplet 
at 8 9.03 (dcH.NCHi =  — 1.3 Hz). Acid hydrolysis of 
2a gave the aldehyde lb. Treatment of 2a with malo- 
nonitrile gave in excellent yield 3-cyano-2-imino-l- 
methy 1-4-0X0-477- pyrido [l,2-a]pyrimido [4,5-6 ]pyridine 
(3a) which showed in the ir spectrum the imino 
group at 3300 cm-1 and the conjugated cyano group at 
2210 cm-1 . In general, the formation of the above tri
cyclic system was very facile using compounds contain
ing active methylene groups adjacent to a cyano group. 
Thus, ethyl cyanoacetate, cyanoacetamide, and benzoyl 
acetonitrile3 reacted with 2a to give compounds 3b-d  
and benzoyl acetonitrile with 2b to give 3e. The course 
of the reaction can be envisaged to proceed through the 
addition of the anions of the above reagents followed by 
elimination of methylamine or benzylamine to give 
compounds 3a-e. Aminoacetonitrile and cyanamide

(1) E. A. Ingalls and F. D. Popp, J. Heterocycl. Chem., 4, 525 (1967).
(2) (a) K. Tori, M. Ohtsuru, and T. Kubota, Bull. Chem. Soc. Jap., 39, 

1089 (1966); (b) W. Brugel, “ Nuclear Magnetic Resonance Spectra and 
Chemical Structure,”  Academic Press, New York,-London, 1967, p 
191.

(3) J. B. Dorsch and S. M. McElvain, J. Amer. Chem. Soc., 54, 2960 
(1932).

la, R =  Cl 
b, R =  NHCHj

2a, R =  CH3
b, R =  CH2C6H5

3a, R = CH3; R '=CN
b, R =  CH3; R'=COOC2H5
c, R =CH3; R' =  CONH2
d, R =  CH3; R '=C 0C 6H6
e, R =  CH2C6H5;R '=C O C 6H5

4a, R =  CH3; R' =  NHCH3
b , R =  CH2C6H5; R' =  NHCH3

ch3o

I II
c, R =  CH3; R '= N — CCI

CH30
I II /—\

d, R = CH3; R' =  N—  CN O

CH3 S
I II

e, R =  CH2C6H5; R' =  N— CCI
CH3 S
I II /—\

f, R =  CH2C6H5; R' =  N—  CN 0
CH30  n— '
I II

g, R = CH3; R' = N— COC2H5

c h = n n h c h 3
0
4c', R = Cl

d ',R  = N 0
5a, X =  0; R = CH3 
b, X = S ;R = C H 2C6H5

failed to react with 2a and 2b. Active methylene com
pounds such as acetylacetone, phenacyl chloride, or 
chloroacetone did not give tricyclic systems from 2a, 
the only product which could be isolated and charac
terized being lb, the aldehyde corresponding to 2a.

Methylhydrazine reacted with 2a and 2b to give the 
corresponding N-methylhydrazones 4a and 4b. On 
reaction with phosgene in toluene, 4a gave a product
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which showed in the ir spectrum bands at 1740 and 
1690 cm-1 and an identical uv spectrum in conformity 
with structure 4c. Thiophosgene in toluene reacted 
with 4b to give 4e in an analogous way. 4c and 4e were 
surprisingly stable to aqueous alkali at ambient tem
perature but reacted with morpholine in refluxing diox- 
ane to afford the morpholinoformyl derivative 4d and 
the morpholinothioformyl derivative 4f, respectively. 
The nmr spectrum of 4d showed a doublet correspond
ing to the N H C H 3 group at d 3.18 which coalesced to a 
singlet on addition of D 20 . Therefore, it is possible to 
rule out the alternate structures 4d' for the morpho
linoformyl derivative and 4c' for its precursor, the 
chloroformyl derivative. 4d underwent acid hydroly
sis to give the aldehyde lb, providing confirmation of 
the structures 4d and 4c for the above derivatives. A t
tempts to cyclize 4c and 4e to obtain the pyrido[l,2-a]- 
pyrimido [4,5-e ]-l,2,4-triazepine system 5a and 5b 
were unsuccessful. On treatment of 4a with ethyl 
chloroformate, 4g was obtained which resisted attempts 
at cyclization to give 5a.

The /3-chloroaldehyde la reacted with ethylenedi- 
amine to give in good yield l,2-dihydro-3//,6f/-6-oxo- 
pyrimido[4,5-e]-l,4-diazepine 6, whereas 2-chloro-5- 
nitrobenzaldehyde4 on reaction with ethylenediamine 
failed to give any concrete results.5

Experimental Section

Melting points are uncorrected. The ir spectra were examined 
as Nujol mulls on a Perkin-Elmer Model 421 spectrophotometer. 
The uv spectra in 95% ethanol were recorded on a Beckman 
DK-2A Model spectrophotometer and the nmr spectra were 
recorded on a Yarian A-60 spectrometer with TMS as internal 
standard. Thin layer chromatography (tic) was performed on 
rilica gel G plates.

2-Chloro-3-formyl-4-oxo-4.ff-pyrido[l,2-a] pyrimidine (la ) was 
prepared from 2,3-dihydro-2,4-dioxopyrido[l,2-a]pyrimidine by 
the Yilsmeier-Haack reaction in 76% yield, mp 226-227° (lit.1 
yield 39%, mp 224-226°).

2-Methylamino-3-(Ar-methyl )formimidoyl-4-oxo-4//-pyrido- 
[1,2-a]pyrimidine (2a).— To a stirred suspension of la (4.0 g) in 
ethanol cooled to 10°, was added a saturated solution of methyl- 
amine in ethanol dropwise until a clear homogeneous solution 
was obtained. The reaction mixture which became exothermic, 
was stirred for 2 hr. The yellow precipitate obtained was filtered 
and washed with water and 2-propanol. Recrystallization from 
ethanol gave 3.5 g of 2a (85% ): mp 154°; ir 3350, 1680, 1620, 
and 770 cm -1; uv X max 260 m^ (log e 4.45), 352 (4.05); nmr 
(CDCla) b 3.07 (d, 3 H, J  =  6 Hz, NHCH3), 3.42 (d, 3 H, 
J =  - 1 .6  Hz, C II= N C H 3), 6.70-7.75 (m, 3 H, C-7, C-8, C-9 
protons), 8.78 (q, 1 H, J  =  - 1 .6  Hz, C H = N C H 3), 8.80 (d, 1 H, 
C-6 H), 10.4 (s, broad, 1 H, N H ). On addition of D 20 , the 
doublet at b 3.07 coalesced to a singlet and the broad singlet at 
b 10.4 disappeared.

Anal. Calcd for CnHi2N40 :  C, 61.09; H, 5.59; N, 25.58. 
Found: C, 60.81; H, 5.66; N, 25.86.

2-Benzylamino-3-(A’-benzyl)formimidoyl-4oxo4//-pyrido- 
[1,2-a] pyrimidine (2b) was obtained in an analogous way from la 
and 3 equiv of benzylamine in 81% yield: mp 127° on recrystal
lization from ethanol; ir 3350, 1680, 1625, and 770 cm -1; uv X 
max 265 m/i (log e 4.54), 358 (4.11); nmr (CDC13) b 4.72 (d, 2 H, 
J =  - 1 .3  Hz, C H = N C H 2C6H5), 4.80 (d, 2 H, J =  6 Hz, NH- 
CH2C6H5), 6.7-7.6 (m, 13 H, C-7, C-8, C-9, and phenyl protons), 
8.86 (d, 1 H, C-6 H), 9.01 (t, 1 H, J  =  - 1 .3  Hz, C H = N C H 2C6H5), 
11.25 (s, broad, 1 H, NH ). On addition of D 20 , the doublet at 
5 4.80 coalesced to a singlet and the singlet at b 11.25 disappeared.

Anal. Calcd for C23H2()N40 :  C, 74.98; H, 5.47; N, 15.21. 
Found: C, 74.93; H, 5.62; N, 14.94.

2-Methylammo-3-formyl-4-oxo-4ii-pyrido[l,2-a] pyrimidine 
(lb ).— A solution of 2a (1.0 g) in ethanol (20 ml) containing 6 N

(4) H. Erdmann, Justus Liebigs Ann. Chem., 272, 148 (1892).
(5) Unpublished observations by authors.

HC1 (0.5 ml) was refluxed for 0.5 hr. The product obtained on 
cooling was filtered, washed with water, and recrystallized from 
2-propanol to give 0.3 g of lb : mp 220°; ir 3300, 1695, 1615, 
and 1590 cm-1; uv X max 252 m̂ x (log t 4.28), 350 (3.99); X 
infl 276 mu (log e 4.08); nmr (CF3COOH) b 3.45 (d, 3 H, NH- 
CH3) 7.75-8.20 (m, 2 H, C-7, C-8 protons), 8.62 (m, 1 H, C-9 
proton), 9.46 (d, 1 H, C-6 H), 10.1 (s, 1 H, CHO), 10.59 (s, 
broad, 1 H, NH).

Anal. Calcd for C10H9N3O2: C, 59.10; H, 4.46; N, 20.68. 
Found: C, 59.01; H, 4.56; N, 20.57.

2-Imino-l-methyl-3-(substituted ;-4-oxo-47/-l,2-dihydropyrido- 
[l,2-a]pyrimido[4,5-6]pyrimidines (3a-d). 3-Cyano Derivative
3a.— To a solution of 2a (2.03 g, 0.01 mol) in chloroform (15 ml) 
was added a solution of malononitrile (0.72 g, 0.011 mol) in 
chloroform and heated under reflux for 2 hr. The yellow crystal
line product obtained was filtered and recrystallized from metha
nol-chloroform: yield 1.4 g (60% ); mp 292°; ir 3300, 2210, 
and 1680 cm-1; uv X max 222 m/t (log e 4.63), 272 (4.85), 4.03 
(4.57); nmr (CF3COOH) 4.35 (s, 3 H, NCH3), 7.6-8.58 (m, 4 H, 
C-4, C-8, C-9, and C-10 protons), 9.28 (2 H, s, broad, C-7 and 
NH protons).

Anal. Calcd for Cj3H9N50 :  C, 62.14; H, 3.61; N, 27.88. 
Found: C, 61.68; H, 3.82; N, 27.58.

3-Carbethoxy derivative 3b was obtained from 2a and ethyl 
cyanoacetate in 70% yield, mp 233° on recrystallization from 
chloroform-methanol.

Anal. Calcd for Ci6H14N40 3: C, 60.39; H, 4.73; N, 18.78. 
Found: C, 60.70; H, 4.81; N, 19.09.

3-Carboxamido derivative 3c was obtained from 2a and cyano- 
acetamide in 63% yield, mp 320° on recrystallization from chloro
form-methanol.

Anal. Calcd for C,3Hi,N50 2: C, 57.98; H, 4.12; N, 26.01. 
Found: C, 58.27; H, 4.40; N , 25.80.

3-Benzoyl derivative 3d was obtained from 2a and benzoyl 
acetonitrile in 67% yield: mp 262-263° from 2-propanol-
methylene chloride; ir 3305, 1700, 1660, and 1580 cm-1; uv X 
max 252 mm (log e 4.43), 307 (4.14).

Anal. Calcd for C19H14N40 2: C, 69.08; H, 4.27; N, 16.96. 
Found: C, 68.77; H, 4.60; N, 16.81.

l-Benzyl-2-imino-3-benzoyl-4-oxo-4if-l ,2-dihydropyrido [ 1,2-a] - 
pyrimido[4,5-6] pyrimidine (3e) was obtained from 2b and 
phenacyl cyanide in 58%  yield, mp 215° from chloroform- 
methanol.

Anal. Calcd for Ca H18N40 2: C, 73.87; H, 4.46; N, 13.79. 
Found: C, 73.59; H, 4.65; N, 14.02.

2-Methylamino-3-(Ar-methyl)aminoformimidoyl-4-oxo-4if- 
pyrido[l,2-a]pyrimidine (4a).— Methylhydrazine (1.01 g, 0.022 
mol) in ethanol (10 ml) was added to 2a (4.32 g, 0.02 mol) and 
stirred under reflux for 2 hr. The precipitate obtained was 
filtered and recrystallized from methanol to afford 4.1 g (94%) 
of 4a: mp 210°; ir 3260, 1655, and 1605 cm -1; uv X max 264 
mju (log e 4.47); nmr (CDC13 +  CD3SOCD3) b 2.90 (s, 3 H, 
= N N H C H 3), 3.15 (d, 3 H, NHCH3), 6 .9 -7 .6 (m, 3 H, C-7, C-8, 
and C-9 protons), 8.22 (s, 1 H, C H = N ),8.86 (d, 1 H, C-6 proton).

Anal. Calcd for C,iH13NsO: C, 57.13; H, 5.67; N, 30.29. 
Found: C, 57.42; H, 5.87; N, 30.18.

2-Benzylamino-3-(A-methyl)aminoformimidoyl-4-oxo-4ii- 
pyrido[l,2-o]pyrimidine (4b) was obtained in 61% yield from 
2b under conditions described for 4a, mp 156° on recrystallization 
from methanol.

Anal. Calcd for C i,H „N 50 :  C, 66.43; H, 5.58; N, 22.79. 
Found: C, 66.80; H, 5.66; N, 23.00.

A’ -Chloroformyl derivative 4c was obtained in 74% yield by 
refluxing 4a with excess of phosgene in toluene: mp 226° on re
crystallization from CH2Cl2-hexane; ir 1720, 1695, and 1615 
cm-1; uv X max 262 uqi (log t 3.92).

Anal. Calcd for C,2H12C1N50 2: C, 49.07; H, 4.12; N, 23.84. 
Found: C, 49.18; H, 4.18; N, 23.80.

A’ -(Morpholinoformyl) derivative 4d was obtained by treat
ment of 4c with morpholine in dioxane in 66%  yield: mp 193° 
on recrystallization from methylene chloride; ir 3290, 1680, and 
1630 cm“ 1; uv X max 262 mu (log c 4.51); nmr (CDCI3) S 3.18 
(d, 3 H, NHCHs), 3.35 (s, 3 H, = N N C H 3), 3.55 (m, 4 H, NCH2),
3.72 (m, 4 H, OCH2), 6.85-7.75 (m, 3 H, C-7, C-8, and C-9 
protons), 8.26 (s, 1 H, C H = N ), 8.86 (d, 1 H, C-6 proton), and
8.95 (s, 1 H, NH).

Anal. Calcd for C,sH2oN60 3: C, 55.80; H, 5.85; N, 24.41. 
Found: C, 55.61; H, 5.71; N , 24.09.

Acid Hydrolysis of 4d to lb .— A solution of 4d (0.5 g) in etha
nol (15 ml) containing 2 N  HC1 (5 ml) was refluxed for 1 hr.
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The solvent was removed under reduced pressure to give a residue 
which was treated with water to give 0.2 g of a product which 
melted at 219° on recrystallization from 2-propanol and was 
identical with lb described above by mixture melting point, 
spectral comparison, and tic behavior.

Ar-Thioformyl derivative 4e was obtained in 71% yield by 
refluxing 4b with thiophosgene in toluene: mp 236° on recrystal
lization from methylene chloride-ether; ir 3250, 1660, and 
1610 cm -1.

Anal. Calcd for CisHieClNsOS: C, 56.03; H ,4.18; N, 18.15. 
Found: C, 56.21; H, 4.36; N, 17.86.

Ar-Morpholinothioformyl derivative 4f was obtained in 56% 
yield from 4e and morpholine, mp 166° on recrystallization from 
methylene chloride-ether.

Anal. Calcd for C22H24N602S: C, 60.54; H, 5.54; N, 19.26. 
Found: C, 60.76; H, 5.52; N , 19.22.

2-Methylamino-3-(A'-carbethoxy-A’-methyl jaminoformimidoyl-
4-oxo-4f/-pyrido[l,2-a]pyrimidine (4g).— To a suspension of 4a 
(2.31 g, 0.01 mol) in dioxane (80 ml) containing pyridine (0.8 g) 
was added ethyl chloroformate (1.08 g, 0.01 mol) and the mixture 
was heated with stirring under reflux for 4 hr. The precipitate 
obtained on cooling was filtered and recrystallized from methylene 
chloride to give 1.8 g of 4g: mp 190°; ir 3510, 1680, and 1660 
cm -1; uv X max 260 m/i (log e 4.48).

Anal. Calcd for ChH17N50 3: C, 55.43; IT, 5.65; N, 23.09. 
Found: C, 55.16; H, 6.17; N, 22.91.

6-Oxo-3H ,6H-1,2-dihydropyrimido[4,5-e]-1,4-diazepine (6).— 
Ethylenediamine (3.6 g, 0.06 mol) was added to a stirred suspen
sion of la (4.16 g, 0.02 mol) in dioxane (50 ml) and heated under 
reflux for 4 hr. The precipitate obtained on cooling was filtered 
and washed with water and ethanol. On recrystallization from 
chloroform-dioxane 2.9 g (78%) of product was obtained: mp 
310°; ir 1680, 1610, and 1460 cm-1; uv6 X max 217 and 265 
mM; nmr (CF3COOH) S 4.25 (s, broad, 4 H, NHCH2 and 
= N C H 2), 7.3-7.7 (m, 3 H, C-9, C-10, and C -l l protons), 8.32 
(m, 1 H, C H = N ), 9.03 (d, 1 H, C-8 proton).

Anal. Calcd for CuH10N4O: C, 61.67; H, 4.71; N, 25.97. 
Found: C, 61.49; H, 4.75; N , 25.77.

Registry N o ,— lb, 29494-74-4; 2a, 29494-75-5;
2b, 29494-76-6; 3a, 29494-77-7; 3b, 29494-7S-8; 3c,
29494-79-9; 3d, 29494-30-2 ; 3e, 29494-81-3; 4a,
29494-82-4; 4b, 29494-83-5; 4c, 29494-84-6; 4d,
29494-S5-7 ; 4e, 29494-86-8; 4f, 29494-87-9; 4g,
29494-S8-0; 6,29494-89-1.

Acknowledgment.— Thanks are expressed to Dr. T. 
R. Govindachari for his interest in the above work and 
Dr. S. Selvavinayakam for analytical and spectral data.

(6) Only qualitative assay could be performed owing to the high degree of 
insolubility of the compound in solvents.

ical properties.2 We were unable to prepare other de
rivatives by the same method but found a more general 
synthesis which is presented in the Experimental Sec
tion. In this way a number of new derivatives were 
synthesized and studied, especially in view of their ap
plicability in photographic physical development sys
tems, a subject extensively discussed elsewhere.3 For 
photographic applications the very slow thermal cis-to- 
trans isomerization and the stability of the cis isomer 
are important properties which were also helpful in 
studying the synthesis. The reaction was found to 
depend on the equilibrium between diazonium ion 1 
and benzene-cfs-diazo sulfide 2. The substituents X

+  HSR

1

Sr

2

+  H+

appear to determine the quantity of cis isomer 2 formed 
when the reactants 1 and thiol are brought together. 
The solution of the reactants showed, e.g., when X  was
3,5-CI2-4-N (C H 3)2, immediately the absorption spec
trum of the cis isomer 2 which must mean according to 
empirical determinations that there was at most 4 %  
diazonium left. A dilute solution of H 2S 0 4 had to be 
added to move the equilibrium to the left which pro
duced the diazonium spectrum. On the other hand, 
when, e.g., X  was 2,5-(OCH3)2-4-(4,-tolylmercapto), a 
compound photographically uninteresting and therefore 
not extensively studied, the diazonium spectrum was 
observed which changed to the cis spectrum if NaOH  
solution was added to move the equilibrium to the 
right. Generally, when the NaOH solution was added 
too rapidly, the diazonium salt decomposed with the 
formation of nitrogen. Optimum yields of pure cis 
isomers were obtained when the NaOH solution was 
slowly added to give a final pH of 6.

The final step in the synthesis is the thermal isom
erization of the cis isomers to obtain the photograph
ically applied trans isomers. We found that the ther
mal isomerization in benzene, the solvent chosen by 
Van Zwet and Kooyman,2 even in yellow safe-light was 
accompanied by decomposition. Much purer products 
were obtained by heating in isooctane at 90° for 2 hr.

The data in Table I were calculated from 5 to 12

Syntheses and Cis-Trans Isomerization of 
Light-Sensitive Benzenediazo Sulfides

L. K. II. VAN Beek,* J. R. G. C. M. van  B eek,
J. B o v e n , a n d  C. J. Schoot

Philips Research Laboratories, N. V. Philips’ 
Gloeilampenfabrieken, Eindhoven, The Netherlands

Received October 15, 1970

Although until recently benzenediazoalkyl sulfides 
were considered highly decomposable,1 Van Zwet and 
Kooyman succeeded in preparing benzenediazo-ter/- 
butyl sulfide and its 2,4,6-trimethyl derivative and in 
determining the cis-trans isomerization and other phys-

(1) R. Patter in "Methoden der Organischen Chemie,”  Houben-Weyl,
Georg Thieme Verlag, Stuttgart, 1965, p 567, band 10/3.

T a b l e  I
T h e r m a l  C is -to - T ra n s  I so m e r iza tio n  R a t e  C o n st a n t s  k in  

E t h a n o l  a t  60 ° fo r  B e n ze n e d ia zo  S u l f id e s  (CiHoN/SR) 
w it h  S u b st it u e n t s  X  A t t a c h e d  to  t h e  B e n ze n e  R in g “

X  R 10V-, se c - ' L o g / A. keal/mol
4-N 02 ieri-Butyl 0.52 ±  0.01 12.4 ±  0.7 25.3 ±  1.0
2-Cl-4-N02 ieri-Butyl 0.83 ±  0.01 11.7 ±  0 .7  24.0 ± 1 . 1
4-CN ieri-Butyl 0.48 ±  0.01 18.3 ±  0 .9  28.8 ±  1.3
4-C1 ieri-Butyl 0.39 ±  0.04 11.2 ±  1.0 23.8 ± 1 . 6
4-N 02 ieri-Octyl 1.40 ± 0 . 0 1  12.2 ±  0 .4  24.4 ± 0 . 6
4-N 02 C(C6H5)3 35 ±  2 11.7 ± 0 . 3  21.5 ± 0 . 5

a Frequency factors/ and activation energies A.

points by the method of least squares. The devia
tions are standard deviations. The correlation coeffi
cients were all better than 0.99. Frequency factors /

(2) H. van Zwet and E. C. Kooyman, Red. Trav. Chim. Pays-Bas, 86, 993 
(1967).

(3) H. Jonker, C. J. Dippel, H. J. Houtman, C. J. G. F. Janssen, and L. 
K. H. van Beek, Photogr. Sci. Eng., 13 , 1 (1969).
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and activation energies were derived from k =  /  
exp( -A/RT)  between 20 and 70°. Substituents on the 
benzene ring had little influence on the rate of cis-to- 
trans isomerization, unless obviously ortho to the diazo 
group, e.g., when X  was 2-C l-4-N 02. The isomeriza
tion rates increased when bulkier groups R  were at
tached to the sulfur atom, but the activation energies 
decreased as expected.

Van Zwet and Kooyman2 gave two possible mech
anisms for the thermal cis-to-trans isomerization, 
namely via rotation about the N -N  bond or via ioniza
tion and recombination. For azobenzene derivatives, 
Talaty and Fargo4 proposed a third mechanism with a 
linear transition state in which one or both nitrogen 
atoms undergo a change in hybridization to the sp state. 
The arguments for this third mechanism were the low 
activation energies of 21-24 kcal/mol in combination 
with the absence of large solvent effects. Since the 
benzenediazo sulfides of Table I have activation energies 
of 21-28 kcal/mol and generally small solvent effects,2 
the same mechanism of thermal cis-to-trans isomeriza
tion via a linear transition state seems to hold.

The effect of substituents X  on the absorption spec
tra (Table II) also suggests a resemblance to azoben
zenes. Both classes of compounds have the main ab
sorption peaks of the 4 -N 0 2 derivatives considerably 
shifted to the visible with respect to the unsubstituted 
compounds. This has been attributed to polar res
onance structures,5 but the solvent effects are not 
entirely consistent with that interpretation. The 
main absorption peak of 4-nitro-benzenediazo-ferf- 
butyl sulfide was found at 351 nm in ethanol but at 388 
nm in benzene. Similar effects were reported in ref 2.

Experimental Section

The purity of the cis and trans benzenediazo sulfides was 
tested by silica gel thin layer chromatography with cyclohexane 
eluent and by nmr and ir. The nmr spectra were recorded in our 
analytical department by Mr. H. M . van den Bogaert on a Varian 
A-60 spectrometer in carbon tetrachloride with tetramethylsilane 
as internal standard. Analyses were performed by the TNO 
Organic Chemistry Institute at Utrecht. In the synthetic work 
assistance was given by Mr. Th. C. J. M . Hegge. The absorp
tion spectra were recorded with a Unicam SP800 spectrophotom
eter, the triphenylmethyl sulfides in ethyl acetate, the others in 
98%  ethanol. Isomerization rate constants were determined by 
photoisomerizing the ethanolic solutions of the trans isomers at 
405 nm and spectrophotometrically following the thermal reverse 
isomerization from the resultant cis isomer to the trans form. 
The stoppered cells were placed in a constant temperature hous
ing. Since both isomers are light-sensitive, the experiments were 
carried out in yellow safe-light to prevent photoisomerization.

Anilines and Diazonium Tetrafluoroborates.— Most of the 
anilines were commercial products. Two of them, 3 -0 -4 - 
N (CH 3)2-aniline and 3,5-Cl2-4-N(CH3)2-aniline, were prepared 
by known methods6'7 which were improved in that the N(CH3)2 
group was introduced by passing gaseous HN(CH3)2 into the 
solution of the bromobenzene derivative in dimethylformamide.8 
The diazonium boron tetrafluorides were prepared as reported 
earlier.8

Benzenediazo Sulfides.— The benzenediazoalkyl sulfides were 
obtained as follows. The alkylthiol (0.1 mol) was added to a 
solution of 0.1 mol of diazonium-BF( in 250 ml of acetone cooled 
to 0°. The pH was adjusted with the help of pH paper to a value

(4) E. R. Talaty and J. C. Fargo, Chem. Commun., 65 (1967).
(5) W. G. B. Huysmans, Thesis, Leiden, 1964, p 34.
(6) E. E. Ayling, J. H. Gorvin, and L. E. Hinkel, J. Chem. Soc., 755 

(1942).
(7) A. van Loon, P. E. Verkade, and B. M. Wepster, Red. Trav. Chim. 

Pays-Bas, 79, 977 (1960).
(8) L. K. H. van Beek, J. Boven, and J. Helfferich, ibid., 87, 737 (1968).

of between 5 and 6 adding dropwise about 160 ml of 2.5%  
aqueous NaOH in about 1 hr.

If the cis isomer did not crystallize it was extracted with ben
zene. The extract was dried (Na2SO,) and the solvent removed 
at reduced pressure at 20°. The residual product was dissolved 
in 250 ml of isooctane. If the cis isomer did crystallize, it was 
directly dissolved in isooctane. The solution was kept at 90° for 
2 hr to achieve the cis-to-trans isomerization. The solvent was 
removed at reduced pressure. The crude products were re
crystallized from ethanol, yields 50-80% (Table III).

The benzenediazotriphenylmethyl sulfides were prepared by 
the method given in ref 2 (p 1004).

Base-Catalyzed Reaction of 
M eth yl a-C yano-/?-(2-thienyl)acrylate

H e in o s u k e  Y a s u d a *1 an d  H ir o sh i M id o r ik a w a

The Institute of Physical and Chemical Research,
Wako City, Saitama, Japan

Received October 20, 1970

In extension of our previous studies on base-cat
alyzed ring opening-closure reaction of a-cyano-/3-furyl- 
acrylic esters, which led to the formation of y-(4-alk- 
oxycarbonyl-5-aminofuryl)acroleins,2 we wish to report 
the one-step synthesis of rather complex thiophenes. 
When methyl a-cyano-/3-(2-thienyl)acrylate (1) was 
allowed to stand overnight in morpholine or in piperi
dine at room temperature, a colored product resulted in 
56 and 6 9%  yields, respectively. The product ob
tained was assigned as the structure of methyl 2-cyaho-
5-(4-methoxycarbonyl-5-amino-2-thienyl)-2,4-pentadi- 
enoate (2), on the basis of ir, nmr, and mass spectral 
data.

On the other hand, when methyl cyanoacetate (4) 
and thiophene-2-carboxaldehyde were mixed in mor
pholine or in piperidine directly, the same product 2 was 
also obtained in the range of 2 9 -5 1 %  yields even when 
a 1:1  molar proportion of the reactants was used. The 
yields, in these reactions, were improved slightly by the 
use an excess of 4, thus giving 3 2 -7 1 %  2. It is impos
sible to isolate the expected cyanoacrylate 1 in any case. 
Furthermore, aminals3-5 are commonly produced by 
the reaction of a secondary amine with an aldehyde;

(1) Laboratory of Chemistry, Utsunomiya University, Utsunomiya, 
Japan.

(2) H. Yasuda, T. Hayashi, and H. Midorikawa, J. Org. Chem., 35, 1234 
(1970).

(3) C. Mannich and H. Davidsen, Chem. Ber., 69, 2106 (1936).
(4) A. Dornow and W. Schacht, ibid., 82, 464 (1949).
(5) R. Duloa, E. Elkik, and A. Veillard, Bull. Soc. Chim. Fr., 967 (1960).
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Route A

Scheme I 

,COOCv

H2r r s s ' N t

m/e 292 (70%)

J"
CHjOH

m/e 260 (26%)

Route B 

H3COOCV \
h 2n / n s v x r

h 2n — c = s +
m/e 60 (34%)

R =  CH=CHCH=C(CN)COOCH3

however, l,l-di(A-morpholine)- or l,l-di(N-piperidino)- 
thienylmethanes could not be isolated in each reaction.

Elemental analysis and a mass spectral determina
tion establish the molecular formula of 2 as C13H 12O4N 2S. 
Hydrogenation cf 2 over palladium/carbon led to color
less oily mixtures of nondistillable materials. The ir and 
nmr spectra of 2 (see Experimental Section) provide 
support for the required structural feature. In the 
nmr spectrum a rather large coupling constant between 
two olefinic protons suggests the trans configuration 
about C = C  bond. The structure of 2 is amply sup

ported by mass spectral data. Based upon recent 
studies of the mass spectral fragmentation of thio
phenes,6 routes A  and B have suggested for the observed 
fragmentation of 2 (Scheme I). A  number of the pos
tulated transformations received support from the 
metastable ions. Elimination of methanol appears to be 
the primary mode (route A) of molecular ion (m/e 292) 
fragmentation. Formation of the m/e 260 ion is a 
transformation characteristic anthranilic acid.7 Loss 
of HCN or HCOOCH3 from the m/e 260 ion could then 
lead to the ions at m/e 233 and 202. The m/e 174 ion 
might then arise from the m/e 233 ion by loss of 
CH3COO •, and from the m/e 202 ion by loss of • CN. 
Pertinent aspects of the remaining mass spectrum can 
be interpreted by formation of the m/e 60 ion from the 
molecular ion as suggested by route B.

The formation of 2 from the cyanoacrylate 1 with 
morpholine or piperidine is of mechanistic interest. We 
proposed that the overall reaction may be rationalize 
by the sequence outlined in Scheme II. It is plausible 
that the initial attack of the base will occur both at the 
3 carbon atom of the a,3 unsaturation and the 5 posi
tion of thiophene ring in 1. Thus, the addition of the 
base to the 3 carbon results in the formation of the 
amino ester intermediate 3. This amino ester forma
tion resembles the attack of secondary amines on the 
1,2 or 2,3 double bond of 1-cyanoallenes, giving the 
corresponding enamines.8 Similar addition has also 
been observed in the reaction of norbornanones with 
morpholine.9 In general, cleavage of substituted ter
tiary amines gives the iminium cation and the anion 
structure as the results of a elimination.10-15 It there
fore appears that the formation of 4 and quaternary 
iminium hydroxide intermediate 5 can be visualized as 
proceeding through cleavage of the ester 3 by water 
molecule, which contains in the basic medium. When 
nucleophilic attack by the base appears to have occurred 
at the 5 position, the reaction would give the enamine 
intermediate 6. This, then would cyclize between 
the SH and C = N  groups to afford the enamine 7, 
which readily hydrolyzes to the /3-thienylacrolein de
rivative 8. The resulting product 8 could condense 
with 4 to give the required product 2. This mech
anism is closely similar to that previously reported.2 
Unfortunately, intermediates 5 and 8 could not be 
detected in the present investigation.

Experimental Section

Nmr spectra were recorded on a JNM-C-60 HL high-resolution 
nmr spectrometer in DMSO-ds with TM S as an internal standard. 
Ir spectra were determined in the KBr disks using a Perkin-Elmer 
521 spectrophotometer. Mass spectra were obtained on a 
JNM-OIS spectrometer operating at 75 eV. Uv spectra were 
measured with a Cary Model 14 spectrometer.

Methyl «-Cyano-/3-(2-thienyl)acrylate (1).— To a mixture of 
thiophene-2-carboxaldehyde (6.0 g, 0.054 mol) and methyl cyano- 6 7 8 9 10 11 12 13 14 15

(6) H. Budzikiewicz, C. Djerassi, and D. H. Williams, “ Mass Spectrom
etry of Organic Compounds,”  Holden-Day, San Francisco, Calif., 1967.

(7) K. Biemann, Angew. Chem., 74, 102 (1962).
(8) P. M. Greaves and S. R. Landor, Chem. Commun., 322 (1966).
(9) R. D. Bach, J. Org. Chem., 33, 1647 (1968).
(10) A. R. Katritzky, J. Chem. Soc., 2586 (1955).
(11) H. Böhme and D. Morf, Chem. Ber., 91, 660 (1958).
(12) R. E. Lyle, P. S. Anderson, C. K. Spicer, S. S. Pelosi, and D. A. 

Nelson, Angew. Chem., 75, 386 (1963).
(13) P. S. Anderson and P. E. Lyle, Tetrahedron Lett., 163 (1964).
(14) N. J. Bauld and Y. S. Rim, J. Amer. Chem. Soc., 89, 6763 (1967).
(15) H. J. Dauben, Jr., and D. F. Rhodes, ibid., 89, 6764 (1967).
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acetate (6.4 g, 0.065 mol) was added piperidine (0.1 ml), and the 
mixture was allowed to stand for 4 hr at room temperature. The 
solid that separated was collected on a filter, washed with diluted 
methanol, and dried. One recrystallization from methanol gave
8.4 g (96%) of 1 as faintly yellow needles, mp 111-112°.

Anal. Calcd for C9H7O2NS: C, 55.96; H, 3.63; N, 8.25. 
Found: C, 56.39; H, 3.61; N, 8.04.

Reaction of 1 with Piperidine.— A mixture of 1 (5.0 g, 0.026 
mol) and 30 ml of piperidine containing 1 drop of water was 
mechanically stirred at room temperature for 40 min. The solu
tion immediately turned a dark reddish brown color and an exo
thermic reaction took place. Dark brown solid began to precipi
tate after 15 min. After the mixture was allowed to stand over
night, the colored crystalline product that separated was collected 
on a filter, washed with methanol, and recrystallized from pyri
dine-ethanol to give 1.8 g (48%) of 2 as reddish brown short 
needles, mp 262-263°. The combined filtrate and washes were 
diluted with water, and the resulting colored solid recrystallized 
from the same solvent to yield 0.8 g [total 2.6 g (69%)] of pure 2 
(the mother liquor in the above recrystallizations must be dry;

the expected product 5 or 8 is almost impossible to separate): 
uv max (CHCh) 274 m^ (c 15,000), 313 (8400), 458 (49,000); 
ir (KBr disk) 3358, 3258 (NH2), 2214 («,/3-unsaturated C = N ), 
1712 (a,/3-unsaturated ester C = 0 ) ,  1688 (a,/3-unsaturated ester 
C = 0 ,  directly attached to thiophene ring), 1522, 1438, 1355, 
and 852 cm“ '  (thiophene ring); nmr (DMSO-de) 8 3.70, 3.73 
(2COOCH3), 6.38 (q, Hfl, Jan =  11.2 Hz, Jpy =  14.5 Hz, 
Jay =  ~ 0H z), 7.62 (d, H7, J0y =  14.5 Hz), 7.87 (d, H „, Ja/, =
11.2 Hz), 7.33 (s, thiophene ring H), and 8.24 (b, NH2).

Anal. Calcd for Ci3H120 4N2S: C, 53.42; H, 4.10; N, 9.58; 
S, 10.95. Found: C, 53.42; H, 4.13; N, 9.53; S, 10.86.

Reaction of 1 with Morpholine.— A mixture of 1 (5.0 g, 0.026 
mol) in 30 ml of morpholine containing 1 drop of water was 
mechanically stirred at room temperature for 40 min. The solu
tion immediately became orange, and a dark brown solid pre
cipitated. The precipitate on standing overnight was collected 
on a filter, washed with methanol, and recrystallized from 
pyridine-ethanol to form 2.1 g (56%) of the desired product 2. 
Evaporation of the combined filtrate and washes gave dark brown 
tarry matter which could not be purified further.

Reaction of Thiophene-2-carboxaldehyde with Methyl Cyano- 
acetate (4) in Piperidine. Method A (1:1 Aldehyde-Ester).— To 
a stirred solution of 4 (1.1 g, 0.011 mol) in piperidine (5 ml) was 
added dropwise the aldehyde (1.2 g, 0.011 mol) at room tem
perature, and the stirring was continued for 20 min. The solu
tion became reddish brown and an exothermic reaction took 
place. The mixture on standing overnight was diluted with 
methanol (15 ml), and the resulting colored solid recrystallized 
from pyridine-ethanol to give 0.8 g (51%) of the required product
2. Purification of colored residual oil, followed by evaporation 
of the basic solvent at diminished pressure, gave no cyano ester 
1 or other by-products.

Method B (1:2 Aldehyde-Ester).— In a procedure much like 
that of A, the aldehyde (1.2 g, 0.011 mol) and 4 (2.2 g, 0.022 
mol) in piperidine (5 ml) were stirred for 20 min at room tem
perature. After the mixture was allowed to stand overnight, 
it was diluted with methanol (15 ml). The colored solid that 
separated was collected and recrystallized from pyridine-ethanol 
to yield 1.1 g (71%) of 2. Evaporation of mother liquor afforded 
a negligible amount of oily matter which could not be purified 
further.

Reaction of Thiophene-2-carboxaldehyde with 4 in Morpholine. 
Method C (1:1 Aldehyde-Ester).— The aldehyde (1.2 g, 0.011 
mol) was placed in 1.1 g (0.011 mol) of 4 in morpholine (5 ml) 
at room temperature. The mixture was stirred for 20 min and 
then allowed to stand overnight . The mixture became reddish 
brown, and dark brown solid precipitated. The reaction mixture 
on dilution with methanol (15 ml) was filtered to remove the 
crude 2 . One recrystallization from pyridine-ethanol gave 0.45 g 
(29%) of pure 2 . The residues on removal of the combined 
filtrate and washes and of mother liquor were not investigated 
further.

Method D (1:2 Aldehyde-Ester).— In essentially the procedure 
of C, a mixture of 4 (2.2 g, 0.022 mol) and the aldehyde (1.2 g, 
0.011 mol) in morpholine (5 ml) was mechanically stirred for 20 
min at room temperature. The reaction mixture on standing 
overnight was filtered and the residue was washed with methanol. 
After recrystallization from pyridine-ethanol a 32% yield 
(0.5 g) of 2 was obtained. The combined filtrate and washes 
were concentrated in vacuo to a dark brown oil, and no purifica
tion was attempted.

Attempted Catalytic Hydrogenation of 2.— A mixture of 2 
(2.0 g, 0.010 mol) and 5%  palladium/carbon catalyst (0.20 g) 
in ethanol (100 ml) was treated with hydrogen gas. The solution 
was changed to a colorless one and 0.042 mol of the gas wras 
absorbed. Removal of solvent and the catalyst gave an almost 
colorless oil which could not be purified by fractional distillation 
under diminished pressure.

Registry No. — 1,29577-54-6; 2,29577-55-7.
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Use of paramagnetic chelates of europium(III) as 
described by Hinckley1 and Sanders and Williams2 to 
induce large chemical shifts in the nmr spectra of alco
hols promises to be an extremely powerful tool for struc
ture determination. In the most favorable instances 
complex spectra may be reduced to first-order spectra 
without appreciable loss of resolution thus enabling one 
to distinguish nonequivalence, multiplicities, and cou
pling constants directly from the spectrum. Described 
here is the use of this technique in resolving the signals 
due to the stereochemically significant protons of trans,- 
trans, ¿rans-perhydro-3a-phenalenol ( l )3 and cis,cis,- 
¿mns-perhydro-9b-phenalenol (2) ,4 5

1 2

While there has been considerable recent interest3-5 
in the synthesis and reactions of perhydrophenalenols, 
assignment of structure and stereochemistry to the var
ious isomers is often difficult owing to the fact that the 
nmr spectra are relatively uninformative in that they 
are characterized by broad envelopes between S 0.5 and
2. Expedients which have been employed include ob
serving whether the compounds exhibit “ doublet-like” 
spectra of the trans-decalin type or the “ singlet-like” 
spectra of the cfs-decalin type. Conversion of the al
cohol to a p-nitrobenzoate has also been used to induce 
small chemical shifts (ca. 1-2 ppm) in neighboring pro
tons.

A t 60 M H z the nmr spectrum of 1 (50 mg, 0.26 mmol) 
in 0.5 ml of CDCfi consists of a broad absorption for the 
carbon-bound protons between 0.5 and 2 ppm from in
ternal T M S. Addition of 135 mg (0.19 mmol) of tris- 
(dipivalomethanato)europium(III) to the solution pro
duces a spectrum in which the signals due to these pro
tons are spread over a range of 7.5 ppm from 5 2.5 to 10. 
The most useful signals for assigning a structure are 
those shown in Figure 1.

Six of the 21 protons bound to carbon in 1 give rise 
to three sets of two-proton multiplets between 5 8 and
10. These signals are not well resolved and are assigned 
to the equatorial protons at C-3 and C-4, the axial pro
tons at C-2 and C-5, and the axial protons at C-6a and

(1) C. C. Hinckley, J . A m e r . C h em . S o c ., 91, 5160 (1969); J . O rg. C h em ., 
35, 2834 (1970).

(2) J. K. M. Sanders and D. H. Williams, C h em . C o m m u n ., 422 (1970).
(3) H. C. Brown and E. Negishi, J . A m e r . C h em . S o c ., 89, 5478 (1967).
(4) H. C. Brown and W. C. Dickason, ib id .,  91, 1226 (1969); for the 

analogous system involving fused five-membered rings see J. W. Baum and 
C. D. Gutsche, J . O rg. C h em ., 33, 4312 (1968).

(5) F. A. Carey and H. S. Tremper, ib id ., 36, 758 (1971).

OH

Figure 1.— Portion of the 60-MHz nmr spectrum of 1 in CDCfi 
in the presence of Eu(D PM )3.

Figure 2.— Assignment of chemical shifts of stereochemically 
important protons of 2 from 60-MHz nmr spectrum in CDCfi 
in the presence of Eu(DPM )3.

C-9a in accordance with the principle that the largest 
paramagnetic shifts should occur at the protons nearest 
the hydroxyl group.6 The two-proton signal at 5 6.52 
may be assigned as shown in Figure 1 to the axial pro
tons at C-3 and C-4 which appear as a doublet of triplets 
because the proton at C-3 (or C-4) is coupled equally to 
the vicinal axial proton at C-2 (or C-5) and to the 
geminal equatorial proton at C-3 (or C-4) with a coupling 
constant of 13 Hz, as well as to the vicinal equatorial 
proton at C-2 (or C-5) with a coupling constant of 3 Hz. 
The sharp triplet in Figure 1 at 5 5.35 corresponds in 
area to one proton, and because of its multiplicity it 
must correspond to unique axial proton at C-9b. The 
splitting of 12 Hz requires a trans-diaxial orientation of 
this proton with two equivalent protons and further, 
since eight other protons in the molecule give signals at 
lower field in the presence of E u(D P M )3, it cannot be 
cis to the hydroxyl group. These observations and the 
mass spectral data depicted in eq 1 are consistent

+

m/e 151, base peak

only with structure 1 out of a total of the ten tertiary 
perhydrophenalenol isomers.

The type of cleavage shown in eq 1 can occur only

(6) P. V. Demarco, T. K. Elzey, R. B. Lewis, and E. Wenkert, J. Amer.
Chem. Soc., 92, 5734, 5737 (1970); G. H. Wahl, Jr., and M. R. Peterson,
Jr., Chem. Commun., 1167 (1970).
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when the hydroxyl group is at C-3a, -6a, or -9a.7 The 
base peak for 2 is at m/e 176 corresponding to loss of 
H 20  from the molecular ion.

The nmr spectrum of 2 (0.31 mmol) in 0.5 ml of 
CDCh containing 0.21 mmol of Eu(D PM )3 was com
pletely consistent with the structure proposed by 
Brown.3 Here, as in 1, considerable simplification of 
the spectrum results from the near equality of the gem- 
inal and trans-diaxial coupling constants. The low
est field signal (8 9.5) is a very broad doublet assigned 
to the protons at C-6a and C-9a, consistent with the
1,2-cis relationship of these protons to the complexed 
hydroxyl and the expected large (13 Hz) coupling to the 
axial proton at C-7 (or C-9) with smaller gauche cou
plings to both protons at C-6 (or C -l) and the equatorial 
proton at C-7 (or C-9).

The signals from the axial protons at C -l and C-6 
appear as a broadened triplet at 5 8.6, and the signals 
from the axial protons at C-3 and C-4 appear as a quar
tet of doublets at 8 7.4. The unique axial proton at 
C-3a gives rise to a triplet of triplets at 8 5.9 resulting 
from coupling to the two equivalent axial protons at 
C-3 and C-4 (J =  13 Hz) and to two equivalent equa
torial protons at C-3 and C-4 («7 =  3 Hz).

It seems reasonable that the stereochemistry of all 
perhydrophenalenols, as well as related systems, should 
be capable of being determined by use of E u(D P M )3 
induced chemical shifts in conjunction with mass spec
trometry.

Experimental Section

Nmr spectra were determined on a Hitachi Perkin-Elmer R-20 
spectrometer at 30°. Mass spectra were measured on a Hitachi 
Perkin-Elmer RM U-6E instrument using an ionizing potential 
of 70 eV and an unheated inlet.

Compound 1 was prepared as described previously,5 while 2 
was provided by W . C. Dickason and H. C. Brown of Purdue 
University.

Registry No.— 1, 27390-92-7; 2, 16664-34-9.
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(7) H. Budzikiewicz, C. Djerassi, and D. H. Williams, “Mass Spectrom
etry of Organic Compounds,” Holden-Day, San Francisco, Calif., 1967, 
p 107.

Differences in Stability, G as-L iquid  
Chrom atographic R etention Tim es, 

and Esterification Rates for the  
Diastereoisomers o f  2,3-D im ethylsuccinic  

Acid and Its Esters

Paul  J. Sniegoski

2,3-dimethylsuccinic acid, and its esters, which arise 
from conformational factors. Equilibrium studies of 
the acid diastereoisomers have been previously re
ported;1 however, the analysis of the diastereoisomers 
by gas-liquid chromatography, as used in this study, 
should be superior to the previously used analytical 
method of mixture melting points.

It has been pointed out2 that, if only steric interac
tions are considered to be present in the diastereo
isomers of 2,3-dimethylsuccinic acid, conformer M A  
would be predicted to be the most stable configuration. 
That the equilibrium of such a system is not influenced 
by entropy differences of the meso and racemic forms 
(they are essentially equivalent entropywise) has been 
noted.3

COOR COOR
CH» I ,H COOR I UH,

W  I CH3
COOR
MA

COOR. I A H , 

COOR>
H 

RA

n  I CH3 
H

MB

COOR

COOR I 'CH,
COOR

RC

It has been reported4 that the meso isomer, as pre
dicted, was experimentally determined to be more stable 
than the racemate and this result has been generally 
cited2'6 as an example of diastereoisomer equilibrium. 
However, Eberson1 more recently found that the race- 
mate was somewhat more stable and explained this by 
assuming a stabilizing effect due to intermolecular hy
drogen bonding in the racemate conformer RC. Cason 
and Schmitz6 postulated cyclic hydrogen-bonded struc
tures for both the meso and racemic forms to explain 
somewhat similar reported stabilities. The present 
study finds the racemate-meso ratio of acids at equi
librium in 5 A  hydrochloric acid to be about 2 :1  (Table 
I) which would favor Eberson’s conclusion. The find-

T able  I
R esults of the  E q uilibrium  E xperim ents

Equilibrium mixture
Acids
Methyl esters 
Isopropyl esters

-—% of the diastereoisomers—%
Meso Racemate
32.4 67.6
49.5 50.5
74.4 25.6

ing of Paolillo and Temussi,7 using nmr, that the race- 
mate in water consists mainly of the R A conformer 
rather than the RC one does not affect Eberson’s gen
eral conclusions.

Since the increased stability of the acid racemate can 
be attributed to formation of intramolecular hydrogen 
bonds, which are not formed in the diesters, it was rea-

Naval Research Laboratory, Washington, D. C. 20390 
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This report is concerned with the differences that are 
observed in certain properties of diastereoisomers of

(1) L. Eberson, Acta Chem. Scand., 13, 203 (1959).
(2) D. R. Barton and R. C. Cookson, Quart. Rev., 10, 44 (1956).
(3) L. I. Peterson, J. Amer. Chem. Soc., 89, 2677 (1967).
(4) R. P. Linstead and M. Whalley, J. Chem. Soc., 3722 (1954).
(5) E. L. Eliel, "Stereochemistry of Carbon Compounds,” McGraw-Hill, 

New York, N. Y., 1962, p 139.
(6) J. Cason and F. J. Schmitz, J. Org. Chem., 28, 555 (1963).
(7) L. Paolillo and P. A. Temussi, Rie. Sci., 37, 687 (1967).
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soned that the “ steric interaction” argument might 
hold true for the diesters in producing a more stable 
meso form. The results of the equilibrium experiments 
with methyl and isopropyl esters of 2,3-dimethylsuc- 
cinic acid are given in Table I. The methyl esters of 
the meso and racemic diastereoisomers are present in 
almost equal amounts at equilibrium, whereas in the 
case of the isopropyl esters, the meso is definitely the 
more stable form. Presumably the steric interaction 
of the more bulky isopropyl groups outweighs any 
interaction of the polar portions of the molecule.

In the glc analysis of the diastereoisomer esters, the 
racemic methyl and isopropyl esters were found to have 
greater retention times than those of the corresponding 
meso ones (Table II). This was expected8 as was the

T a b l e  II
R e l a t iv e  R e t e n t io n  T im e s  o f  t h e  D ia s t e r e o is o m e r s  

o f  2 ,3 -D im e t h y l s u c c in ic  A c id  a n d  I t s  E s t e r s “

Diastereoisomers
Relative retention time, 

racemate/meso
Acids 0.76
Methyl esters 1.18
Isopropyl esters 1 .05
Trimethylsilyl esters 1.00

° All esters were chromatographed under the same conditions.

observation that the presumably hydrogen-bonded race
mic acid had a retention time less than that of the meso 
form. The direction of the change in the relative re
tention time of the methyl (1.18), isopropyl (1.05), and 
trimethylsilyl (1.00) esters can be explained by the in
creased shielding of the polar groups in going to the 
more bulky ester groups.

The ratios of the two diastereoisomeric dimethyl 
esters present in partly esterified mixtures, shown in 
Table III, indicate that the racemic acid esterifies

T a b l e  III
R e s u l t s  o f  t h e  E s t e r if ic a t io n  E x p e r i m e n t s

%  acid
groups reacted 

(a)

%  of the methyl
r------ ester diastereoisomers------ >

M eso (m) Racemate (r) kracemate/kmeso
32 3 0 .2 6 9 .8 1 .3 0
74 3 0 .9 6 9 .1 1 .3 3
90 3 4 .7 6 5 .3 1 .2 3

(1 0 0 ) 3 7 .2 6 2 .8

pared with the silylation reagent Tri-Sil (Pierce Chemical Co., 
Rockford, 111.).

Gas-Liquid Chromatography.— For chromatography of the 
esters, a 20 ft X ' / « in. column packed with 3%  XE-60 on 80-100 
mesh Chromosorb W was used. The column temperature was 
200° and the helium flow was 30 ml/min. Even when chro
matographed separately (a sample of the racemic acid was ob
tained from the equilibrium mixture of the acids by means of 
crystallization from concentrated hydrochloric acid), the reten
tion times of the two trimethylsilyl esters showed no difference. 
The acid diastereoisomers were chromatographed on a column 
6 ft X Vs in. packed with 20% diethylene glycol adipate and 3%  
phosphoric acid on 60-80 mesh Gas-Chrom P. Peak shapes for 
the acids were distorted so that this method would not be suitable 
for analytical purposes.

Equilibrium Experiments.— Samples of the meso acid, ap
proximately 0.2 g in 10 ml of 5 N hydrochloric acid, were sealed 
in glass tubes and kept at 125°. Analysis of the samples by glc 
of the methyl esters showed that equilibrium had been reached 
within 100 hr. Methyl and isopropyl esters prepared from the 
meso acid, approximately 0.2-g samples in 10 ml of the corre
sponding alcohol containing 0.1 N  sodium alcoholate, reached 
equilibrium within 50 hr. Analyses of the diastereoisomers are 
based on peak-area measurements. Results are given in Table I I .

Relative Esterfication Rates.— A sample of the meso acid 
heated to 125° in 5 A  hydrochloric acid for 80 hr provided a 
mixture of 37.2% meso and 62.8% racemic acids. Samples of 
this acid mixture (0.2 g) were partly esterified by refluxing in 25 
ml of methanol containing 0.1 g of concentrated sulfuric acid for 
approximately 12, 30, and 60 min. The per cent of carboxylic 
acid groups reacted was determined by titration and the ratio 
of the two diesters formed was analyzed by glc. Relative esteri
fication rates of the two acids were calculated on the assumption 
that the acid groups react independently, by use of the equation

r̂acemate _  log [1 — (fraction of racemate diester formed )'A] 
kmeeo log [1 — (fraction of meso diester formed)1/!]

_  log [1 -  (a/100)(r/62.8)‘A] 
log[ 1 -  (a/100)(m /37.2)1/!]

where a is the per cent of the acid groups reacted, and m and r 
are the per cent areas of the chromatogram for the meso and 
racemate diesters. The results are shown in Table III.

Registry N o .—meso-2,3-Dimethylsuccinic acid, 608-
40-2; rac-2,3-dimethylsuccinic acid, 608-39-9; meso 
methyl ester, 29800-12-2; racemic methyl ester, 
29913-52-8; meso isopropyl ester, 29800-13-3; racemic 
isopropyl ester, 29800-14-4; meso trimethylsilyl ester, 
29S00-15-5; racemic trimethylsilyl ester, 29800-16-6.

13C -H  Coupling C onstants as a Probe o f  
O rth o-S u b stitu en t Effects

faster than the meso. Unimolecular rate constants 
for the two acid forms were compared as if the two acid 
groups esterify independently. From these calcula
tions, discussed in the Experimental Section, a rate con
stant 30%  greater for the racemic acid is indicated. An 
actual determination of the esterification rates Aq and 
Aq for each acid form would be necessary in order to 
interpret the esterification rate differences.

R o n a l d  E . H e s s

Department of Chemistry, Ursinus College, 
Collegevillc, Pennsylvania 19426

C h a r l e s  D. S c h a e f f e r , Jr., a n d  C l a u d e  H. Y o d e r *

Department of Chemistry, Franklin and Marshall College, 
Lancaster, Pennsylvania 17604

Experimental Section

Materials.— By means of melting point and gas-liquid chro
matography, 2,3-dimethylsuccinic acid (K and K  Laboratories, 
Plainview, N. Y .) was found to consist of 99.8% of the meso 
form. Mixtures of the meso and racemic acid forms from which 
esters were prepared were obtained by heating the meso form 
with 5 N  hydrochloric acid. The trimethylsilyl esters were pre

(8) D. Nurok, G. L. Taylor, and A. M. Stephen, J. Chem. Soc. B, 291
(1968).

Received December 21, 1970

Although attempts at semiquantitative correlations 
of structure with reactivity in substituted aromatics 
have been made, ortho substituents are usually not in
cluded in linear free energy relationships. It has gen
erally been assumed that steric factors as well as elec
tronic ones would be an important consideration in
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such systems. However, recent work has indicated 
that, in fact, steric factors should not have an effect in 
many of these ortho-substituted systems, but that no 
one universal set of aQ constants could be derived.1

Recently we have shown the existence of linear corre
lations between <rm and up and the magnitude of the 13C -  
H coupling constants in compounds of types I, II, and 
III, where Y  =  C (n =  3), N (n =  2), and O (» =  l ) .2

H

j c y ~ cRt £ > - —  / O ^ _c=oX x  X
I II III

Since 13C -H  coupling constants are independent of 
anisotropy effects and are generally believed to be a 
function of the effective nuclear charge of carbon and 
the s character in the C -H  bond,3 this parameter should 
be an excellent probe into the electronic nature of the 
ground state of ortho-substituted aromatics. We have, 
therefore, measured the 13C -H  coupling constants of 
ortho-substituted toluenes, anisóles, and benzaldehydes. 
These three series were chosen because of the relatively 
large values of the J-<r slopes of the meta and para ana
logs and also because these systems contain C -H  sites 
on electron-releasing (toluenes and anisóles) and elec
tron-withdrawing (benzaldehydes) groups.

Methyl 13C -H  coupling constants and ortho a con
stants are presented in Table I. The ortho <r constants

T a b l e  I
13C-H  C o u p l in g  C o n st a n t s  (± 0 .2  Hz) an d  <jq C o n st a n t s

X X  X
X J a J a J a

NO, 129.4 2.0 145.4 1.7 192.1 2.26
CHO 127.8 1.1 144.6 1.2 183.0 1.10
c o 2h 128.0 1.2
CN 127.9 1.2
F 127.9 1.2 144.1 0.8 182.5 1.04
Cl 127.9 1.2 144.1 0.8 182.8 1.08
Br 127.8 1.1 144.3 0.9 183.4 1.15
I 128.2 1.3 144.2 0.9
OH 126.9 0 .6 177.7 0.43
o c h 3 126.9 0.6 143.3 0.2 180.3 0.76
H 125.8 -0 .0 6 143.0 0.0 174.9 0.076
c h 3 125.7 - 0.12 143.0 0.0 173.8 -0 .0 6 3
c 2h 5 125.6 - 0 .1 7
n h . 125.6 -0 .1 7 143.3 0.2 171.8 -0 .3 2
N (CH 3)2 126.4 0.3
a 0.30 g or ml of solute per 1.0 ml of CC14. 6 0.80 g or ml of 

solute per 1.0 ml of C H C I3 .

were obtained from the equation J =  per +  C, 
where J is the ortho coupling constant and p and C are 
the least-squares slope and intercept, respectively, for 
the J-a plot of the appropriate meta- and para-sub
stituted series. For the toluene series, p =  1.72 and 
C =  125.9;2a for the anisole series the slope obtained by 
using <7* values for the p-CHO, p -N 0 2, and p-CN de

(1) M . Charton, J .  A m e r .  C h e m .  S o c . ,  91, 6649 (1969).
(2) (a) C. H. Yoder, R. H. Tuck, and R. E. Hess, i b i d . ,  91, 539 (1969); 

(b) C. H. Yoder, C. D. Schaeffer, Jr., and R. E. Hess, unpublished results.
(3) D. M. Grant and W. M. Litchman, J .  A m e r .  C h e m .  S o c . ,  87, 3994

(1965).

rivatives was chosen, p =  1.38 and C =  143.0;2a for the 
benzaldehyde series p =  7.89 and C =  174.3.2b’4 aQ 
constants derived from the toluene and anisole series 
are believed to have uncertainties of ca. ± 0 .1 -0 .2 ;  
those from the benzaldehyde, ±  <0.05.

An examination of the data presented in Table I leads 
to several interesting observations.

(1) The a0 constants for a particular substituent are 
roughly similar in all three series of compounds, but 
it is also obvious that <r0 for a given substituent in some 
cases is sensitive to the nature of the remainder of the 
molecule. Thus because of the relatively large uncer
tainties in the toluene and anisole ortho <j constants, 
<j0 for fluorine is the same for all three series within ex
perimental error; on the other hand, the difference be
tween <r0 for the nitro group obtained from the anisole 
derivative relative to the value obtained from the ben
zaldehyde derivative is outside experimental error.

(2) The a0 constants are generally considerably 
greater in magnitude than the related um and <rp con
stants. This appears to be true primarily for elec
tron-attracting substituents and is probably due to the 
greater inductive (field) effect in the ortho position.

(3) The quite positive <r0 values for the OH and 
OCH3 groups indicate the predominance of the electron- 
withdrawing inductive effect over the electron-releas
ing resonance effect.

(4) The fact that the a constants for the o-NH> 
group derived from the benzaldehydes and toluenes are 
negative argues for the predominance of the resonance 
effect over the inductive effect. The difference in elec
tronic function between the OH(OCH3) and X H , groups 
can be rationalized on the basis of oxygen’s greater 
electronegativity. The positive a0 constant derived 
from the anisole series can probably be attributed to 
intramolecular hydrogen bonding.

(5) The positive <r0 constant for the dimethylamino 
group can be ascribed to steric inhibition of resonance. 
Steric interaction of the ring methyl and W-methyl 
groups reduces electron release by resonance and thus 
produces a higher coupling constant and <r constant. 
This effect (in coupling constants) has been previously 
discussed.5

(6) The c0 values for F and Cl are nearly identical 
in each of the three series. Since the o>_f (+ 0 .062) is 
considerably smaller than ap.cî (+ 0 .277), the much 
greater inductive effect of F in the ortho position must 
be relatively more important than the + R  resonance 
effect.

Experimental Section

Compounds studied were all commercial samples. Spectro- 
quality CC1< and CHCh (C2H5OH removed with alumina) were 
used as solvents. Coupling constants were obtained on a Varian 
A-60D nmr spectrometer using standard side-banding techniques.

Acknowledgment.— Acknowledgment is made to the 
donors of the Petroleum Research Fund, administered 
by the American Chemical Society, and to Research 
Corporation (Frederick Gardner Cottrell Grant) for 
support of this research.

(4) For the least-squares analysis of 13 compounds (CHClj), standard 
deviation of residuals was found to be 0.416, correlation coefficient 0.993.

(5) C. H. Yoder, B. A. Kaduk, and R. E. Hess, Tetrahedron Lett., 3711 
(1970).
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Synthesis and Hydrolysis o f  
Hindered 2,2-D isubstituted

5-Cyanocyclopentanoneim inesIa
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P a r r y  J. M il l e r , lb an d  St e w a r t  T. H e r m a n »1
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Previous attempts to hydrolyze 2,2-diphenyl-5- 
cyanocyclopentanoneimine (la, 2-amino-l-cyano-3,3- 
diphenylcyclopentene) to 2,2-diphenyl-5-cyanocyclo- 
pentanone (lb) were unsuccessful.2'3 The products 
isolated were the corresponding iminoamide, keto- 
amide, or deearboxylated ketone. Thus, the normally 
observed preferential hydrolysis of ketimine before 
nitrile was reversed in this case. The steric hindrance 
of the gem phenyl groups adjacent to the carbimino 
function was suggested to explain this anomaly since the 
desired selectivity was found in the dimethyl, diethyl, 
and ethylphenyl compounds.3 Others have ascribed 
the decrease in reactivity of substituted ketimines 
toward hydrolysis to be related to increasing bulk of the 
groups attached to the carbon of the > C = N H .4 We 
recently hydrolyzed the next higher homolog of la to
2,2-diphenyl-6-cyanocyclohexanone by using dioxane 
as the major solvent.5 Since the 2,2-diphenyl groups 
did not prevent hydrolysis in the six-membered ring, 
the five-membered-ring case and related compounds 
were examined.

The synthesis and acid hydrolysis of these compounds 
were studied to determine the applicability of 
Newman’s “ six number.” This concept has been

z
1

Compd
no. R R'

X > C N  
\ —/ I P h P h

a, Z  =  N H
II í-C3H, P h

III 1-C3H7 i-C3H7
b , Z  =  0

IV P h

effective in rationalizing data for addition-elimination 
reactions such as the ketimine hydrolyses considered 
here. The six numbers for la, lia , Ilia , and IVa are 
4, 8, 12, and 6, respectively.6 The equality of phenyl 
and isopropyl groups for shielding effects is well 
known7 as well as their opposite electronic effects. 
However, phenyl does not exert a constant steric 
effect8 and there may occasionally be compensation by 
some polar effect. If the steric effect is controlling,

(1) (a) Supported in part by an NSF Undergraduate Research Participa
tion Grant, summer 1965. (b) Taken in part from the Senior Honors
Theses of J. M. (1966), P. J. M. (1966), and S. T. H. (1968).

(2) S. S. Kulp, V. B. Fish, and N. R. Easton, J. Med. Chem., 6, 516 
(1963).

(3) S. S. Kulp, V. B. Fish, and N. R. Easton, Can. J. Chem., 43, 2512 
(1965).

(4) For leading references, see (a) P. L. Pickard and G. W. Polly, J. 
Amer. Chem. Soc., 76, 5169 (1954); (b) C. J. Thomas and I. Moyer Huns- 
berger, J. Org. Chem., 33, 2852 (1968); (c) F. A. Vingiello and A. Borkovec, 
J. Amer. Chem. Soc., 77, 3413 (1955).

(5) S. S. Kulp, Can. J. Chem., 45, 1981 (1967).
(6) (a) M. S. Newman, “ Steric Effects in Organic Chemistry,”  Wiley, 

New York, N. Y., 1956, p 206; (b) L. Tsai, T. Miwa, and M. S. Newman, 
J. Amer. Chem. Soc., 79, 2530 (1957) ; (c) G. L. Goerner and W. R. Workman, 
J. Org. Chem., 19, 37 (1954).

(7) G. L. Goerner and A. A. Holzschuh, ibid., 23, 1346 (1958).
(8) T. C. Bruice and W. C. Bradbury, J. Amer. Chem. Soc., 87, 4846 

(1965).

the conversion of all but Ilia  to the corresponding keto 
nitriles would be anticipated in reasonable yields.

Compounds la, Ha, Ilia , and IVa were synthesized 
by our previously developed route.3 Acid hydrolysis 
of these iminonitriles (existing mainly as l-amino-2- 
cyanocyclopentene tautomers3'5-9) proceeded in the 
order of difficulty predicted. Whereas type a com
pounds with R and R ' =  hydrogens, dimethyls, 
diethyls, and ethylphenyl were hydrolyzed readily 
to their keto nitriles,3 similar conditions were in
effective with the compounds reported here. How
ever, changing the major solvent to dioxane and reflux
ing for several hours was quite satisfactory for the 
diphenyl la and cyclohexylphenyl IVa compounds 
which have six numbers of 4 and 6, respectively. A  
prolonged reaction time, 5 or 6 days, in refluxing dioxane 
gave some diisopropyl keto nitrile I llb  and a 62%  
yield of the isopropylphenyl keto nitrile lib , six 
numbers of 12 and 8, respectively. The reexamination 
of the diphenyl and related compounds initiated by 
consideration of the “ six number” again confirms the 
generalization that really large steric effects are ob
served only in compounds containing nine or more 
atoms in the 6 position.6

Experimental Section10

Disubstituted Acetonitriles.— The diphenyl compound was 
available.3 The diisopropyl compound was obtained by ex
tending the alkylation reaction reflux time to 18 hr for the prep
aration of ethyl diisopropylcyanoacetate,11 saponification12 for 
44 hr followed by acidification to pH 2, and decarboxylation12 
in 57% overall yield. The phenylisopropyl compound was 
prepared by adding dropwise over 2 hr a solution of 146.4 g 
(1.25 mol) of phenylaeetonitrile and 162 g (1.31 mol) of isopropyl 
bromide in 200 ml of anhydrous ether to 1.25 mol of lithium 
diethylamide11 at a rate which allowed control of the exother- 
micity. The mixture was refluxed for 16 hr and worked up to give
167.5 g (84%) of isopropylphenylacetonitrile, bp 124-134° (15 
mm) [lit.13 128-130° (15 m m )]. The cyclohexylphenyl com
pound was obtained by modifications of reported procedures.13 
To a solution of 32.6 g (0.2 mol) of bromocyclohexane in 200 ml 
of dimethyl sulfoxide was added simultaneously and separately 
40 ml of 50% aqueous sodium hydroxide and 23.4 g (0.2 mol) 
of phenylaeetonitrile at a rate that maintained the exothermic 
reaction between 45 and 50°. After the additions, stirring at 45° 
was continued for 3 hr. The cooled mixture was then diluted 
with water and extracted with three 100-ml portions of benzene 
and then two 100-ml portions of ether The Taranko work-up13c 
gave 25.6 g (64%) of product after vacuum distillation and solid
ification, mp 54-56.5° from hexane (lit.14 56-58°).

5-Chloro-2,2-disubstituted Pentanenitriles.— Adaptation of 
a published procedure for homologous compounds3 gave the
2,2-diisopropyl compound, bp 131-140° (9 mm) (64% ), the 2- 
isopropyl-2-phenyl compound, bp 167-173° (6 mm) (43% ), and 
the 2-phenyl-2-cyclohexyl compound, bp 163-168° (0.8 mm) 
(52%) [lit.14 163° (0.7 m m )].

2,2-Disubstituted Hexanedinitriles.— The sodium cyanide- 
dimethyl sulfoxide method15 gave the 2 ,2-diisopropyl compound,

(9) E. C. Taylor and A. McKillop, “ The Chemistry of Cyclic Enamino- 
nitriles and o-Aminonitriles,”  Wiley, New York, N. Y., 1970, p 4.

(10) Elemental analyses were performed by Dr. George Robertson, Flor- 
ham Park. N. J. Infrared spectra were run on a Perkin-Elmer Model 
237B.

(11) R. F. Brown and N. M. van Gulick, J. Amer. Chem. Soc., 77, 1083 
(1955).

(12) M. S. Newman, T. Fukunaga, and T. Miwa, ibid., 82, 873 (1960).
(13) (a) E. M. Hancock and A. C. Cope, “ Organic Syntheses,”  Collect

Vol. I ll , Wiley, New York, N. Y., 1955, p 219. (b) M. Makosza and B.
Serafín, Rocz. Chem., 39, 1401 (1965); Chem. Abstr., 64, 17474g (1966). (c)
L. B. Taranko and R. H. Perry, Jr., J. Org. Chem., 34, 226 (1969).

(14) F. Salmon-Legagneur and J. Rabadeux, Bull. Soc. Chem. Fr., 1310 
(1967).

(15) L. Friedman and H. Shechter, J. Org. Chem., 26, 879 (1960).
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bp 176-178° (9 mm) (82% ), the 2-isopropyl-2-phenyl compound, 
mp 71-72° from methanol, bp 183-185° (3 mm) (72%), and 
the 2-cyclohexyl-2-phenyl compound, mp 74-75° (lit.14 mp 71- 
72°).

2.2- Disubstituted 5-Cyanocyclopentanoneimines.— The sodium 
hydride-dioxane procedure3 gave the following compounds.

I lia  had mp 121-122° from 85% methanol; distilled at 
155-165° (5 mm) ( ~ 100%  yield of crude); ir (CHC13) 3500, 
3400 (NH), 2190 (CN), and 1610 cm“ 1 (C = C ).

Anal. Calcd for C12H2„N2: C, 74.95; H, 10.48, N, 14.57. 
Found: C, 74.92; H, 10.49; N, 14.57.

Ila  had mp 119-119.5° (75%) from ethanol-water; ir (C H C I 3 )  
3495, 3400 (NH), 2195 (CN), and 1595 cm“ 1 (C = C ).

Anal. Calcd for C,5H18N2: C, 79.60; H, 8.02; N, 12.38. 
Found: C, 79.78; H .8.11; N, 12.35.

IVa had mp 110-112° (lit.14 106-107°) (74% ) from meth
anol; ir (C H C I 3 )  3480, 3380 (NH), 2190 (CN), and 1640 cm ' 1 
(C=C).

2.2- Disubstituted 5-Cyanocyclopentanones.— lb  was obtained 
by the hydrochloric acid-dioxane procedure5 previously used 
for the cyclohexanone homolog. The product had mp 105- 
106.5° from ethyl acetate and was identical (mixture melting 
point not depressed and infrared spectrum) with a sample16 
available from an alternate synthesis.

A similar hydrolysis mixture of 4.0 g of Ila  was refluxed with 
stirring for 5 days. To the cooled mixture was added 50 ml of 
water and three extractions with 60-ml portions of ether were 
carried out. The combined ether extracts were washed six 
times with equal volumes of water and then five times with 
fresh 50-ml portions of 10% sodium hydroxide. The mixture 
was shaken vigorously for about 3-4 min each. The combined 
basic extracts were cooled in ice, acidified to pH 2 with 6 N  HC1, 
and allowed to stand in ice. The filtered, air-dried product 
weighed 2.5 g (62%) and melted at 68-70°. The analytical 
sample after four recrystallizations from ethanol had mp 68-69°; 
ir (CHClj) 2250 (CN) and 1755 cm “ 1 (CO).

Anal. Calcd for C15H17NO: C, 79.26; H, 7.54; N, 6.16. 
Found: C, 79.08; H ,7.62; N .6.06.

Numerous other hydrolysis attempts for shorter time periods 
in dioxane or in other solvents (toluene, methanol, polyphosphoric 
acid, glacial acetic acid, sulfuric acid) were ineffective or con
siderably less efficient as determined by infrared spectra of crude 
reaction product mixtures by nitrile absorption peaks for con
jugated CN (Ila tautomer) and nonconjugated CN (lib ).

(16) S. S. Kulp and S. A. lobst, J. Med. Chem., 7, 831 (1964).

Refluxing IVa in hydrochloric acid-dioxane for 5 hr gave 91% 
crude IVb which after sublimation and recrystallization from 
hexane melted at 115-116°; ir (CHCls) 2245 (CN) and 1745 
cm-1 (CO).

Anal. Calcd for C18H2,NO: C, 80.86; H, 7.92; N, 5.24. 
Found: C, 80.98; 11,7.96; N .5.24.

The diisopropyl compound I llb  was obtained by the same 
procedure as l ib  but the reaction time was 6 days. Final dis
tillation of the mixture gave 30% 2,2-diisopropylcyclopentanone, 
bp 54° (1 mm), and 40%  I llb , bp 103° (1 mm), ir (neat) 2250 
(CN) and 1750 cm “ 1 (CO).

Anal. Calcd for C,2HI9NO: C, 74.57; H, 9.91; N , 7.25. 
Found: C, 74.42; H, 9.77; N, 7.04.

The final product, 2 ,2-diisopropylcyclopentanone, had an in
frared peak (neat) at 1735 cm-1 and no absorptions for NH or 
CN.

Anal. Calcd for CnH20O: C, 78.51; H, 11.98. Found: C, 
78.32; H, 11.71.

Many other hydrolyses of I lia  were attempted by varying 
solvents, concentrations, and times but were less satisfactory 
than the above procedure.

2,2-Diisopropylcyclopentanoneimine-5-carboxamide.— Poly
phosphoric acid treatment,17 of I lia  gave a 60%  yield of iminoam- 
ide: mp 154.5-155.5° from benzene; ir 3500, 3400, and 1760
cm -1.

Anal. Calcd for Ci2H22N20 :  C, 68.53; 11,10.55; N , 13.31. 
Found: C, 68.55; 11,10.70; N, 13.32.

2,2-Diisopropylcyclopentanone-5-carboxamide.— To 32 ml of 
80%  sulfuric acid at 100° was added 1 g of I lia  with stirring. 
After 1 hr the mixture was cooled and poured over crushed ice. 
The tan solid was unstable in air, in light, and at room tempera
ture. Repeated crystallization by partially evaporating an 
ether solution and storage of the compound under nitrogen at 
— 10° gave a white solid, mp 109° dec. Its ir was comparable 
with that of 2-ethyl-2-phenyl-6-carbamoylcyclohexanone.5

Anal. Calcd for C,2H21N 0 2: C, 68.60; II, 10.00; N, 6.64. 
Found: C, 68.93; H, 9.67; N, 6.73, 6.69.

Registry No.— Ila, 29411-08-3; lib , 29411-09-4; 
Ilia , 29411-10-7; I llb , 29411-11-8; IVa, 5358-98-5; 
IVb, 29411-13-0; 2,2-diisopropylcyclopentanone, 29411-
14-1 ; 2,2-diisopropylcyclopentanoneimine-5-carbox- 
amide, 29411-15-2; 2,2-diisopropylcyclopentanone-5- 
carboxamide, 29411-16-3.

(17) S. Baldwin, J. Org. Chem., 26, 3287 (1961).
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M B T H
MBTH is a most useful reagent for the 

detection o f many organic compounds.
Sawicki ef a / .1 developed  a sensitive test 

for form aldehyde and other water soluble 
aldehydes using MBTH and ferric chloride as an 
oxidizing agent. The aldehyde reacts with 
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blue cation. Methods have been developed  
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a-ketobutyric, pyruvic, phenylpyruvic and glyoxylic 
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such as N,N-dimethylaniline,1(l heterocyclic imines11 such as phenidone in phenidone/hydroquinone and 
color developer solutions, 12 and azulenes13. These aromatic compounds couple with the oxidized form of 
MBTH to yield highly colored products.

Synthetically, MBTH has been used as a starting material to prepare azo  dyes.14
MBTH is clearly so versatile a material, both as an analytical tool and for dyestuff and 

photographic research and production, that we are certain that many other applications will be found.
And Aldrich can supply both research and bulk quantities from stock.
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