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mate the free energy of ionization of the chloro-
methanes. It would still be necessary that a 
proportionality exist between the free energies of 
ionization of the chloromethanes in alcohols and the 
diarylmethanols in aqueous sulfuric acid. 

Resonance Energy of Diaryl- and Triarylmethyl 
Cations.—Three lines of evidence give an indica
tion that the resonance energy of diaryl- and 
triarylmethyl cations may be similar. First is the 
difference between £i£R+ for Ar3C+ and pK-a.* 
for Ar2CH+ where Ar represents a particular 
substituted phenyl ring. For a limited series it 
had been noticed that this difference was nearly 
constant independent of the substituent on the 
phenyl ring.10 This series has been extended and 
revised using the values of pKR * based on the C0 
scale and the results are summarized in Table VI. 
This constant difference had been interpreted in 
terms of a constant difference in the energy term 
arising from release of steric strain on ionization 
for the triaryl series as compared with the diaryl 
series.10 This interpretation requires that the size 
of groups around the central carbon be identical 
throughout the diaryl series and throughout the 
triaryl series. It thus was expected that the above 
correlation would not be valid for ortho sub-
stituents,10 and this is demonstrated by the data 
on the 2-methvl derivatives. The data for the 

4-dimethylamino derivatives also fail to follow 
the above relation. 

TABLE VI 

COMPARISON OF PKR-T FOR Ar 3C+ AND Ar 2 CH + WITH 

IDENTICALLY SUBSTITUTED PHENYL R I N G S 

Substituent 

4-Methoxy 
4-Methyl 
4-J-Butyl 
Unsubstituted 
4-Chloro 
3-Chloro 
4-Dimethylamino 
2-Methyl 

ArsC" 

+ 0.82 
- 3.50 
- 6.5 
- 6.63 
- 7.74 
- 1 1 . 0 3 
+ 9.36 
- 3.38 

PKR* 
A n C H ' 

- 5.71 
- 1 0 . 4 
- 1 3 . 2 
- 1 3 . 3 
- 1 3 . 9 6 
- 1 7 . 3 
+ 5.01 
- 1 2 . 5 

Difference 
in pKR* 

6 . 53 
Ii. S 

6 7 
0.7 
0,22 
0,3 
3. 75 
9.1 

The second indication is based on a comparison 
of the value of p for the diaryl and triaryl series, 
— 5.63 and —3.98, respectively. A substituent is 
thus more effective in changing pKR + in the diaryl 
series and interestingly, 2p for the diaryl series 
( — 11.26) is nearly equal to 3p for the triaryl series 
( — 11.94). Thus the total substituent effect is 
nearly equal in both series. 

The final indication is the similarity in absorption 
spectra between correspondingly substituted diaryl-
and triarylmethyl cations. This has been noted 
previously.2 
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Neighboring Carbon and Hydrogen. XVIII. Solvolysis of the Nopinyl 
p-Bromobenzenesulfonates 
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The nopinyl system, a simpler analog of that in pinene hydrochloride, is interesting in connection with carbonium ion 
behavior. In the present study, the diastereomeric a- and /3-nopinols have been prepared and characterized, and the sol
volysis of the ^-bromobenzenesulfonates has been examined. Besides traces of apocyclene, the solvolysis product from the 
nopinyl £-bromobenzenesulfonates in aqueous acetone consisted of 72 ± 4 % of highly optically active apoisoborneol, 26 ± 
5 % of racemic /3-fenchoisocamphorol, together with several per cent, of exo-camphenilol. No appreciable amounts of 
norterpineol or endo bicyclic alcohols were observed. The rates and products of solvolysis suggest the following description 
of the solvolysis. Anchimeric acceleration of ionization is at most small. Migration of the migrating group proceeds to 
completion, a rearranged carbonium ion being formed. This unbridged rearranged carbonium ion immediately is converted 
to the more stable bridged structure. From the latter arises active apoisoborneol and etfo-camphenilol. Hydrogen shift 
of the 1,3-variety (2,6-in bicyclic structures) within the bridged carbonium ion gives rise to new bridged carbonium ions. 
One of the latter accounts for formation of optically inactive /?-fenchoisocamphorol. Another accounts for formation of some 
enantiomorphic apoisoborneol. 

The solvolysis of the nopinyl ^-bromobenzene-
sulfonates VI and VII is of some interest, especially 
in connection with questions regarding anchimeric2 

assistance to ionization and the nature and behav
ior of carbonium ion intermediates. The nopinyl 
system is a simpler analog of that in pinene hydro
chloride I, whose rearrangement to bornyl chlo
ride II is a classical example of the Wagner-Meer-
wein rearrangement,3 and whose high reactivity in 
solvolysis has been reported by Hughes4 to appear 
to provide an example of anchimeric acceleration. 

(1) Hercules Powder Co. Fellow, 1953-1954. 
(2) S. Winstein, C. R. Lindegren, H. Marshall and L. L. Ingraham, 

THIS JOURNAL, 76, 147 (1953). 
(3) H. Meerwein and K. van Emster, Ber., M, 2500 (1922). 
(4) E. D. Hughes, Quart, Revs., S, 345 (1SJ51); BMH. SOC. Mm., 18, 39 

(1951). 

Further, the nopinyl system, with its unique geom
etry, provides an interesting comparison with sys
tems containing the [2,2,l]bicycloheptyl skeleton 
such as exo-norbornyl ^-bromobenzenesulfonate 
(III).6'6 The preparation of the a- and /3-nopinols 

in 

(5) (a) S. Winstein and D. S. Trifan, THIS JOURNAL, 71, 2953 (1943); 
(b) S. Winstein, et al., ibid., 74, 1127 (1952); (c) S. Winstein and D. S. 
Trifan, ibid., 74, 1154 (1952). 

(6) J. D. Roberts and C. C. Lee, ibid., 73, 5009 (1951). 
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and an exploratory study of the solvolysis of the 
corresponding />-bromobenzenesulfonates are re
ported in the present article. 

Results 
The starting material for the preparation of the 

nopinols VI and VII was optically active /3-pinene 
(IV). Permanganate oxidation7 of the latter mate
rial gave rise to nopinic acid and nopinone V, re
duction of which gave rise to the nopinols VI and 
VII. According to Wallach,7 reduction of nopinone 
with sodium in moist ether gives a mixture of a solid 
nopinol, m.p. 102°, designated a, and a liquid nopi
nol, m.p. 5-7°,8 designated /3. 

In the present work the a-nopinol, m.p. 102°, was 
obtained easily by lithium aluminum hydride re
duction of nopinone V. The a-isomer is quite pre
dominant in the nopinol mixture and much of it is 
obtained by direct recrystallization. Further 
amounts of the a-isomer may be obtained as the 
acid phthalate. 

CH2 COOH 
/ O H 

O 

I V i 
KMnO4 

+ 
IV 

[Hl 

V 

H OH HO H 

IV + 
VI,/3 V I I , 

We could not obtain the /3-isomer in pure form from 
the mixture even as the acid phthalate. Attempted 
equilibration of the nopinol from lithium alumi
num hydride reduction with the aid of sodium and 
fluorenone still did not permit isolation of pure /3-
nopinol. 

Aluminum isopropoxide reduction of nopinone 
did give rise to a nopinol mixture containing con
siderable /3-isomer. This was isolated in pure form 
as the acid phthalate, saponification of which 
yielded a solid /3-nopinol, m.p. 37.0-37.5°. The 
physical properties of the nopinols and their deriva
tives are summarized in Table I. 

TABLE I 

PROPERTIES OF THE NOPINOLS AND DERIVATIVES 

Desig
nation Compound 

M.p., or b.p. (mm.), 
0C. 

Obsd. Lit. 
[a]D (ether) 

Obsd. Lit. 

a Alcohol 101.5-102 102' - 5.55 - 5.32' 
Acid phthalate 131-131.5 - 4 7 . 5 
^-Bromobenzene-

sulfonate 93-94 - 6.58 
Acetate 107(18) « « D 1.4627 

S Alcohol 37.0-37.5 5-7« - 1 8 . 8 7 - 1 5 . 0 3 ' 
Acid phthalate 155.8-156.2 + 4 . 4 2 
^-Bromobenzene-

sulfonate 98.5-99.5 

For possible assistance in deciding the relative 
configurations of the a- and 0-nopinols, they were 
characterized as to relative rates of oxidation with 
chromic acid and relative rates of saponification of 

(7) O. Wallach, Ann., 356, 227 (1907). 
(8) G. Komppa and T. Hasselstrom, Ann, Acni, Set. Fennicae, ASO, 

No. 14 (1929). 

the acid phthalates. The second order rate con
stants are summarized in Table II for the oxida
tion of the nopinols and in Table III for the saponi
fication of the acid phthalates. There is a sufficient 
difference in rate of saponification of the acid 
phthalates that the good second order saponifica
tion rate constants provide another indication that 
the a- and /3-isomers were obtained as pure diastere
omers. 

TABLE II 

RATES OF CHROMIC ACID OXIDATION OF THE XOPINOLS IN 

50% ACETIC ACID 

>pinol 

/3-
a-

Oxidation normality 
102[ROHJ 103[CrOa] 

1.152 0.949 

1.135 .949 

Temp., 
0C. 

49.90 

50.08 

10>ki, 
1. mole - 1 sec. - 1 

33.8 ± 0.6 

49.2 ± 1.5 

TABLE I I I 

RATES OF SAPONIFICATION OF a- AND /3-NOPINYL ACID 

PHTHALATES IN WATER 
Acid Excess 

phthalate NaOH 
10= M 10' M 

10«*!, 
1. mole - 1 sec. ' 

2 0 . 7 ± 0 . 8 

20.5 

156 ± 5 

153 

83.4 ± 1.4 

82.7 

434 ± 8 

426 

Nopinyl Temp., 
phthalate 0C. 

a- 50.14 2.61 7.22 

50.00° 

75.20 4.32 5.86 

75.00° 

0- 50.14 3.54 6.29 

50.00° 

75.20 4.32 5.86 

75.00° 

" Interpolated or extrapolated from the data at the other 
temperatures. 

Both the a- and /3-nopinyl ^-bromobenzenesul-
fonates displayed good first order behavior in ace-
tolysis, the pertinent rate constants being summa
rized in Table IV. Again, there is a substantial dif
ference between the two diastereomers, so that the 
data provide evidence of diastereomeric purity of 
the a- and /3-materials. 

TABLE IV 

RATES OF ACETOLYSIS OF a- AND /3-NOPINYL £-BROMO-

BENZENESULFONATES 

Compound, 
OBs 

a-Nopinyl 

Temp., 
0C. 

25.00° 

50.00° 

75.00 

75.00 

[ROBs], 
102 M 

2.50 

2.65 

10« *, 
sec. - 1 

0.00318 

0.121 

2.74 ± 0.01 

2.73 ± .02 

AH*, 
kcal./ 
mole 

27.2 

AS* 
e.u 

- 1 

99.51 2.39 38.9 ± .4 

99.51 2.46 38.5 ± .5 

100.0° 40.7 

/S-Nopinyl 25.00" 0.0188 

50.52 2.29 .663 ± 0.005 

50.52 2.23 .659 ± .006 

50.00° .618 

75.00 2.24 12.35 ± .04 26.1 - 1 . 8 

75.00 2.03 12.32 ± .04 

100.0° 165 

" Extrapolated from data at the other temperatures. 

Solvolysis of the a- and /3-nopinyl ^-bromoben-
zenesulfonates in refluxing 60% aqueous acetone or 
in aqueous dioxane gave substantially entirely re
arranged products, no nopinols being detected in 
the product. Except for possible traces of apocy-
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clene X X I V , the whole of the product was com
posed of alcohols which yielded acid phthala te on 
t rea tment with phthalic anhydride in pyridine. 
The monocyclic alcohol, norterpineol (analogous to 
terpineol from pinene), a specimen of which was 
prepared for comparison purposes, does not yield 
an acid phthala te under the s tandard conditions 
employed; therefore, it was not present in substan
tial amount in the solvolysis product. 

The alcohol product contained large amounts of 
apoisoborneol (XXI I ) and /3-fenchoisocamphorol 
(XXV), both of which could be isolated in essen
tially pure condition and characterized. Infrared 
spectral data indicated the presence of small 
amounts of m?-camphenilol ( X X I I I ) , which, how
ever, was not isolated separately. For semi-quanti
tat ive estimation of the composition of the alcohol 
product mixture, a large fraction of the apoisobor
neol was removed by chromatography on alumina, 
the apoisoborneol being eluted easily. The residual 
alcohol was acetylated to a liquid acetate mixture 
whose composition was estimated from the infrared 
spectrum using samples and spectra available from 
other work on apoisobornyl, earo-camphenilyl and 
/J-fenchoisocamphoryl derivatives.9 

The apoisoborneol (XXI I ) was obtained highly 
optically active and somewhat variable in m.p. be
tween 131-132° and 141 °, possibly due to variation 
in optical puri ty and extent of slight contamination 
with e.ro-camphenilol. The apoisoborneol also was 
obtained as the acid phthalate , m.p. 173-174°. 
An independent characterization of the apoisobor
neol could be based on the behavior in acetolysis of 
its ^-bromobenzenesulfonate. In other work9 it has 
been found t ha t the apoisobornyl, earo-camphenilyl 
and /3-fenchoisocamphoryl ^-bromobenzenesulfo-
nates are very much more reactive than the endo 
isomers. Further , of the three reactive exo isomers, 
the apoisobornyl derivative is substantially more 
reactive than the other two, and it is unique in dis
playing a rapidly downward drifting first-order 
acetolysis ra te constant because of internal return 
to the exo-camphenilyl isomer. Different samples of 
apoisoborneol isolated from solvolysis of nopinyl 
derivatives, with either the lower or higher melting 
points, gave ^-bromobenzenesulfonates which be
haved quant i ta t ively as apoisobornyl ^-bromoben-
zenesulfonate in acetolysis. 

The /3-fenchoisocamphorol (XXV) was isolated by 
saponification of the acetate mixture after infrared 
analysis and careful chromatographic separation of 
the derived alcohol. There was obtained apoisobor
neol (XXI I ) in the expected amount , and finally the 
/3-fenchoisocamphorol (XXV), optically inactive, 
m.p. 54-58°, m.p. of acid phthalate , 129-131°. 

The over-all composition of alcohol product from 
hydrolysis of the a- and /3-nopinyl ^-bromobenzene-
sulfonates may be summarized as 72 ± 4 % apoiso
borneol ( X X I I ) , 26 ± 5 % /3-fenchoisocamphorol-
(XXV), together with several per cent, of exo-cam-
phenilol ( X X I I I ) . The present procedure was not 
sufficiently precise to guarantee a definite agree
ment or difference between the product composi
tions from the two isomeric start ing materials. 

One of the two nopinyl £>-bromobenzenesulfo-
(U) N. J. Holness and A. Colter, unpublished wor-fe, 

nates, the a-isomer, was solvolyzed also in acetic 
acid at 100°. The products were similar to those in 
aqueous acetone, except tha t a substantial amount 
of apocyclene (XXIV) , ca. 1 3 % of the product, was 
isolated, and the proportion of /J-fenchoisocampho-
rol in the alcohol from saponification of the acetate 
was substantially higher. 

Discussion 
In considering the configurations of the nopinols, 

reference to models shows tha t the addition of a 
1,3-methylene bridge to a cyclohexane skeleton to 
produce the [3,1,1 Jbicycloheptyl skeleton gives 
rise to a system which can be described as contain
ing both an approximate chair and an approximate 
boat form of cyclohexane, each somewhat strained 
and deformed. This is illustrated in structures 
VI I I , I X and X. Either a methylene group (VIl I 
or X) or the isopropylidene group (IX) can con
st i tute the head of the boat. The hydroxyl group 
can occupy an equatorial (e) position as in VII I and 
I X or an axial10 (a) position as in X . In formulating 
probable conformations of the different diastereo-
meric nopinols, we take into account the greater 
repulsion between non-bonded atoms associated 
with the presence of the isopropylidene group at the 
head of the boat (extra boat strain) and with the 
axial position for an hydroxyl or other group (axial 
strain). 

The conformation of the nopinol diastereomer 
with the hydroxyl group trans to the isopropylidene 
bridge (VI) can be written as in VII I quite unam
biguously. In VII I both the extra boat and axial 
strains are avoided. The alternative conformation 
would have the isopropylidene bridge in the boat 
and the hydroxyl group axial, and it would thus 
be very poorly populated. In the case of the no
pinol diastereomer with the hydroxyl group cis to 
the isopropylidene bridge (VII) , either the isopro
pylidene bridge is in the boat position, the hydroxyl 
group being equatorial ( IX) , or the isopropylidene 
group is chair with the hydroxyl group axial (X). 
The axial strain in the lat ter case is unusually large 
because of the axial position for one of the methyl 
groups. 

From the present work, the nearest to an unam
biguous configurational assignment to the nopinols 
may be based on the relative rates of saponification 
of the acid phthalates. As is summarized in Table 
V, the rate of saponification of the /?-nopinyl acid 
phthalate is 4.0 times as large as tha t of the a-iso-
mer. Further, the rate (106I2 = 82.7) is nearly as 
large as t ha t of the acid phthala te of trans-4-
/-butylcyclohexanol11 which has the hydroxyl 
group purely equatorial because of the i-butyl 
group which is constrained to the equatorial 
position. On this basis /3-nopinol is diastereomer 
VI, with isopropylidene and hydroxyl groups trans 
to each other, and with the preferred conformation 
as in VI I I (Table V). 

I t follows tha t the a-nopinol is the diastereomer 
VII with isopropylidene and hydroxyl cis. The 
rate of saponification of the a-nopinyl acid phthal
a te (105&2 = 20.5) is too high for an entirely axial 

(10) D. H. R. Barton, O, Hassel, K. S. Pitzer and V. Prelog. Nature, 
172, 1096 (19S3). 

(11) N. J. Holness, unpublished work. 
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TABLE V 

COMPARISON OF R A T E S OF NOPINYL AND 4-<-BUTYLCYCLOHEXYL DERIVATIVES 

,H C H 3 ^ - C H , H. ,H 
,H T 

CH3 

VIII 
OH 

Sapu. of acid phthal-
ates at 50° 10' k2 82.7 

ReI. rate 4.0 

ReI. rate of oxidn. of 
ROH by CrOj in 
50% AcOH at 50° 1.0 

ReI. rate of acetolysis 
of £-bromobenzene-
sulfonates at 75.00 ° 4 .5 

20.5 
1.0 

118 

1.0 < 

0 . 1 " 

4 .1" 

13.0 

0.2 a 

11. 
" Estimated from the rate constants in 7 5 % acetic acid11 by dividing by the approximate factor 10 which is derived from 

comparison of 50% acetic acid with 7 5 % as solvent for oxidation of cyclohexanol11'12 and several substituted cyclohexanols.12 

b Based on three times the measured rates of acetolysis of the ^-toluenesulfonates.11 

position for the ester group as is depicted for the 
hydroxyl group in X . Even for the acid phthala te of 
CTS-4-MDutylcyclohexanol11 (XI I ) , with saponifica
tion hindered by the compelled axial position of the 
ester group, the rate is about one-tenth of tha t of 
the equatorial isomer (105&2 = 13.0). The rate of 
saponification of X-acid phthala te would be ex
pected to be very much smaller than t ha t of X I I . 

a te is between 11 and 2 5 % in the conformation 
shown for alcohol I X (OH equatorial) and the rest 
in the conformation shown for alcohol X (OH axial). 

The relative rates of oxidation of the two nopinols 
may be said to support the above configurational 
assignment since the a-nopinol is more rapid than 
the /3- by a factor of 1.5. This factor may be com
pared with tha t observed with the 4-/-butylcyclo-

If one assumes the rate of IX-acid phthala te is the 
same as t ha t of VHI-acid phthala te (106fc2 = 82.7) 
and 10°&2 for X-acid phthalate is between 13 and 0, 
then the observed 105^2 of 20.5 for a-nopinyl acid 
phthalate leads to the estimate tha t a-acid phthal -

(12) G. Vavon and C. Zaremba, Bull. soc. Mm., 49, 1853 (1931). 

hexanols,11 the factor between the axial (XII) and 
equatorial (XI) alcohols being 2.5. However, the 
rates of the nopinols were about one power of ten 
faster than cyclohexanols X I and X I I . Until the 
reaction and the high rate level here and in other 
cases observed by Vavon12 are better understood, 
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relative oxidation rates are a much less reliable 
guide to configuration than saponification rate. 

Considering the behavior of the nopinyl p-hro-
mobenzenesulfonates in solvolysis, it is interesting 
how very high is the predominance of rearrange
ment, no nopinols being detected. Essentially the 
whole product involves expansion of the 4-ring to a 
5-ring, the [3,l , l]bicycloheptyl system going to 
[2,2,l]bicycloheptyl. 

If this rearrangement is symbolized by formulas 
X X V I -*• X X X for simplicity, the present results 
with the nopinyl systems do not allow a decision to 
be made between migration of isopropylidene 

R \ 
->- >C- -c< 

e 
>C 

^R 

\ 

i3 

-C< 
XXVII 

c< 
X X l X 

^Y 
XXVI 

•* > 6 ^ c < 
0 a 

XXVI I I 

HOH 
> 

—He 

/ R 

>C 
H O / 

XXX 

c< 

and methylene since, as will become obvious 
later, both stereoisomeric systems could lead to 
the same intermediate ion X V I I I a by either 
migration. Again if the rearrangement is consid
ered from the point of view of substi tution a t C«, it 
is of importance to decide whether par t of or the 
entire ionization of either one or both of the no
pinyl ^-bromobenzenesulfonates X I I I and X I V is 
anchimerically assisted. The assisted ionization, 
process13 AR involving participation of R, is sym
bolized by X X V I - * X X V I I I , the ra te constant 
being k&. The unassisted ionization, process13 S, 
is symbolized by X X V I —»• X X V I I , the ra te con
s tant being ks. A high ratio of AR to S is recognized 
most easily by an accelerated solvolysis ra te rela
tive to a comparison compound where only S oc
curs. 

In the case of the a- and /3-nopinyl ^-bromoben-
zenesulfonates, solvolysis rates do not reveal any 
acceleration. As is summarized in Table V, the 
/3-nopinyl ^-bromobenzenesulfonate is more reac
tive than the a-nopinyl isomer in acetolysis a t 75° 
by a factor of 4.5. However, even the more reactive 
/3-nopinyl ester, with the equatorial leaving group, 
is no more reactive than the /ra«s-4-£-butylcyclo-
hexyl derivative1 1 which also has an equatorial 
leaving group. Further , it is slightly less reactive 
than the endo-norhomyV0 or bornyl5b derivatives. 
Also, it is nearly exactly as reactive as the isopro-
pyl14 derivative. Thus no acceleration is visible 
over rates of available comparison compounds. 
Unassisted ionization, S, may dominate over the 
assisted variety, AR, and the ionization of /3- and 
a-nopinyl ester X I I I and XIV, respectively, would 
then give ordinary ion X V which rearranges fur
ther. 

There is one difficulty with the ra te comparisons 
just discussed. The comparison compounds do not 
simulate the unique geometry of the nopinyl skele-

(13) S. Winstein and L. L. Ingraliam, THIS JOURNAL, 77, 1738 
(19.WV 

(14) S. Winstein, W al., ibid., 74, 1113, 1120 (1952). 

ton. I t is possible tha t ks for the nopinyl deriva
tives is sufficiently reduced by the effect of the 
unique geometry on such assisting features as 
hyperconjugation and solvation t ha t k&/ks is actu
ally substantial in spite of the present apparent 
lack of rate enhancement. There are a couple of 
indications tha t this may be the situation. First 
is the fact tha t the /3-nopinyl OBs (XII I ) with the 
equatorial OBs group (see VII I ) is 4.5 times as 
rapid in acetolysis as the a-isomer XIV, which we 
would judge to have mainly an axial OBs group 
(see X ) . With the model 4-i-butylcyclohexyl de
rivatives,11 the axial isomer is three times as reac
tive as the equatorial. This supports the possibil
ity t ha t a t least the /3-nopinyl ester and possibly 
both the /3- and a-derivatives are anchimerically 
accelerated. The more rapid rate of the /3-nopinol 
ester would be due to the greater amount of anchi-
meric assistance associated with isopropylidene 
participation rather than methylene. The other 
indication in favor of anchimerically assisted ioni
zation of the nopinyl esters is the insignificant 
amount of unrearranged substi tution product in the 
alcohol from hydrolysis. In the case of endo-norhor-
nyl ^-bromobenzenesulfonate15 hydrolysis in aque
ous acetone, where ionization is by the S process 
and where there is a large tendency for rearrange
ment of the cation X X V I I , the product contains 
1 5 % of the inverted unrearranged e.ro-norborneol. 

Whether the nopinyl derivatives ionize largely 
by the S or AR process, it is clear tha t the rate of 
any AR ionization measured by kt. must be much 
smaller than it is for comparable monocyclic ma
terials containing the participating 4-ring. The 
rates of acetolysis of dicyclobutylcarbinyl and cy-
clobutylmethylcarbinvl />-bromobenzenesulfonates, 
measured in another investigation,16 are much ac
celerated, and compared with those of the nopinyl 
derivatives, thev give the following rate sequence 
a t 25° 

CHOBs, 16,800 > 

6 > a-nopinyl OBs, 1 

^CH(OBs)CH3 

3900 > /3-nopinyl OBs, 

Certainly an important contributing factor to the 
difference between the bicyclic derivatives and 
the monocyclics is t ha t the 4 —*• 5-ring expansion in 
the bicyclic cases gives a still highly strained bicy-
cloheptyl skeleton. T h u s the relief of strain at
tending migration of carbon is much smaller than 
in the monocyclic cases. 

The reaction scheme, X X V I - * X X X , should 
still be considered from the point of view of the 
remaining stage of the reaction, viz. substitution at 
Cp. If substi tution by solvent a t Cp is involved 
in the completion of the migration of R from Cp to 
C a , symbolized by X X V I I I -*• X X X , inversion at 
Cp would be the result. If R is isopropylidene, apo-
borneol ( X X X I ) would result, and, if R is methyl
ene, ewdo-camphenilol ( X X X I I ) would result. These 
materials were not found in any appreciable quan
t i ty. Instead, the exo-isomers, apoisoborneol-

(15) E. Clippinger, unpublished work. 
(16) N. J. Holness, unpublished work. 
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(XXII) and exo-camphenilol (XXIII),together with 
another exo-material, /3-fenchoisocampherol (XXV) 
were obtained. 

XXXl 

The simplest mechanism to account for the ob
served results involves the complete migration of 
R in XXVII and XXVIII to form rearranged ion 
XXIX. Particularized for the nopinyl situation, ion 
XVI or XVII is formed either through XV or more 
directly. Then, by immediate carbon bridging, 
these ions form the more stable bridged5 carbonium 
ion species XVIIIa. The prior formation of the 
bridged species XVIIIa provides the simplest ex
planation of the essentially exclusive exo configura
tion6 of the apobornyl and camphenilyl alcohol 
products XXII and XXIII . 

The /3-fenchoisocamphorol must owe its forma
tion to a 1,3-type of hydrogen shift (2,6-shift6c'6'17-20 

in bicycloheptyl derivatives). The present evi-
dence6cA9'20 with bicycloheptyl derivatives sug
gests that such hydrogen shift is subsequent to car
bon participation in solvolysis of bromobehzenesul-
fonates or ionization of chlorosulfinates (XXXIII). 
If carbon bridging precedes hydrogen shift in a 
preformed carbonium ion (XXXIV), then bridged 
species XVIIIa also provides the way to discuss 
formation of /3-fenchoisocamphorol. 6,1-Hydrogen 
shift within XVIIIa, through a possible interme-

H. H 

H 
X X X I I I 

H 
X X X I V 

diate XIX, would give XX, an internally compen
sated bridged ion analogous to the norbornyl cat
ion,5 which should give racemic /3-fenchoisocampho-
rol (XXVab), in exact accord with experiment. 

To the extent 6,2-hydrogen shift occurs in 
XVIIIa, mirror image XVIIIb will be formed and 
thus the apoisoborneol will not be entirely XXIIa but 
partly XXIIb and therefore partly racemic. Apo-
cyclene XXIV arises from loss of a proton from 
carbonium ion species, but the exact mechanism is 
not known.51 In the present scheme, apocyclene is 

(17) H. Meerwein and F. Montfort, Ann., 435, 207 (1924). 
(18) W. E. Doering and A. P. Wolf, XII th International Congress 

of Pure and Applied Chemistry, New York, N. Y., Sept. 10-18, 1951, 
page 437 of Abstracts. 

(19) S. Beckmann and R. Bamberger, Ann., 574, (a) 65, (b) 76 
(19.51). 

(20) S. Winstein, "1,2- and 1,3-Hydrogen Shift," Symposium on 
Molecular Rearrangements, Queen Mary College, University of I.on-
<l<m, April 6, 1054. 

arbitrarily shown arising from both the XVIII and 
XIX or XXI variety of bridged species. 

The above reaction scheme predicts the forma
tion of highly active apoisoborneol (XXII) and 
e.w-camphenilol (XXIII) and racemic /3-fenchoiso-
camphorol (XXV) in the same proportions from 
either nopinyl ester Xl I I or XIV. This is approxi
mately what is observed, and a more accurate study 
will be necessary to show if any differences exist 
which will require some modifications of the scheme. 
The product composition also corresponds quite 
well to that obtained in solvolysis of apoisobornyl p-
bromobenzenesulfonate in aqueous media.9 The 
greater proportion of /3-fenchoisocamphorol in the 
product of acetolysis of a-nopinyl ^-bromobenzene-
sulfonate is in line with the greater importance of 
2,6-type hydrogen shift in acetic acid69 than in 
aqueous acetone. 

In the present solvolyses of the nopinyl deriva
tives, two types of products have not proved impor
tant. These are monocyclic21 materials, such as 
norterpineol, and endo rearranged bicyclic substitu
tion products. These types of products become very 
important in various reactions of the analogous ter
tiary system {e.g., I) containing an additional a-
methyl group. Thus substantial or predominant 
amounts of bornyl chloride or bornyl esters and of 
monocyclics may all be derived from various liquid 
phase reactions of pinene or methylnopinol.3'7'22 

The factors involved in controlling products, such 
as carbonium ion lifetime, ion pair return,23 etc., are 
not yet understood. 

The extra a-methyl group in the pinene-hydro 
system undoubtedly has an important influence, for 
example in affecting the importance of an ion of the 
type XXVIII, but the tertiary and secondary sys
tems cannot be well compared until more reaction 
conditions have been explored with the nopinyl 
derivatives. 

Experimental 
Nopinone.—To a solution of 100 g. of /3-pinene,24 M26D 

1.4759, W24D - 1 9 . 9 5 ° (C*D - 1 7 . 2 7 ° , 1 dm.) (reported26 

M22D 1.4724, d?\ 0.8660, W D - 2 2 . 2 ° ; reported,26 W20^5D 
1.4773), in 100 ml. of dry pyridine was added a warm (60°) 
solution of 235 g. of potassium permanganate in two 1. of 
water over a period of about five hours. The reaction flask 
was cooled in ice and left overnight. The manganese di
oxide was filtered off, and the pyridine solution was acidi
fied with 6 TV hydrochloric acid. This solution was ex
tracted six times with 100-ml. portions of ether, and the 
ethereal solution was shaken with 2 TV sodium bicarbonate 
solution to give the insoluble salt of nopinic acid. Three 
such runs were combined, giving rise to 133 g. of the sodium 
salt. The oil from the neutral fraction was distilled under 
reduced pressure to give the fractions: (1) 4 g., b.p. 75-77° 
(8 mm.) , M25D 1.4761; (2) 51 g., b .p . 77-78.5° (8 mm.), 
W86D 1.4769, [a]2*D 16.64° (<*D 16.29°, 1 dm.); (3) 13 g., 
b.p. 78.5-81° (8 mm.), W26D 1.4786, [<*]2«D 14.92° («D 14.62, 
1 dm.); (4) residue, 26 g.; (reported7 for nopinone, B20D 
1.4787, [a]D 18.48°). 

(21) Heating nopinone V with dilute sulfuric acid does lead to opening 
of the cyclobutane ring with formation of 4-isopropylcyclohex-2-enone. 

(22) E.g., O. Wallach, Ann., 360, 82 (1908); W. Hiickel, Naehr. 
Akad. Wiss. GiSttingen, Math.-fhysik. Klasse, 59 (1941); C. A., 37, 
3074 (1943); M. S. Kharasch and W. B. Reynolds, J. Org. Chem., 9, 
148 (1944); W. A. Mosher, THIS JOUSNAL, 69, 2139 (1947). 

(23) B. g., S. Winstein and K. C. Schreiber, THIS JOURNAL, 74, 2165 
(1952). 

(24) We are indebted to Dr. J. P. Bain of the Naval Stores Division 
of the Glidden Co. for this material. 

(25) O. Wallach, Ann., S67, 49 (1907); 363, 9 (1908). 
(26) P. Lipp, Btr., 63, 411 (1930). 
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The nopinone yielded a semicarbazone, m.p. 184-1Wi0 

without recrystallization (reported7 for nopinone semicarba
zone, m.p. 188°). 

Reduction of Nopinone with Lithium Aluminum Hydride. 
—A solution of 55 g. of nopinone in 100 ml. of dry ether was 
added dropwise to a stirred suspension of 4.0 g. of lithium 
aluminum hydride in 60 ml. of dry ether. After a further 
0.5 hour at room temperature excess reagent was decom
posed by cautious addition of ethyl acetate. The solution 
was acidified with dilute sulfuric acid and extracted four 
times with 100-ml. portions of ether. The combined ether 
solutions were washed with water and dried over anhydrous 
potassium carbonate. Removal of the ether through a 
Vigreux column gave 25 g. of a-nopinol, crystallized from 
pentane with a trace of ethyl acetate as long needles, m.p. 
101.5-102°, Ia]23D - 5 . 5 5 ° (c 10.62, ether, a - 0 . 5 8 9 ° , 1 
dm.) (reported7 m.p. 102°, [<*]D - 5 . 3 2 ° (c 12.53, ether)]. 
A 7.3-g. second crop of a-nopinol with the same melting 
point was obtained. 

The acid phthalate of the remaining alcohol mixture was 
crystallized from ethyl acetate-pentane to give 25 g. of 
material, m.p. 122-125°. After three recrystallizations 
from the same solvent, there was obtained 18 g. of a-nopinol 
acid phthalate, m.p. 128-130°, undepressed on admixture 
with authentic material. 

Another crop of acid phthalate, m.p. 133-135°, was ob
tained. This crop, after three recrystallizations from ethyl 
acetate-pentane, yielded 1.2 g. of acid phthalate, m.p . 
136.6-137.5°, [a]D - 1 5 . 7 3 (ether, c 11.95), still a mixture 
of a- and /3-nopinol acid phthalates. Saponification of this 
acid phthalate yielded a solid alcohol, m.p. 88-93°. 

a-Nopinol Esters.—A solution of 1 g. of a-nopinol and 1 
g. of phthalic anhydride in 10 ml. of dry pyridine was heated 
at 100° for 2 hours, and then worked up in the customary 
manner. Crystallization from ethyl acetate-pentane gave 
plates, m.p. 129.5-131°. Another recrystallization yielded 
a-nopinol acid phthalate, m.p. 131-131.5°, [a]23D - 4 7 . 4 6 ° 
(c 10.79, ether, a - 5 . 1 2 1 ° , 1 dm.) . 

Anal. Calcd. for CnH20O4: C, 70.81; H, 6.99. Found: 
C, 70.51; H, 6.68. 

A solution of 15 g. of a-nopinol and 27.8 g. of £-bromo-
benzenesulfonyl chloride in pyridine was left at room tem
perature for 22 hours. There was obtained 11.5 g. of a-
nopinol ^-bromobenzenesulfonate, m.p. 93.5-94°, and a 
further 7 g. of material, m.p. 92-93°. The first crop had 
[ « ] D - 6 . 5 8 ° (c 11.19, ether, a - 0 . 7 3 6 ° , 1 dm.) . 

Anal. Calcd. for Ci6Hi9O3BrS: C, 50.14; H, 5.33. 
Found: C, 50.29; H, 5.59. 

A solution of 8 g. of a-nopinol and 15 ml. of acetic anhy
dride in 25 ml. of dry pyridine was heated for one hour at 
100°. The reaction mixture was worked up in the usual 
way and distilled to give an initial 0.2-g. fraction, b .p . 106-
107° (18 mm.) , nmv> 1.4627, and then 8.5 g. (82%) of a-
nopinyl acetate, b .p . 107-107.1° (18 mm.), n2iv 1.4627. 

Anal. Calcd. for CnH laOs: C, 72.48; H, 9.95. Found: 
C, 72.61; H, 9.96. 

Preparation of /3-NopinoI.—This was attempted through 
equilibration of a-nopinol with sodium and fluorenone. A 
solution of 45 g. of the alcohol obtained by lithium alumi
num hydride reduction of nopinone in 60 ml. of toluene was 
refluxed with 0.3 g. of sodium and 6 g. of fluorenone. Work
ing up in the conventional manner and steam distillation 
gave a toluene distillate containing crystals of a-nopinol. 
Filtration yielded 15 g. of material, m.p. 100-101°. The 
residual alcohol yielded 19 g. of an acid phthalate, with m.p. 
136.5-137.5°, after crystallization from ethyl acetate-
pentane. This acid phthalate was the same difficultly 
separable mixture mentioned above in the case of the prod
uct from reduction of nopinone with lithium aluminum hy
dride. 

A solution of 50 g. of nopinone in 950 ml. of a ca. 1 M 
solution of aluminum isopropoxide in isopropyl alcohol was 
refluxed for four hours while 600 ml. of isopropyl alcohol was 
distilled off. The reaction mixture was cooled, acidified 
with 2 N hydrochloric acid, diluted to two 1. and extracted 
five times with 150-ml. portions of pentane. The combined 
extracts were washed three times with water, once with 
sodium bicarbonate solution and dried over anhydrous mag
nesium sulfate. Evaporation of the pentane afforded an 
oil |a ln - 1 1 ° (c 14, ether). 

The oil was dissolved in 30 nil. of dry pyridine and heated 
for one hour at 100° with 50 g. of phthalic anhydride. 

Treatment in the conventional manner gave an acid phthal
ate, m.p. 151-154.5°. Two crystallizations from ethyl 
acetate-pentane gave 21 g. of S-nopinol acid phthalate, 
m.p. 155.8-156.2°, [a]D 4.42° (c 6.36 in ether, a - 0 . 2 8 1 ° , 
1 dm.). Additional crops (23.7 g.) had melting points 
about 155-156°. 

Anal. Calcd. for CnH20O4: C, 70.81; H, 6.99. Found: 
C, 70.77; H, 6.86. 

/3-Nopinol andthe/>-Bromobenzenesulfonate.—Steam dis
tillation of 19 g. of (3-nopinol acid phthalate from 2 5 % aque
ous potassium hydroxide afforded the free alcohol. This 
was extracted from the distillate with pentane in the cus
tomary wav, Evaporation of the solvent through a Vigreux 
column afforded 8.8 g. of /3-nopinol, m.p. 37.0-37.5°, [a]D 
-18 .87° (c 12.21, ether, a - 2 . 3 0 4 , 1 dm.) . 

The ^-bromobenzenesulfonate was prepared as described 
for a-nopinol /^-bromobenzenesulfonate. Crystallization 
of the product from pentane afforded /3-nopinol p-bromo-
benzenesulfonate, m.p. 98.5-99.5°. 

Anal. Calcd. for C15Hi9O3BrS: C, 50.14; H, 5.33. Found: 
C, 49.85; H, 5.28. 

Norterpineol.—A mixture of 10 g. of butadiene and 8.5 g. 
of methyl acrylate was heated in a sealed tube at 140° for 3 
hours and then cooled. The colorless product was washed 
out with pentane and then distilled under reduced pressure 
to give 10 g. of methyl A3-tetrahydrobenzoate, b .p . 68.5-
69.0° (12 mm.), ra25D 1.4583 (reported27 b .p . 70° (13 mm.)) . 

To the Grignard reagent prepared from 14.2 g. of methyl 
iodide, 2.5 g. of magnesium turnings and 100 ml. of dry 
ether was added 5.7 g. of methyl A3-tetrahydrobenzoate in 
50 ml. of dry ether over a period of 30 minutes. The prod
uct was poured onto a mixture of ice and ammonium chloride 
and then extracted into ether in the usual way. Removal 
of the ether through a Vigreux column and then distillation 
of the residual oil under reduced pressure afforded 3.30 g. of 
norterpineol, b .p . 86-88° (12 mm.) , »2 5D 1.4787 (reported27 

b.p. 90° (13 mm.)) . A 1.40-g. initial fraction, b.p. up to 
86° (12 mm.), had n26D 1.4736. 

A solution of 1.1 g. of norterpineol in 5 ml. of dry pyridine 
was heated for 3 hours at 100° with 1.1 g. of phthalic anhy
dride. Working up in the usual way gave about 50 mg. of 
an acid, m.p. 200° d e c , undepressed in m.p. on mixing 
with authentic phthalic acid. 

Oxidation of the Nopinols.—To a solution of 0.55 g. of 
chromium trioxide in 150 ml. of 50% acetic acid was added 
1 g. of a-nopinol. The solution was kept at 50° for two 
hours, diluted to 1 1., saturated with sodium chloride and 
extracted four times with 150-ml. portions of pentane. 
Treatment by the customary procedure gave an oil which 
was chromatographed to give 735 mg. of nopinone, n2'D 
1.4754, semicarbazone m.p. 184-186°, undepressed on ad
mixture with authentic semicarbazone. 

The kinetics of oxidation of the nopinols by chromium tri
oxide in 50% acetic acid (1 volume acetic acid:l volume 
water) were followed by the method used in the case of the 
4-i-butylcyclohexanols.u Second-order constants were 
first evaluated employing oxidation-reduction normalities 
for the concentrations of alcohol and chromium trioxide, and 
then the constants were multiplied by the factor 3. The 
corrected constants are given in Table I I . 

Kinetics of Saponification of Acid Phthalates.—The 
measurements were carried out as described for the 4-/-
butylcyclohexyl acid phthalates. 

Rates were followed to 70 or 80% completion, good in
finity titers also being observed. 

Rates of Acetolysis.—The rates of acetolysis of the a- and 
/3-nopinyl />-bromobenzenesulfonates in anhydrous acetic 
acid were measured by the usual method. Rates were 
followed to ca. 90% completion, and the infinity titers were 
99-100% of theoretical. 

Solvolysis of a-Nopinol ^-Bromobenzenesulfonate in 60% 
Acetone.—A solution of 22.5 g. of ^-bromobenzenesulfonate, 
m.p. 92-93°, in 700 ml. of 60% acetone was refluxed with 
15 g. of calcium carbonate for 100 hours. The acetone 
solution was diluted with water to a volume of 5 1., and then 
the mixture was extracted 7 times with 100-ml. portions of 
pentane. After removal of the solvent, the residue was 
chromatographed over 250 g. of alumina. A small low-
melting fraction smelling of apocyclene was obtained first. 
Then there was obtained 4.02 g. of apoisoborneol, m.p. 131 -

(27! K. Alder and V . Vogt, .4»«. , 564, 1 Ov.) (I'J4:l). 
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132°, [ « ] D + 1 0 . 2 7 ° (c8.45, EtOH), +10.64° (c8.96, EtOH). 
The melting point was unchanged on repeated chroma
tography. 

The remaining 3.44 g. of alcohol product was converted 
to acid phthalate in the conventional manner. Crystalli
zation from ethyl acetate-pentane gave 0.51 g. of apoiso
bornyl acid phthalate, m.p. 173-174°, m.p. reported19 for 
<W-acid phthalate, 174-175°. The remainder of the acid 
phthalate was saponified and converted to acetate; 3.05 g., 
b.p. 109° (25 mm.) , re»b 1.4597. 

Inspection of the infrared spectrum of the acetate showed 
a similarity with the spectra of mixtures of apoisobornyl, 
rao-camphenilyl and /3-fenchoisocamphoryl acetates. ' The 
absence of a-nopinyl acetate was indicated by the absence of 
characteristic absorption peaks at 8.9, 9.35, 10.2 and 10.8 
ix. The infrared spectrum of the acetate was compared 
with a mixture, 49.7% apoisobornyl and 50.3% /3-fenchoiso
camphoryl acetate, and with a mixture, 76.2% /3-fenchoiso
camphoryl, 19.1% apoisobornyl and 3.4% wco-camphenilyl 
acetate, these mixtures being available from other work.9 

By comparison of optical densities at 8.7 and 9.3 n, an esti
mate of the composition of the acetate mixture was reached. 
This was 50% /3-fenchoisocamphoryl, 4 3 % apoisobornyl and 
7% rao-camphenilyl acetates. On this basis, the calculated9 

«25D is 1.4598, compared to the observed »25D 1.4597. 
Saponification of 2.67 g. of the acetate mixture and care

ful chromatography of the alcohol afforded 1.015 g. (45%) of 
apoisoborneol, m.p. 131-132°, [a\u +13.44° (c 8.60, 
EtOH). Further elution with pentane and pentane-10% 
ether gave 1.250 g. of a low-melting alcohol, m.p. 54-58°, 
M D +0.18° (c 7.73, EtOH). The <«-/3-fenchoisocamphorol 
has9'28 m.p. 60-61°. 

Preparation of an acid phthalate from 0.965 g. of the al
cohol, m.p. 54-58°, gave 1.43 g. of ^-fenchoisocamphorvl 
acid phthalate, m.p. 129-131° (m.p.19 of <M-/S-fenchoiso-
camphoryl acid phthalate 130-131°). 

An earlier solvolysis of a-nopinyl ^-bromobenzenesulfonate 
in 80% aqueous dioxane gave rise to a product which was 
converted directly to acid phthalate, m.p. 154-156°, 
markedly depressed by admixture of /5-nopinyI acid phthalate, 
m.p. 156°. No appreciable quantity of neutral material 
remained after the conversion to acid phthalate. Saponi
fication of the acid phthalate and chromatography gave al
cohol fractions, m.p. 133-134° and m.p. 141°. Conversion 

(28) G. Komppa and S. Beckmann, Ann., 537, 140 (1939). 

of some of the 133-134° alcohol fraction to ^-bromobenzene-
sulfonate gave rise to a material which behaved in acetolysis 
identically with apoisobornyl ^-bromobenzenesulfonate.9 

The integrated rate constant for acetolysis at 25° fell from 
6.0 X 10~4 sec."1 to 3.4 X 10~6 sec."1 between 36 and 92% 
solvolysis, 24% being the zero point for the run. 

Solvolysis of ^-Nopinyl £-Bromobenzenesulfonate in 60% 
Acetone.—A solution of 9.3 g. of /3-nopinyl ^-bromoben-
zenesulfonate in 300 ml. of 60% acetone was refluxed for 30 
hours with 7 g. of calcium carbonate. The product was 
worked up as in the case of the a-nopinyl ^-bromobenzene-
sulfonate, and then it was chromatographed. Elution with 
pentane gave initially a small fraction which may have con
tained apocyclene. Elution with pentane-10% ether gave 
1.634g. of pure apoisoborneol, m.p. 139-141°, [<*]D +14.12° 
(c 8.44, EtOH), m.p. unchanged on repeated chromatog
raphy, m.p. on admixture with the apoisoborneol from the 
a-nopinyl ^-bromobenzenesulfonate, 132-134°. 

The remaining alcohol was acetylated to give 0.95 g. of 
the acetate, b .p . 109° (25 mm.), M25D 1.4594. Examination 
of the infrared absorption spectra of the acetate mixture 
and that of the acetate from the solvolysis of a-nopinyl p-
bromobenzenesulfonate, and comparison of the peak inten
sities at 8.65, 8.85 and 9.25 M led to an estimate of 68% /S-
fenchoisocamphoryl, 30% apoisobornyl and 2 % exo-cam-
phenilyl acetates in the mixture. This leads to a calculated 
^25D 1.4592. 

Conversion of some of the 139-141° alcohol to ^-bromo-
benzenesulfonate gave rise to a material which behaved 
just as does apoisobornyl ^-bromobenzenesulfonate in ace
tolysis . 

Acetolysis of a-Nopinyl ^-Bromobenzenesulfonate.—A 
solution of 8.5 g. of a-nopinyl ^-bromobenzenesulfonate in 
450 ml. of 0.1 N sodium acetate in acetic acid was heated at 
100° for 7 hours. The acetate, after pentane extraction, 
was reduced with lithium aluminum hydride in ether in the 
usual way, and the alcohol was chromatographed. 

The first two pentane fractions contained 221 mg. of 
apocyclene, identified9 by the infrared absorption of its car
bon disulfide solution by means of the characteristic ab
sorption peak at 12.4 n. Further elution with pentane 
yielded 1.068 g. of apoisoborneol, m.p. 139-141°. Elution 
with pentane and pentane-10% ether then gave 610 mg. of 
the oily alcohol, very predominantly j3-fenchoisocamphorol. 
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Allylic Rearrangements. XXXIV. The Reaction of Trimethylamine with 
a-Methylallyl Chloridelab 

BY WILLIAM G. YOUNG, ROBERT A. CLEMENT1C AND CHIN-HUA SHIH 

RECEIVED NOVEMBER 30, 1954 

A study has been made of the bimolecular displacement reaction between trimethylamine and a-methylallyl chloride in 
acetone solution. The reaction was found to consist of simultaneous S N 2 and S N 2 ' displacements. Reaction rates and ther
modynamic functions of activation for the two modes of displacement are presented. 

Introduction 
Bimolecular nucleophilic displacement upon an 

allylic system may proceed by two mechanisms: 
normal displacement, SN2, and abnormal displace
ment, SN2 ' , as illustrated below for the general case 
with an unspecified nucleophile, N, and an un
specified leaving group, X. The possibility of S N 2 ' 
displacement upon allylic systems was recognized,2 

on theoretical grounds, prior to conclusive experi-
(1) (a) A preliminary report of this work appeared in Science, 115, 

488 (1952); (b) acknowledgment is made of the partial support of 
this research by a National Science Foundation Grant; (c) Standard 
Oil Company of California, Research Fellow, 1952. 

(2) (a) E. D. Hughes, Trans. Faraday Soc, 34, 185 (1938); (b) 
S. Witislein, Ph.D. Dissertation, California Institute of Technology, 
1938. 
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mental demonstration. Experimental validation 
of the theory first was provided when it was 


