
76 BUNNETT AND BACIOCCHI The Journal of Organic Chemistry 

Kinetics of Olefin- Forming Elimination from Benzyldimethylcarbinyl 
Halides Induced by Halide Ions in Acetone’” 

J. F. BUN NETT^^ AND ENRICO BACIOCCHI~~ 
Metcalf Chemical Laboratories, Brown University, Providence, Rhode Island 

Received August 18, 1989 

Rates and product ratios of reactions of benzyldimethylcarbinyl chloride (Ia) and bromide (Ib) with tetra- 
butylammonium chloride, bromide, and iodide in dry acetone, to form &@-dimethylstyrene (11) and 2-methyl-3- 
phenyl-1-propene (111), are determined. Alkyl bromide Ib  is about 1000-fold more reactive than alkyl chloride 
Ia, chloride ion is about 10-fold more reactive than bromide ion, and iodide ion is still less reactive. From either 
substrate, about 86% I1 is formed with C1- and about 78% with Br-. Differences in reactivity between the 
alkyl halides stem largely from changes in AH *, but differences between chloride and bromide ions arise mainly 
from changes in AS*. The pattern of kinetic effects is quite similar to that observed by other workers for 
reactions of 2-halo-2-benzyl-4,4-dimethyl-l-tetralones with halide ions in acetonitrile. Various types of evidence 
concerning eliminations of this type seem best accommodated by a more or less conventional E2 transition state 
with a large degree of C=C double-bond character and considerable synchronization of C,-X and C p H  rupture. 

Part A 
Halide ions in acetone solution are surprisingly ef- 

fective in bringing about olefin-forming elimination 
from secondary and tertiary alkyl halides and arene- 
sulfonates. This was discovered by Winstein and 
 coworker^.^ Eliminations of this type have been 
studied extensively in Winstein’s laboratory,5 but 
only a summary6 and two communications4J have been 
published. Some reports have appeared from other 
sources.**g Halide ion induced eliminations in other 
dipolar, aprotic solvents have also received some at- 
tention. loll1 

It is a challenge to understand why and how reagents 
of such low basicity as halide ions are so effective. An 
early hypothesis took account of the known reactivity 
of halide ions toward carbon in substitution reactions 
and postulated that E2 and S N ~  mechanisms may 
merge, so as to have a common intermediate.4 Sub- 
sequent stereochemical studies6v6 required rejection of 
this hypothesis. A more recent suggestion, the “E2C” 
mechanism, also postulates covalent interaction of the 
base (nucleophile) with C,, as well as with Hg, in the 
transition However, it implies that halide 
ion induced eliminations should be very sensitive to 
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steric hindrance of C,; they are not; and it is therefore 
also dismis~ed.~ 

Although eliminations from the benzyldimethyl- 
carbinyl system have been studied with other base- 
solvent combinations,12*l8 no studies have yet been 
reported of reactions with halide ions in acetone. 

The reactions summarized in Table I were carried 
out with tetra-n-butylammonium halide salts in dry 
acetone, the salt being in 3- to 12-fold molar excess 
over the alkyl halide, Excess 2,6-lutidine was present 
in all runs for the purpose of neutralizing hydrogen 
halide by-products; it does not affect either rates or 
olefinic product ratios.6 Runs were followed by acid- 
base titration. 

CHB 
I 

CGHSCH C-CHB 
*- I 

X 
Ia, X = C1 

I1 I11 

Salient features of the data in Table I are (a) that the 
alkyl bromide, Ib, is enormously more reactive than 
the alkyl chloride, Ia, by factors of 2370 with chloride 
ion reagent and 1320 with bromide ion; (b) that chlo- 
ride ion is more effective than bromide ion in inducing 
elimination, by factors of 7.7 with I a  and 12.7 with 
Ib, which are rather high for this type of reaction; 
(c) that appreciable amounts of terminal olefin I11 are 
formed in all cases, the fraction of I11 being dependent 
on the halide ion reagent (ca. 14% with C1-, 22% with 
Br-) but practically independent of the leaving group; 
and (d) that differences in reactivity between alkyl 
halides arise mainly from differences in AH *, while 
differences in reactivity between halide ions arise 
mainly from differences in AS*. Let us now discuss 
some of these features individually. 

(12) J. F. Bunnett, G. T. Davis, and H. Tanida, J. Amer. Chem. SOC., 84, 

(13) J. F. Bunnett and E. Baciocchi, J. Org. Chem., 38, 11 (1967); L. F. 
1606 (1962). 

Blackwell, A. Fischer, and J. Vaughan, J. Chem. SOC., B,  1084 (1867). 
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TABLE I 
REACTIONS OF BENZYLDIMETHYLCARBINYL HALIDES WITH TETRABUTYLAMMONIUM HALIDES IN  ACETONE^ 

of (C4Hw)rNY O C  M -1 sec -1 11, % 111, % AH*, kcal/mol AS*, gibbs/mol 
Halide ion Temp, k, -Olefin yields- 

Reactions with CaH&HeC(CHa)zBr 
c1- 29.68 6.86 X 87.7 12.3 

59.55 1.44 X 86.4 13.6 19.8 - 7 . 6  
Br- 29 I 68 5.44 x 10-5 

59.55 1.24 X lo-* 78.0 22.0 20.4 -11.0 
I -  29.68 6 .79  X 

Reactions with CsH5CHzC(CHa)aC1 
c1- 29.68 (2.89 x 10-7)b 

Br- 29.68 (4.11 x 10-8)b 

73.7 6.23 x 10-5 
100.7 9.00 x 10-4 85.1 14.9 24.9 - 6 . 3  

73.7 9.01 x 10-6 
100.7 1.30 x 10-4 77.7 22.3 25.0 -9 .9  

Initial concentrations were typically alkyl halide, 0.02 M ;  (C*H&NX, 0.1 M ;  2,&lutidine, 0.07 M; see expanded version of this 
communication for details. b Extrapolated from higher temperatures. 

(a) In  E2 and S N ~  reactions, alkyl bromides com- 
monly react faster than chlorides by 30- to 80-fold, 
although higher RBr/RCl rate ratios have been re- 
ported.14 The RBr/RCl ratios observed in this work 
are extraordinarily high, and are approached only by 
those for reactions of 2-halo-2-benzy1-4,4-dimethyl-l- 
tetralones IVa and IVb with halide ions in acetonitrile 
(eq 2), for which the ratios are 1500 with C1- and 1160 
with Br-.'O A high RBr/RCl rate ratio implies a 
large degree of scission of the C-X bond at  the transi- 
tion state. 

0 0 

IVa, X = C1 
b,X=Br 

V 

(c) Experiments summarized by Winstein6 show 
halide ion induced eliminations to obey the Saytzeff 
rule of orientation to an exceptional degree. For 
example, 3-methyl-2-butyl bromide and tosylate af- 
forded more than 99% 2-methyl-2-butene on reac- 
tion with halide ions in acetone. Winstein has tenta- 
tively suggested a large degree of C=C double-bond 
character a t  the transition state to be responsible for 
the strong Saytzeff orientation.6 In our experiments, 
the predominance of Saytzeff orientation is less strong. 
The percentages of I1 formed in the present1work (78% 
with Br-, 86% with C1-, in acetone) are lower than the 
apparent percentage of I1 in the equilibrium between 
I1 and I11 (ca. 93%, in methanol12). 

Our results are remarkably similar to those reported 
by Kevill, Coppens, and Cromwelllo for the reactions 
of eq 2. As mentioned, they also found the alkyl 
bromide to be enormously more reactive than the alkyl 
chloride. Moreover, the difference also stemmed largely 
from differences in AH*. Even subtle trends in en- 

(14) D .  J. McLennan, J .  Chsm. Soc., B,  705 (1966); B. 0. Coniglio, D. E. 
Giles, W. R. McDonald, and A .  J. Parker, ibid., 162 (1966). 

tropies of activation, some of them scarcely greater 
than the experimental error, are similar in direction 
in the two studies, although absolute differences are not 
the same. These striking resemblances imply a sim- 
ilarity in mechanism, which is remarkable in view of 
structuraldifferences in the substrates. Ia  and I b  have 
two a-alkyl substituents and a P-phenyl substituent, 
while IVa and IVb have an a-keto, an a-benzyl, and a 
@-alkyl substituent. Since these sets of substituents 
have rather different electronic effects, the similarities 
in kinetic behavior between the two series imply that 
C, and Ca have developed very little electrical charge 
at the transition state. 

Thus various types of evidence suggest a transition 
state which has (i) a large degree of C-X rupture, 
(ii) a large degree of C=C double-bond character, (iii) 
little electrical charge on C,, and (iv) no close interac- 
tion of the base (nucleophile) with C,. These various 
specifications seem best met by a more or less conven- 
tional E2 transition state, in which C,-X and CB-H 
scission are both quite far advanced and nearly syn- 
chronous, and there is a large degree of C=C double- 
bond character. Such a transition state might be 
sketched as VI. l5 

X- 
VI 

Certainly one wishes further experimental evidence 
for this postulate. Also, it  remains somewhat ob- 
scure why halide ions in acetone are so efficacious as 
elimination reagents. 

We also made a few measurements of the rate of 
solvolysis of Ia  and Ib in 90% acetonelo% methanol; 
these are reported in Part B. 

(16) E. Baciocchi and A. Schiroli [ibid., 664 (l969)l have come t o  a 
similar conclusion regarding the transition state for iodide ion-induced 
dehalogenationa of 1,2-dibromo-1,2-diar~lethanes and related substrates. 
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Part B 
Experimental Section 

Materials. Benzyldimethylcarbinyl chloride (Ia) was pre- 
pared as previously described. l2 Benzyldimethylcarbinyl bro- 
mide (Ib) was prepared from the corresponding carbinol and HBr 
by the method of Wi1t;lait had bp 108-109" (14 Torr), n29~ 1.5353, 
and the expected nmr spectrum. &Butyl bromide was a commer- 
cial sample redistilled. Tetrabutylammonium iodide was an 
Eastman Kodak sample purified by recrystallization from ethyl 
acetate containing 5% of ethanol: mp 146-147'. Tetrabutyl- 
ammonium bromide was an Eastman Kodak sample purified by 
recrystallization from a benzene-petroleum ether mixture: mp 
117-118". Anal. Calcd for CleHaeNBr: Br, 24.79. Found: 
Br, 24.81, Tetrabutylammonium chloride was obtained by stir- 
ring an aqueous suspension of tetrabutylammonium iodide with 
a 10% excess of AgC1; the mixture w&s filtered; and the filtrate 
evaporated to dryness under reduced pressure and ultimately in a 
vacuum desiccator over Anhydrone. Anal. Calcd for 
CleHaeNC1: C1, 12.76. Found: C1, 12.76. 2,6-Lutidine was a 
commercial sample redistilled. Reagent grade acetone was 
dried over anhydrous NazSO4, refluxed over Drierite, and dis- 
tilled therefrom. "90% acetone-lO% methanol" was prepared 
by diluting 1 vol. of methanol with acetone to a total of 10 vol. 

Rate Determinations.-Runs a t  59.5" and higher temperatures 
were performed by the ampoule technique, 5.0-ml aliquots of the 

29.5", the experimental V ,  always coincided, within experi- 
mental error, with the theoretical V,. However, for runs a t  
higher temperatures the amount of titratable acid formed was 
found to level off with time and eventually to decrease. This 
peculiarity was a minor perturbation for runs at  59.5", where the 
experimental V ,  was often about 90% of the theoretical, but was 
severe for runs at  73.7 and 100.7", in which cases titratable acid 
sometimes began to diminish after the first half-life. Increasing 
the concentration of 2,6-lutidine reduced but did not eliminate 
the phenomenon. We suspect that addition of HC1 or HBr to 
condensation products from the acetone solvent, such as mesityl 
oxide or phorone, is responsible for the disturbance.'' In these 
cases, the theoretical V ,  value was used to construct kinetic plots, 
and the k+ was based on the linear early segment of the plot 
which in the most severe cases corresponded to the first 30-50% 
of reaction. 

Product Analysis.-Glpc procedure B of Bunnett, Davis, and 
Tanida12 was employed; a silicone fluid column, 91 cm long, was 
used a t  about 90". 

Results and Discussion 
We amplify and extend the presentation and discus- 

sionin Part A. 
Reactions in Dry Acetone.-Kinetic data on all runs 

are set forth in Table 11. It is to be noted that, for sev- 

Substrate Salt' 

Ib  None 
RiNCl 

R4NBr 

R4NI 

None 
R;NCl 

R4NBr 

Temp, 
O C  

59.55 
29.68 

59.55 

29.68 

59 * 55 

29.68 

100.7 
73.7 

100.7 

73.7 

100.7 

59.55 
59.55 

TABLE I1 
KINETIC DATA FOR RUNS IN DRY ACETONE 

[Substrate], ISaltl, [2,6-LutidineI1 
M M M 

0 * 020 0.062 
0.024 0.0792 0.065 
0.021 0.126 0.040 
0.022 0.0700 0,065 
0.020 0,106 0.040 
0.025 0.144 0,074 
0.021 0.216 0,050 
0.021 0.102 0.045 
0.023 0.130 0.067 
0.020 0.201 0.057 
0.017 0.126 0.025 
0.023 0.200 0.040 
0.020 0.064 
0.013 0.0572 0.071 
0.018 0.0832 0.032 
0.021 0.0771 0.060 
0.020 0.116 0.043 
0.024 0.169 0.069 
0.020 0.256 0.040 
0.015 0.184 0.050 
0.021 0.195 0.070 
0.019 0.202 0.066 
0.021 0.204 0.050 
0.020 0.0906 0.058 
0.020 0.0863 0.052 

a R = n-butyl. * Negligible change in 18 hr. 

reaction solution being used. Individual ampoules were removed 
a t  recorded times and plunged into ice-cold water. The contents 
were rinsed into a separatory funnel containing dry ether, the 
ether solution was extracted with about 20 ml of chilled water, 
and hydrogen ion was determined by potentiometric acid-base 
titration of the aqueous extract. For runs a t  29.5", the reaction 
solution was contained in a volumetric flask in the thermostat; 
samples (5.0 ml) were removed by pipet and released into dry 
ether in a separatory funnel, the time of release being recorded; 
thereafter the procedure was the same as for higher temperatures. 

Pseudo-first-order rate coefficients, k+, were reckoned as -2.30 
times the slopes of plots of log ( V ,  - Vt)  against time, where Vt 
is the volume of NaOH solution required for any sample and Vm 
is the volume required a t  completion of reaction. For runs a t  

(16) J. W. Wilt, J .  Amer. Chem. Soe., 77,6397 (1966). 

k g ,  sec-1 

3.97 x 10-6 
5.42 X 
8.60 X 
1.02 x 10-8 
1.50 X 
7.77 x 10-6 
1.18 X 
1.27 x 10-4 
1.70 x 10-4 
2.35 x 10-4 
8.51 x 10-7 
1.35 X 

b 
3.62 x 
5.11 X 
7.00 x 
1.04 x 10-4 
1.53 X 
2.30 x 
2.32 X 
2.43 x 10-6 
2.78 x 
2.67 x 10-6 
2.05 x 10-4 
1.14 X 10-6 

6-85 x 10-4 
6.85 x 10-4 
1.46 X 10-2 
1.42 X 10-2 
5.40 x 10-6 
5.48 X 10-6 
1.25 x 10-3 
1.30 X 10-8 
1.17 x 10-3 
6.80 X 10-6 
6.78 x 10-6 

6.32 X 10-6 
6.14 x 10-6 
9.05 x 10-4 
8.96 x 10-4 
9.04 x 
8.99 X 
1.26 x 10-4 
1.24 x 10-4 
1.38 x 10-4 
1.31 x 10-4 

1.32 x 10-4 
2.26 x 10-8 

era1 combinations of substrate and tetrabutylammo- 
nium salt, the salt concentration was varied as much as 
twofold without discernible effect on le,. This aub- 
stantiates that the elimination reaction is first order in 
halide ion, as well as first order in substrate. It is also 
to be noted that variations in lutidine concentration by 
50% or more had no effect on reaction rate; this is con- 
sistent with other  report^^*^*'^ that lutidine does not af- 
fect either rates or products in this type of reaction. 

For both I a  and Ib, solvolysis rates were studied. 
The solvolytic reactivity of Ia was so low that a rate 

(17) Cf. 8. Winstein, 8. G .  Smith, and D. Dsrwish, TetTahedron Lett., No. 
16, 24 (1969). 
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TABLE I11 
KINETIC DATA FOR RUNS IN 90% ACETONE-~O% METHANOL 

Substrate Solvent Temp, O C  Salt" 

Ib  90% acetone- 29.68 None 
10% methanol 

RdNC1 

RiNI 
RINBr 

I a  90% acetone- 59.55 None 

100.7 None 
10% methanol 

" R  = n-butyl. 

coefficient could not conveniently be determined. The 
k,b value for solvolysis of I b  at 59.55' is only l/32 the 
lowest measured for reaction of I b  with any salt. 
Thus solvolysis makes a negligible contribution to reac- 
tion rate when halide ions are present. 

Rates of reaction of t-butyl bromide with tetrabutyl- 
ammonium chloride and iodide are also reported in 
Table 11. The rate of the former reaction has been de- 
termined by other workers at  other temperatures ; 6 9 8 , 9  

on an Arrhenius plot constructed from the several re- 
ports, the present datum is in reasonable harmony with 
the rest; we note in passing that some discrepancies 
exist among "the rest." 

Our data for reactions of I b  and t-butyl bromide with 
tetrabutylammonium chloride enable estimates to be 
made of the kinetic effect of the ,&phenyl substituent in 
Ib. From the data at 59.55', the kz contribution for 
elimination into the benzyl "branch" of I b  is 86% of 
14.4 X M-1 sec-l, or 12.4 X M-' sec-', and 
for elimination into each methyl branch 1.01 X 
M-1 sec-'. From these figures, and taking account of 
the availability of two p hydrogens per benzyl branch 
and three per methyl branch, the acceleration due to 
P-phenyl is 18.4-fold. The IG2 contribution for elimina- 
tion into a single methyl branch of t-butyl bromide is 
0.75 X M-l sec-'. From comparison of the rate 
per benzyl branch in I b  with this value, the acceleration 
due to &phenyl is 24.8-fold. Comparison of the rates of 
elimination per methyl branch of the two substrates 
reveals that the phenyl substituent in I b  accelerates 
elimination into a methyl branch by 33%; this is 
possibly due to steric acceleration; in I b  the phenyl 
group is unavoidably gauche to two rather large groups 
(CHa and Br), and compressions between the phenyl 
group and methyl groups are probably somewhat 
relaxed in the transition state leading to 111. 

[Substrate], [Salt], [2,8-LutidinelI 
M M M k,b, sec-1 

0.022 0,062 5.50 x 10-7 

0.022 0.0806 0.066 1.85 X 
0.022 0.166 0.062 2.69 x 
0.021 0.179 0.065 2.78 x 
0.019 0.064 1.72 x 10-7 

0.019 0.064 9.83 x 

A striking and puzzling feature of our results is the 
considerable effect of the halide ion reagent on orienta- 
tion (86% of I1 with C1-, 78% of I1 with Br-) in con- 
trast to the miniscule effect of the halogen leaving group. 
Because of the incompleteness of our understanding of 
the transition states for eliminations of this type, we 
withhold further comment on this phenomenon. 

It is also noteworthy that differences in AH* for re- 
actions of C1- and Br- with a given substrate are rela- 
tively small and that differences in reactivity stem 
mainly from differences in AS*. If the differences in 
A S  * should happen to arise mainly from differences in 
the solvation or degree of ion-pair associationls of the 
halide ions, a conceivable possibility, it would then be 
especially remarkable that the halide ion has so much 
influence on orientation. 

Reactions in 90% Acetone-10% Methanol.-We 
made only a few determinations, which are summarized 
in Table 111. In the data concerning Ib, i t  is plain that 
all three of the tetrabutylammonium halides somewhat 
accelerate production of hydrogen bromide. However, 
the kinetic effects of all three salts are very nearly pro- 
portional to salt concentration without much depen- 
dence on the anion involved. It is therefore probable 
that the acceleration represents a general salt effect on 
ionization of Ib, rather than reaction induced by halide 
ions acting as nucleophiles or bases. 

The products formed in 90% acetone-10% methanol 
were not determined. 

Registry No.-Ia, 1754-74-1 ; Ib, 23264-13-3; 
(CH&CBr, 507-19-7; tetrabutylammonium chloride, 
75-57-0; tetrabutylammonium bromide, 64-20-0; tetra- 
butylammonium iodide, 75-58-1. 

(18) From the ion-pair dissociation constants listed by Winstein,' we 
reckon that 0.1 M (C4Ho)rNCl is 12% dissociated and the bromide salt 16% 
dissociated. 


