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Since 1956132 there have been many reports that  
weak proton bases, such ,as thiophenoxide and chlo- 
ride ions in polar aprotic solvents, promote faster 
elimination from certain alkyl halides and sulfonat.es 
than strong bases, such as alkoxide ions in alcohols. 
The synthetic utility of weak base catalyzed elimina- 
tions is now well recognized, but their mechanisms 
are still controversial. 

Winsteinl originally suggested that  “nucleophilic 
attack of halide ion on trans-4-t-butylcyclohexyl p -  
toluenesulfonate (1)  gives rise to an actual interme- 
diate 2, with the electronic and geometrical structure 
generally ascribed to the transition state in S N ~  sub- 
stitution.” In his “merged” mechanism, 2 led to both 

H 

substitution and elimination products. Later experi- 
ments in Winstein’s laboratory3 conclusively ruled 
out any common transition state for these competi- 
tive substitution and elimination reactions and even- 
tually led to the proposal by Parker and Winstein4 of 
an “E2C” transition state for elimination which re- 
sembles, but is not identical with, an S N ~  transition 
state. 

On the other hand, Bunnett5 suggested that  elimi- 
nations catalyzed by weak bases were merely a spe- 
cial class of concerted E2 reactions in which no 
bonding of base to carbon is required. This Account 
will evaluate the E2C and E2 mechanisms for weak 
base catalyzed eliminations and also consider a car- 
bonium ion pair mechanism, hopefully from the view- 
point of an impartial critic.6 
The E2C Mechanism 

Parker7 contends there is a spectrum of E2 transi- 
tion states ranging from E2C (3) to intermediate 
cases (4)  to E2H (5) .  The E2C extreme is character- 
ized by high nucleophilicity but weak basicity of 
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base B, concurrent substitution of B for X, and pref- 
erence for Saytzeff elimination products (most sub- 
stituted olefins). The E2H extreme is characterized 
by strong basicity of B and preference for Hofmann 
elimination products (least substituted olefins). 

The E 2 8  Mechanism 
In contrast, 13unnett5 maintains that  weak base 

catalyzed eliminations do not involve bonding be- 
tween base and C,. He considers them to be part of 
the concerted reaction class in the theory of the vari- 
able E2 transition state.5 For clarity I will adopt 
Parker’s notation E2H to describe a bimolecular 
elimination mechanism in which the base does not 
interact with carbon. Bunnett5 suggests that thioal- 
koxide ions are effective elimination catalysts only 
when a good leaving group X makes possible a tran- 
sition state in which Ho is just slightly transferred. 

The Ion-Pair Mechanism 
An alternate mechanism, rejected by both Parker 

and Bunnett, appears in Scheme I. It involves re- 
versible ionization of an alkyl halide or sulfonate to 
form a tight ion pair, which may be captured by the 
base a t  C, or at Hp. If the base participates in the 
reversible ionization step, the same base ion must 
eventually remove Hp or bond to C, in the irrevers- 
ible second stage of the reaction. On the other hand, 
the base might be required only in the irreversible 
stage. 

As long as the ion-pair concentration does not 
build up during the reaction, these two possible roles 

(1) S. Winstein, D. Darwish, and N. J. Holness, J.  Amer. Chem. Soc., 78, 
2918 (1956). 

(2) P.  B. D. de la Mare and C. A. Vernon. J.  Chem. Soc., 41 (1956); E. 
L. Eliel and R. S. Ro, Chem. Ind. (London),  261 (1956). 

(3) S. Winstein, P. Beltrame, G. Biale, R. Cetina, D. Darwish, S. Smith, 
I. D. R. Stevens, and J. Takahashi, 144th National Meeting of the Ameri- 
can Chemical Society, Los Angeles, Calif., 1963, Abstract 8-M. 

(4) A. J. Parker, M. Ruane, G. Biale, and S. Winstein, Tetrahedron 
Lett., 2113 (1968). 

(5) J. F. Bunnett, Suru. Progr. Chem., 5 ,  53 (1969), and references 
therein. 

(6) More details and supporting arguments will he presented for the ion- 
pair mechanism than for the others because it has not received much at-  
tention in earlier papers. For further details of the E2C and E2 mecha- 
nisms consult the references. 
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ahashi, and S. Winstein, J.  Amer. Chem. SOC., 93,4735 (1971). 
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of the base are kinetically indistinguishable. This 
proposal resembles the ion-pair mechanism advocat- 
ed by Sneen8 for borderline SNl/SN2 substitutions 
and fits into the E2i, category of Bordwell'sg spec- 
trum of elimination mechanisms. 

Scheme I 

Keeping in mind that  the E2C, E2H, and ion-pair 
mechanisms are really extremes of what is likely a 
wide range of elimination mechanisms, let us now re- 
late some representative experimental results to 
each.10 

Stereochemistry and Orientation of Eliminations 
Reaction of threo-3-p-anisyl-2-butyl chloride (6- 

C1) with tetra-n-butylammonium chloride in acetone 
at  75" produced the olefins shown in eq 1 after ten 
half-lives.ll Reaction of the erythro isomer (7-Cl) 
with tetra-n-butylammonium chloride in acetone at  
50" proceeded by concurrent substitution to 6-C1 and 
elimination to the olefins shown in eq 2 (after 1% 
conversion) .I1 

H H 

x X 
6 7 

X =C1, OBs X =C1, OBs 

n-Bu,N+CI- 

acetone w1- 

8 
79.5% 

9 
20.0% 

n-Bu,N+CI' 

acetone 
7-61 - 

8 + 9 + CH,OC,H,CHCH=CH, + 6 6 1  (2) 
4.1% 81.7% 9.3% 

Extrapolation of these product distributions to  
zero time showed that the eliminations were more 
(but not completely) stereoselectively anti than indi- 
cated in eq 1 and 2. Moreover, treatment of the cor- 
responding threo- and erythro-p-bromobenzenesulfo- 
nates (6-OBs and 7-OBs) with tetra-n-butylammon- 
ium chloride in acetone produced olefins 8 and 9, re- 
spectively, with >99% anti stereoselectivity. Micro- 
scopic reversibility requires that  the reactions 6-61 - 7-C1 and 7-C1 - 6-C1 proceed via the same transi- 

(8) R. A. Sneen, Accounts Chem. Res., 6,46 (1973). 
(9) F. G. Bordwell, Accounts Chem. Res., 5,374 (1972). 
(10) Attention will he restricted to eliminations which proceed as fast or 

faster with halide ions in aprotic solvents or thioalkoxide ions in alcohols 
than they do with alkoxide ions in alcohols. 

(11) G. Biale, A. J. Parker, S. G. Smith, I. D. R. Stevens, and S. Win- 
stein, J.  Amer. Chem. SOC., 92,115 (1970). 

tion state. Since 6-C1 and 7-C1 lead to  the same 
transition state for substitution and yet give grossly 
different elimination products, a t  least one and 
probably both of them cannot undergo elimination 
and substitution uia a single transition state. This 
rules out a transition state for elimination which is 
identical to the sN2 transition state, but allows for- 
mation of an intermediate similar to 2.prior to  the 
irreversible stage of the reaction.12 

Another pair of isomers which provides insight to  
the stereochemistry of weak base catalyzed elimina- 
tions are the menthyl (10) and neomenthyl (11) de- 
rivatives. Reaction of l l-OTs with tetra-n-butylam- 
monium chloride in acetone a t  75" gave mostly 3- 
menthene ( 13), apparently formed by anti-diaxial 
elimination of p-toluenesulfonic acid.ll The product 
distribution in eq 3 was invariant from 20% reaction 

10 
X = OBs, C1 

I 
X 
11 

X=OTs, C1 
~ - B U , N + C I -  

11-OTs 
acetone 

12 
3.2% 

13 
95.8% 

to  20 half-lives. Under the same conditions 10-OBs 
gave predominantly neomenthyl chloride (which 
reacts with chloride ion more slowly than 10-OBs) 
and lesser amounts of olefins, of which >98.2% was 
2-menthene (12, eq 4).11 

n-Bu,N+CI- 

acetone 10-OB8 -4 12 + 13 + ll-Cl (4 )  
~ 1 . 4 %  eom a% 

The lack of 3-menthene from 10-OBs indicates 
that the preference for anti elimination is stronger 
than the preference for formation of the most substi- 
tuted olefin in cyclohexyl systems. In contrast, 
strong base catalyzed eliminations form preferential- 
ly the Hofmann (least substituted) olefin and may 
proceed with syn as well as anti stereochemistry.13 
How does the anti stereochemical requirement fit the 
three mechanisms proposed for weak base catalyzed 
eliminations? 

Both E2C and E2H mechanisms, which involve 
concerted removal of a proton and an anion, can ex- 
plain anti elimination. A 180 or 0" dihedral angle be- 
tween the breaking CB-H and C,-X bonds maximi- 
zes their overlap, which leads to  the new 2 bond in 
the product. The preferred anti stereochemistry of 
weak base catalyzed eliminations is consistent with 
previous observations of alkoxide-initiated elimina- 
tions in which the syn course is favored only by very 
strong proton bases, which lead to  transition states 
with considerable carbanionic character.l3 

(12) In the original merged mechanism Winsteinl called 2 an intermedi- 
ate, not a transition state. Some more recent papers have failed to make 
this distinction. 

(13) For the latest reviews see J. Sicher, Angew. Chem., Int. Ed. Engl., 
11,200 (1972); S. Wolfe, Accounts Chem. Res., 5,102 (1972). 
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The anti elimination requirement is more difficult 
to rationalize with an ion-pair mechanism. Ioniza- 
tion via p-anisyl participation in chloride ion in- 
duced elimination of p-bromobenzenesulfonic acid 
from threo-3-p-anisyl-2-butyl brosylate (GOBS) to 
give phenonium ion pair 1414 may be ruled out kine- 
tically because optically active 6-OBs reacts a t  near- 
ly identical polarimetric and titrimetric rates, and 
stereochemically because 8 is the sole olefin pro- 
duced. However, reaction of 6-OBs a t  75” in acetone 
containing 2,6-lutidine, but no other base, proceeds 
via 14 because the polarimetric rate greatly exceeds 
the titrimetric rate.15 If chloride ion induced elimi- 
nation from 6-OBs proceeds uia an ion pair, the 
chloride ion must assist ionization to bypass 14 and 
produce 15, and Hb must be removed only from the 
anti conformation (shown) of 15. This stereochemical 
path is reasonable if both overlap between the 
breaking C-H bond and the carbonium ion p orbital 
in 15 and HB-Cl- interaction are required for proton 
removal. 

OCH, 

14 

Rate Correlations 
A Brp’nsted plot (eq 5) of rate constants for elimi- 

nation of HBr from tert-butyl bromide catalyzed by 
weak bases (B-) in acetone at  50” (eq 6) and pKa’s 

log k E  = PpK, + cons tan t  ( 5 )  

(CH,),CBr + B- --+ (CH3)&=CH2 + B H  4- Br- ( 6 )  

of their conjugate acids (BH) in dimethylformamide 
gave no correlation whatsoever.16 The rate constants 
covered a range of about 2.7 log units, while pKa’s 
covered a range of 11 units. Clearly rates of elimina- 
tion are not related to the proton basicity of the cat- 
alyst. The E2C mechanism explains this fact with an 
S~2- l ike  transition state;16 the ion pair mechanism 
explains it by involving base with proton only in a 
strongly exothermic reaction step; the E2H mecha- 
nism explains it by delaying most of the B-H bond 
formation until after the transition state. 

Correlations between rates of bimolecular substi- 
tution and elimination reactions have been used to 
support the E2C mechanism.16s17 A plot of log 1 2 ~  for 
elimination of HBr from tert-butyl bromide cata- 
lyzed by weak bases in acetone at  50” (eq 6) against 
log ks for substitution with the same bases and 
cyclohexyl tosylate in acetone at 75” (eq 7) gives a 

(14) S. Winstein and G. C. Robinson, J .  Amer. Chem. Soc., 80, @9 
(1958). 

(15) The data in ref 11 which indicate nearly equal polarimetric and ti- 
trimetric rates under these conditions are wrong: S. G. Smith. personal 
communication. 

(16) A. J. Parker, M. Ruane, D. A. Palmer, and S. Winstein, J .  Amer. 
Chem. Soc., 94,2228 (1972). 

(17) P.  Beltrame, G .  Biale, D. J. Lloyd, A .  J. Parker, 11. Ruane, and S. 
Winstein, J.  Amer. Chem. Soc., 94,2240 (1972). 

e-C,H,,OTs + B- 4 c-C6HI1B + OTs- (7) 

reasonably good correlation and has been used to 
justify bonding of base to C, in the elimination tran- 
sition state.16 However, if correlation of eq 6 and eq 
7 is to be used in support of a general mechanism, 
then data with similar substrates should correlate 
well too. In ten similar attempted correlations be- 
tween logarithms of substitution and elimination 
rate constants for tert-butyl bromide ( hE2), cyclohexyl 
tosylate ( h ~  and k s ) ,  and cyclohexyl bromide (hp; and 
hs) using all rate data available in ref 16 and 17, 
only three give correlation coefficients of 0.85 or 
more. (Data points fo’r azide ion, which gives unusu- 
ally high substitution rates, are omitted.) Good cor- 
relation between elimination and substitution rates 
is the exception, not the rule. Parker17 contends that 
cyclohexyl bromide is a more E2H-like substrate 
than cyclohexyl tosylate, but this position leaves 
only unhindered tertiary alkyl halides and cyclohexyl 
tosylates as E2C-like substrates. 

The Leaving Group 
Relative rates of substitution and elimination 

reactions with tetra-n-butylammonium chloride are 
rather insensitive to the nature of the leaving group. 
For c6H11X ( X  = Br and OTs in acetone; X = C1, I, 
and +S(CH3)2 in DMF; C6Hll = cyclohexyl) the per 
cent cyclohexene formed varies over only 50-7370.~~ 
These results suggest great similarity between sub- 
stitution and elimination transition states. 

However, the leaving group affects markedly rela- 
tive rates of elimination with strong and weak base 
catalysts. In reactions of benzyldimethylcarbinyl de- 
rivatives (C&C&C(cH3)2X) the rate ratio kEts--/ 
hMeO-  varies from 6.5 with a good leaving group, 
C1-, to 0.8 with S(CH3)2, to 0.05 with a poor leaving 
group, CH3S02 -.I8 These results were interpreted in 
terms of variable E2H transition states in which 
EtS - is the better elimination catalyst when C.-X is 
highly broken and HB is little transferred, and M e 0  - 
is the better catalyst when C-X is less broken and 
transfer of Hg is more advanced.ls 

Bulky Substituents at en 
The size of alkyl groups bound to C, dramatically 

affects rates of bimolecular substitution. If weak 
base-catalyzed eliminations proceed uza an E2C 
transition state ( 3  or 4), which resembles an S N 2  
transition state, their rates should be affected simi- 
larly, After suitable statistical corrections cyclohexyl 
tosylate undergoes elimination six times faster than 
2,2-dimethylcyclohexyl tosylate ( 16), and isopropyl 
bromide undergoes elimination faster than 2-bromo- 
3,3-dimethylbutane (17) by factors of 6.8 with meth- 
oxide ion and 5 2 . 2  with thioethoxide ion. Because 
bulky substitution at C, has so little effect on elimi- 
nation rates, Bunnett and Ecklg contend there can- 
not be bonding between C, and the base in the elim- 
ination transition state. In defense of the E2C mech- 
anism Parker says that an E2C transition state is 
“looser”20 than an S N ~  transition state, and that the 
greater distance between C, and base in an E2C 

( le)  J F Bunnett and E Baciocchi, J Org Chem 32,11(1967) 
(19) J F Bunnett and D L Eck J Amer Chem Soc 95, 1897, 1900, 

(20) E C F KoandA J Parker J Amer Chem Soc 90,6417 (1968) 
4473 (1973) 
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Table I 
Rates of Reaction of Secondary Alkyl Bromides and Tosylates with Bases at 69.9"19 

-_.- -- 

Reactant Base Solvent lo%,, M-1 sec-1 105ks, M-lsec-1  

&: (16) n-Bu4NfCl- 

CH3CHBrCHs NaOCH3 

CH3CHBrCH3 NaSCZH5 
CH&HBrC(CH3)3 (17)  NaSCzH5 

CH3CHBrC(CH3)3 (17) NaOCH3 

transition state lessens the rate-retarding effect of 
bulky substituents. 

Let us now consider how the data in Table I re- 
late to the ion-pair mechanism. Methanolysis of 17 
produced only rearranged olefins (eq 8) as expected 

Br 
I 

CH3CHC(CHJ3 '5 A + >=( f (5) ." 7 0 4  18 
I I  

trace 83.2% 1 ~ %  

from a carbonium ion intermediate with an appre- 
ciable 1ifetime.lg But when sodium methoxide or so- 
dium thioethoxide was employed as base in metha- 
nol, the major product (>91%) was 3,3-dimethyl-1- 
butene (18), and the rearranged olefins ( <9%) could 
be attributed to competing solvolysis. Bunnett and 
Ecklg rejected an ion-pair mechanism for base-cata- 
lyzed reactions of 17 because elimination gave no 
rearranged products. However, if the ion pair reacts 
much faster with strong nucleophiles than with 
methanol, lack of rearrangement would not rule out 
an ion-pair intermediate. In other reactions thought 
to proceed via a 3,3-dimethyl-Z-butyl cation-anion 
pair (such as 19), trifluoroacetic acid added to 18 
with extensive but not complete rearrangement,21 
and addition of hydrogen chloride to  18 in acetic 
acid produced chlorides and acetates which were less 
than half rearranged.22 Hence, as the counterion in 
an intimate pair, chloride in acetic acid can capture 
the 3,3-dimethyl-Z-butyl cation as fast as the cation 
can rearrange. To explain base-catalyzed elimination 
of HBr from 17 by an ion-pair mechanism, we must 
abandon only the preconception that  k2 > k3 in 
Scheme I1 and consider that k3 > k2 is possible. The 
similar eliminatipn rates for hindered and unhindered 
substrates (Table I) in an ion-pair mechanism would 
be due to a balance between acceleration of ioniza- 
tion and retardation of base attack by bulky substit- 
uents. 

Scheme I1 

Br- 

CH,,CHC(CH,), I & k CH36HC(CHJ3 - kz (CH3)2CH&CH3)z 

k-, 

/i311g / ,CH3 

17 

CH,=CHC(CHJ, (CHJZC=C(CHJz + CH2-C 
\ 

18 CH(CHd2 
(21) V. J. Shiner, Jr . ,  R. D. Fisher, and W. Dowd, J.  Amer. Chem. Soc., 

( 2 2 )  R. C. Fahey and C. A. McPherson, J.  Amer. Chem. Soe., 91, 3865 
91,7748 (1969). 

( 1969). 

CH30H 
CH30H 
CH30H 
CH30H 

23.8 22.4 
1.74 0.0 

2.91 0.0 
d 13 860 

Electron Demand at C, 
Variation of substituents a t  C, provides a way to 

estimate charge a t  C, in elimination transition 
states. Rates of reaction of 1-aryl-1-bromopropanes 
(20) under typical solvolysis, bimolecular nucleophil- 

Br 

20 

ic substitution, and weak base catalyzed elimination 
condi t iys  appear in Table II.23 The solvolysis data 
correlate well with a+  and p = -4.7, as expected for a 
carbonium ion reaction. The nucleophilic substitu- 
tions with tetra-n-butylammonium chloride in di- 
methylformamide proceed faster with both 20-NO2 
and 20-CH3 than with the unsubstituted 20-H. The 
tetra-n-butylammonium bromide initiated elimina- 
tions follow the substitutent order expected of a 
reaction which develops positive charge a t  C,, but 
the substituent effects are very small and do not fit a 
Hammett equation with either a or a+. 

These failures of substitution and elimination 
rates to  fit a Hammett equation mean that  the sub- 
stitution and elimination transition states do not de- 
pend on substituents in the same way as the refer- 
ence reactions of the a and a+ scales.24 In either an 
E2C mechanism or an E2H mechanism variation of 
the degree of C-Br bond breakage and the degree of 
double bond formation in the transition state can ra- 
tionalize the small substituent effects on elimination 
rates in Table 11. However, these substituent effects 
are the strongest evidence against an ion-pair mech- 
anism for bromide ion catalyzed elimination, be- 
cause the transition state for an ion-pair mechanism 
would be expected to have substantial carbonium 

Table I1 
Rates of Reactions of 1-Aryl-1-bromopropanes (20)23 

102ks, M-1 104kE, M-1  
sec-la sec-lb kl, sec-lc 

NOz 1.78 2.60 5 x 10-8 (est) 
H 0.66 4.33 9.1 x 10-5 
CH3 1.74 12.3 3.35 x 10-3 
OCH3 1.3 (est) 

a 0.04 M Bu4N+Cl-, DMF, 25". 0.10 M Bu4N+Br-, 0.05 M 2,6- 
lutidine, acetone, 75". c 90% acetone-water, 75". 

(23) D. J. Lloyd and A. J. Parker, TetrahedronLett., 5029 (1970). 
(24) J .  E. Leffler and E.  Grunwald, "Rates and Equilibria of Organic 

Reactions," John Wiley, New York, N. Y., 1963, pp 190-191. 
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Table I11 
Kinetic Isotope Effects on Elimination (E) and Substitution (S) Reactions 

Substrate Solvent Base Temp, "C Reaction k H / k D u  Ref 

CH3CN EtdN+Br- 59.8 E 3.4 31 

CH3CN Et4NfCl- 45.0 E 3.81 3% 

a Ratios of rate constants for compounds shown to rate constants for undeuterated analogs. 

ion character (but not as much as a transition state 
for solvolysis of the same substrate). 

The electronic nature of C, in weak base catalyzed 
elimination transition states has also been probed by 
substitution of a second halogen atom at  C,. Substi- 
tution of a second bromine or chlorine a t  C, greatly 
accelerates unimolecular substitution of benzyl chlo- 
ride,25 greatly retards bimolecular substitution of 
methyl bromide,26 and speeds bimolecular elimina- 
tion from l,l-diaryl-2-chloroethanes.27 Rates of reac- 
tion of 1,l-dibromocyclohexane and 1, l-dichlorocy- 
clohexane with para-substituted sodium thiophenox- 
ides in ethanol a t  55" are comparable to those of 
their monohalocyclohexane analogs, but the dihalo- 
cyclohexane rates are more sensitive to the basicity 
of the thiophenoxides.28 The gem-dihalides give 
100% elimination, while the monohalides give 33- 
59% elimination.28 These rates are inconsistent with 
an S~2- l ike  mechanism and fit well into the theory 
of the variable E2 transition state with the gem-di- 
halides nearer the carbanionic end of the transition 
state spectrum than the monohalides. 

Substituents at C; 
In simple alkyl bromides and tosylates replace- 

ment of one or two (but not all three) hydrogens at  
C6 by methyl groups promotes weak base catalyzed 
eliminations but has little effect on the concurrent 
substitution rates. This reflects the preferred Sayt- 
zeff orientation and suggests that there is no carban- 
ionic character and appreciable double bond charac- 
ter a t  Ca in the elimination transition states. Charge 
development a t  C g  has been investigated in elimina- 
tion of hydrogen bromide from substituted 2-benzyl- 
2-bromo-1-indanones (21, eq 9).29 Plots of log ilz2 (eq 

(25) B. Bensley and G. Kohnstam, J.  Chem. SOC., 287 (1965). 
(26) J .  Hine, S. J. Ehrenson, and W. H. Brader, Jr . ,  J.  Amer. Chem. 

SOC., 78, 2282 (1956); J. Hine, C. H. Thomas, and S .  J. Ehrenson, J.  Amer. 
Chem. SOC., 77,3886 (1955). 

(27) S. J. Cristol, N.  L. Hause, A. J. Quant, H. W. Miller, K. R. Eilar, 
and J. S. Meek, J.  Amer. Chem. SOC., 74,3333 (1952). 

(28) D. J. McLennan, J.  Chem. SOC. B, 705 (1966). 

0 

21 

9) us. gp- gave p = 0.42 aud 0.1.6 for the chloride- 
and bromide-catalyzed reactions respectively. The 
small p values indicate that little charge develops at  
CD in the transition states for elimination h m  21, a 
concept consistent with all mechanisms proposed, 

Reactions of l,l-diaryl-2,2,2-trichloroethanes with 
tetra-n-butylammonium chloride in acetone and 
with lithium chloride in DMF proceed with rate con- 
stants which fit Hammett plots with p = 1.31 and 
0.99, respe~t ively.3~ Unlike all the other alkyl halides 
discussed here, the l,l-diaryl-2,2,2-trichloroethanes 
react faster with alkoxide ions in alcohols thana with 
chloride ion in acetone.30 With two aryl groups and 
one trichloromethyl group bound to Ca, even ch1o.- 
ride ion in acetone can lead to an elimination transi- 
tion state with carbanionic character. This supports 
the concept of variable E2 transition states. 

Kinetic Isotope Effects 
Substitution of deuterium for hydrogen at  @a en- 

ables determination of primary kinetic isotope effects 
k H l k D  for elimination and secondary isotope effects 
for substitution of alkyl halides and sulfonates. Rep- 
resentative measurements appear in Table III.31-34 

(29) D. N. Kevill, E. D. Weiler, and h'. H. Cromweii, J. Amer. Chem. 

(30) 0. R. Jackson, D. J. McLennan, S. A. Short, and R. J. U'ong, J.  

(31) D. N.  Kevill, G. A. Coppens, and h'. H. Cromuiell, <I. Amer. Chem. 

(32) D. N. Kevill and J. E. Dorsey, JOrg.  Chem., 34,1985 (1969). 
(33) J. F. Bunnett. G. T. Davis, and H. Tanida, J.  Amer. Chem. Soc., 

SOC., 88,4489 (1966). 

Chem. Soc., Perkin Trans. 2, 2308 (1972). 

Soc., 86,1553 (1964). 

84,1606 (1962). 
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The different isotope effects for substitution and 
elimination in one substrate (3-methyl-2-butyl tosyl- 
ate or trans-4-tert-butylcyclohexyl tosylate) require 
that substitution and elimination have different 
transition states. 

More than one interpretation of the primary iso- 
tope effects for elimination is possible. If base, pro- 
ton, and carbon lie in a linear configuration, and the 
proton does not move in the symmetric stretching 
vibration of the transition state, an  isotope effect of 7 
a t  25" is predicted.35 Lesser values are predicted if 
the proton is more tightly bound to either base or 
carbon such that  the proton moves in the symmetric 
stretching vibration of the transition ~ t a t e . 3 ~  Data in 
Table I11 and the assumption of a linear configura- 
tion of base, proton, and carbon thus lead to the 
conclusion that  HP is either slightly or highly trans- 
ferred, and the lack of correlation of rates with pK,'s 
of bases indicates little transfer of Ha in the transi- 
tion states. In contrast, primary isotope effects of 
4.5-8.5 have been found for sodium ethoxide and po- 
tassium tert-butoxide catalyzed eliminations from 
cyclohexyl tosylate.36 Alternatively, if the configura- 
tion of base, proton, and carbon is assumed to be 
bent as envisioned in the E2C mechanism ( 3  or 4), 
model calculations predict kEI/kD to lie in the 2.5-4.2 
range.37 Thus the isotope effects in Table I11 cannot 
help distinguish between E2C and E2H transition 
states for elimination. 

Influence of Solvent 
A comparison of rates of solvolysis, bimolecular 

elimination, and bimolecular substitution of trans- 
4-tert-butylcyclohexyl tosylate with tetra-n- 
butylammonium chloride in five solvents is shown in 
Table IV.17 In all five solvents initial pseudo-first- 
order tetra-n-butylammonium chloride catalyzed 
rates exceed solvolysis rates by a t  least a factor of 
eleven (excluding possible positive salt effects on sol- 
volyses). The large difference between solvolytic and 
base-catalyzed rates in acetone illustrates the value 
of acetone as a solvent for base-catalyzed elimina- 
tions. None of the rates takes ion pairing of tetra-n- 
butylammonium chloride into account. For each 
reaction variation of solvent affects the rate constant 
by a factor of <10 (except for solvolysis in DMF). 
The fraction of olefin produced by base catalysis cov- 
ers a range of only 30-50% in the five solvents. These 
similarities suggest that the solvent does not partici- 
pate in the elimination or substitution processes in 
any specific way. 

Rates of substitution and elimination in reactions 
of tetra-n-propylammonium thiophenoxide with 
cyclohexyl bromide have been measured in three sol- 
vents with greatly different solvating properties: 
methanol, a good hydrogen bond donor and accep- 
tor; dimethylformamide, a good solvator of cations 
but poor solvator of anions; and triethyl-n-hexyl- 

(34) G. Biale, A. J. Parker, I. D. R. Stevens, J.Takahashi, and S. Win- 
stein, J. Amer. Chem. SOC., 94,2235 (1972). 

(35) F. H. Westheimer, Chem. Keu. ,  61, 265 (1962); L. Melander, "Iso- 
tope Effects on Reaction Rates," Ronald Press, New York, N. Y., 1960, pp 
24-32. This interpretation assumes that bending vibrations can be neglect- 
ed, and there is no proton tunneling. 

(36) K. T. Finley and W. H. Saunders, Jr., J.  Amer. Chem. SOC., 89,898 
(1967); A. F. Cockerill, S. Rottschaefer, and W. H. Saunders, Jr., ibid. 89, 
901 (1967). 

(37) R. A. More O'Ferrall, J .  Chem. SOC. B., 785 (1970). 

Table IV 
Rates of Solvolysis and Rates of Initial 0.03 M.n-Bu4N+C1- 

Catalyzed Substitution and Elimination of 
trans-4-tert-Butylcyclohexyl Tosylate at 75"17 

Substitu- Elimina- 
Solvolysis tion, 107k1, tion, 1O7kl, 

Solvent 107kl, sec-l sec-l sec-l 

Acetone 1.5 600 250 
Dimethylformamide 48 550 240 
Acetonitrile 9.5 190 97 
Nitromethane 9.5 60 60 
tert-Butyl Alcohol 12 72 61 

ammonium triethyl-n-hexylboride (N2226B2226), an 
ionic liquid which cannot hydrogen bond or specifi- 
cally coordinate to solutes. Under conditions of neg- 
ligible solvolysis relative rates a t  25" were methanol, 
1.00; N2226B2226, 41.0; and DMF, 492. The fraction 
of cyclohexene in the products varied with the sol- 
vent and temperature from 46 to  This 
insensitivity of the substitution-elimination product 
distribution to solvent and temperature is strong evi- 
dence that the substitution and elimination transi- 
tion states have very similar charge distributions. 

Conclusions 
None of the three extreme mechanisms considered 

here is consistent with all the reliable data, but each 
explains some of it well. Although a few reactions 
may fit one or another of the three extreme mecha- 
nisms, most weak base catalyzed eliminations proba- 
bly proceed via transition states which are compro- 
mises between the extremes. Bunnett and Parker 
both have proposed spectra of elimination transition 
states in which the extent of bond formation between 
base and Ha increases progressively as the proton 
basicity of the catalyst increases from halide and 
thioalkoxide ions to alkoxide ions. Their disagree- 
ment centers on whether halide and thioalkoxide 
ions interact with C,. 

I agree that there is a broad spectrum of elimina- 
tion transition states which are highly dependent on 
substrate structure and on the base-solvent system, 
and suggest that all weak base-catalyzed elimina- 
tionslO may be described by elaboration of the fol- 
lowing scheme. First the C,-X bond stretches 
markedly with assistance from the base when the 
base is a good carbon nucleophile and C, is not too 
hindered. If the substrate is hindered, relief of strain 
accelerates breakage of the C,-X bond, compensat- 
ing for decreased nucleophilic assistance. Only after 
the initial deformation of C,-X does the base bond 
strongly enough to Ha or C, to reach the respective 
transition states for elimination and s u b s t i t ~ t i o n . ~ ~  
This scheme necessarily is very general because 
eliminations proceed via such a wide range of transi- 
tion states that  no more specific mechanism is likely 
to agree with all the reliable data. 

the manuscript. 
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(39) Tertiary and hindered secondary alkyl halides and sulfonates 

should lead to transition states with more ion-pair character than do more 
open secondary substrates, and consequently should show more carbonium 
ion like substituent effects on elimination rates. This possibility deserves 
experimental testing. 


