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R s G ~ . , ~ ~  R ~ S I I . , ~ ~  R2N.,44 RzC=N.,45 and R2C= 
NO.46 radicals. Its further extension to other areas of 

chemistry where reactive intermediates are involved 
is a foregone conclusion. 
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Recent articles by Bordwell have questioned the 
widely held view that concerted reactions in general1 
and concerted (E2) eliminations in particular2 are 
quite common. He presents numerous examples of 
reactions for which there is evidence that they belong 
to the ElcB or ion-pair mechanisms, and then 
suggests that many more reactions formerly assigned 
to the E2 category may proceed by one of these 
mechanisms. 

The scope of concerted processes is clearly a 
subject of wide interest. It is my aim in this Account 
to propose an operational definition of concerted 
elimination and to discuss evidence on the range of 
validity of the E2 mechanism. 

Of the eight classes of elimination mechanisms 
cited by Bordwell,2 there are three that show bimole- 
cular kinetics and are particularly difficult to distin- 
guish from each other: the irreversible carbanion 
mechanism (ElcB)I, eq 1 and 2, the E2 mechanism, 
eq 3, and the (E2)i,t or ion-pair mechanism, eq 4-5. 

<+  x- I I fast \ -c-c-x - ,c=c 
I 1  

ElcB and (E2)ip mechanisms where the first and sec- 
ond steps happen to proceed at  comparable rates will 
also show many of the characteristics of the E2 mech- 
anism. Other types of bimolecular mechanisms are 
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readily distinguished from the above three. The 
( E ~ c B ) R  mechanism, for example, in which the step 
shown in eq 1 is rapid and reversible, can be detected 
by isotopic exchange studies. 

Before we can arrive at  useful conclusions on the 
best ways of distinguishing the concerted E2 from the 
other two mechanisms, we must define precisely what 
we mean by the term “E2 mechanism”. The basic 
definition, first proposed by Hanhart and Ingold in 
1927,3 was a one-stage process in which base attacks 
the 0 hydrogen and removes it a t  the same time as 
the a-C-X bond is breaking and a carbon-carbon 
double bond is forming. These bond changes need 
not be precisely synchronous, and various workers 
have pointed out that C-X breaking may lag behind 
hydrogen transfer, or vice versa, a t  the transition 
~ t a t e . ~ - ~  This concept has become known as the 
“Variable Transition State Theory”, and has been re- 
viewed on humerous occasions, most recently by 
Saunders and C~cker i l l .~  Such a flexible concerted 
process can obviously mimic certain chaceteristics of 
the ElcB process a t  one extreme and the (E2)ip pro- 
cess at  the other. 

Nonetheless, there is available, in principle, a clear 
operational distinction: for an E2 mechanism, the 0 
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hydrogen will be partially but not completely trans- 
ferred, and the a-C-X bond partially but not com- 
pletely broken, in the transition state for the rate- 
determining step. Note that this definition does not 
exclude the possibility that intermediates may occur 
along the reaction coordinate prior to or after this 
rate-determining transition state. Lowe has also 
pointed out that there is no inconsistency in defining 
as concerted a reaction with intermediates, so long as 
two or more bonds ate undergoing cova!ency change 
in the rate-determining transition state.1° 

Some more or less probable intermediates that one 
might envision for E2 reactions include electrostatic 
or hydrogen-bonded complexes between base and 
substrate and ion pairs with partial covalent charac- 
ter. Such intermediates are, however, irrelevant to 
the kinetics or rate of the overall process. All of the 
characteristics of an elimination reaction which we 
customarily attempt to explain in terms of a mecha- 
nism, such as relative reactivities with different sub- 
strates, bases, or solvents, the competition between 
syn and anti elimination, and orientation effects, can 
be discussed without reference to possible intermedi- 
ates of this sort. This conclusion is simply a conse- 
quence of the fact that rate (and relative rate) mea- 
surements can tell us only about the reactant and the 
rate-determining transition state, not about any 
species in between.l’ If we can show that the condi- 
tions of our operational definition are satisfied, we 
have established the existence of a concerted mecha- 
nism, and any intermediates which may be demon- 
strated by nonkinetic means, though important to 
discussions of mechanism, will not alter our conclu- 
sions. 

Having established an operational criterion, we can 
now consider the type of experimental evidence 
needed to apply it. The primary &deuterium or -tri- 
tium isotope effect is clearly the best means of deter- 
mining the extent of P-hydrogen transfer in the tran- 
sition state. For simple three-center models,12-14 and 
the E2 transition state as well,15,16 a large isotope ef- 
fect (kH/kD 3-8 near room temperature) demon- 
strates that the proton transfer is substantial but not 
complete. Smaller effects can result from highly un- 
symrnetricall2-l6 or nonlinearl6-18 transition states, 
so there will be regions where one cannot decide un- 
equivocally whether proton transfer is occurring in 
the rate-determining step. At one extreme, kH/kD 
will approach 1.0 for a very reactant-like transition 
state. A t  the other, it will approach the equilibrium 
isotope effect for a very product-like transition 
state.lg The equilibrium effect could be either normal 
or inverse, depending on whether motions of the hy- 
drogen are looser or tighter in products than in reac- 
tants, and will probably be quite small. In the reac- 
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tion of methoxide in methanol with 2-methyl-3- 
phenylpropionitrile at  60°, the equilibrium value of 
kH/kD is 1.2.20 An observed kH/kD much above 1.2 
(say 1.5 or greater) can be considered as rather strong 
evidence for a rate-determining proton transfer. A 
lower effect still permits, but does not require, rate- 
determining proton transfer. 

Other techniques that might be used to determine 
the extent of proton transfer are P-carbon isotope ef- 
fects16*21 and P-substituent  effect^.^!^ Available 
values of the former are too few in number so far to 
be very useful. Many values of the latter are to be 
found in the l i t e r a t ~ r e , ~  but the numbers depend not 
only on the extent of proton transfer but also on the 
extent of cleavage of the bond to the leaving group in 
the transition state. 

The extent to which the bond between the a-car- 
bon atom and the leaving group is weakened in the 
transition state can be most straightforwardly deter- 
mined by leaving-group or a-carbon isotope effects.16 
Available data are very limited for the latter, but a 
considerable number of sulfur isotope effects with 
sulfonium salts and nitrogen isotope effects with am- 
monium salts have been determined.g A related tech- 
nique is the leaving group effect, or element effect,22 
where changing the leaving group is expected to have 
only a small inductive effect if the bond to the a car- 
bon is not weakened in the transition state, but a 
much larger effect (provided the ease of cleavage of 
the bonds differs sufficiently) if it is. The tosylatel 
bromide rate ratio, though sometimes ambiguous, has 
been particularly widely ~sed.~3-25 

A final, but important, difference between concert- 
ed and stepwise eliminations is driving force. For the 
concerted path to be utilized it should be of lower en- 
ergy, and hence faster, than the possible stepwise 
paths. To apply this criterion experimentally, one 
must be able to estimate the rate of the slow step in 
the nonconcerted process. This estimated rate is then 
compared to the observed rate. To distinguish be- 
tween the (E1cB)I and E2 processes, for example, one 
estimates the rate of the simple proton transfer that 
constitutes the slow step of the former. Ways of doing 
this have been reviewed recently26 and wili not be 
discussed in detail here. Suffice it to say that small 
driving forces are difficult to establish in this way, for 
there is always some uncertainty in the estimated 
rate. The observed rate should be a t  least one or two 
orders of magnitude greater than the estimated rate 
to establish a concerted process beyond reasonable 
doubt. Even then, one must be careful that the model 
used in estimation is as close as possible to the real 
substrate in both electronic and steric structure. 

In some cases, one may be unable to decide wheth- 
er a driving force operates, or evidence on driving 
force may be unavailable. If the reaction nonetheless 
shows evidence that both the P-carbon-hydrogen and 
the a-carbon-X bond are weakened in the transition 
state, how does one distinguish an E2 process from a 
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stepwise process in which the two steps happen to be 
of comparable rates? This can usually be done by ap- 
propriate variation in substrate or reaction condi- 
tions, which will seldom have the same effect on both 
steps of a two-step process. In the ElcB reaction, for 
example, a stronger base will speed up the proton re- 
moval (eq 1) but not affect the carbanion decomposi- 
tion (eq 2), while a poorer leaving group will slow the 
carbanion decomposition but have little effect on the 
proton removal provided the charge type is un- 
changed. Similarly, the proton-removal step (eq 5) of 
the ion-pair mechanism will be speeded up by a 
stronger base, but the substrate ionization (eq 4) will 
be unaffected. 

The remainder of this paper will consider various 
groups of elimination reactions and the available evi- 
dence for the assignment of each group to the con- 
certed E2 or one of the nonconcerted categories of 
mechanism. I will first take up cases that appear to 
be near the borderline between E2 and (EIcB)~  reac- 
tions. 

2,2-Diarylethyl Derivatives 
DDT and related compounds (1) have two &aryl 

Ar2CHCCI3 
1 

groups to activate the /3 hydrogeh, and a-halogen 
substituents which are known to decrease the ease of 
removal of halide Both factors should favor an 
ElcB path, but 1 was considered for some time to fol- 
low the E2 mechanism in its elimination reactions be- 
cause it was general-base promoted and failed to ex- 
change the 0 hydrogen with the medium.28 Further- 
more, its elimination reaction with hydroxide in 
92.6'30 ethanol has the moderate p value of +2.429 
rather than the +4 to +5 expected for simple proton 
removal.9 

More recently, however, McLennan and Wong30-32 
have presented evidence pointing to the (E1cB)I 
mechanism. They utilized the suggestion by Bell and 
G ~ o d a l P ~ ~  that the proton should be half-trans- 
ferred, and K H I K D  a t  a rnaximum,l2J3 when the sub- 
strate and the conjugate acid of the attacking base 
have equal pKa values. They determined the isotope 
effect for the reaction of DDT with various bases in 
ethanol, and found a maximum for reaction with 
phenoxide. This suggests a pKa of about 16 for DDT. 
The pKa was then estimated by starting with the pKa 
of diphenylmethane and calculating the effects of the 
p-C1 and -cc13 substituents, using the Hammett and 
Taft  equations with reasonable p and p* values. The 

(27) J. Hine, C. H. Thomas, and S. J. Ehrenson, J .  Am. Chem. Soe., 77, 
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(ElcB)]. 

result was a pKa of 17. Thus, DDT is not significantly 
more acidic than would be expected if no driving 
force resulted from C-Cl weakening in the slow 
step.33b In addition, DDT follows a relationship be- 
tween rate of proton removal and pKa which is based 
on fluorene-type hydrocarbons which cannot, of 
course, eliminate.31v32 

These observations clearly indicate little or no 
driving force due to C-C1 cleavage in eliminations 
from DDT, and strongly suggest the (E1cB)I mecha- 
nism. The p value of +2.4 is somewhat worrisome, for 
it is not only smaller than estimated values for carb- 
anion processes (see above), it is also smaller than the 
values observed for some 2-arylethyl derivatives? for 
which there is a strong evidence that the E2 mecha- 
nism holds (see below). One would expect a carban- 
ion-forming reaction to have a larger p value than a 
comparable concerted process, but McLennan and 
Wong argue that the nonreacting a-chlorine atoms 
help to  dissipate part of the negative charge on the 
&carbon atom. 

Variation in both substrate structure and reaction 
conditions seem to be able to shift the mechanism 
from (ElcB)I to E2. Reactions of DDT-type com- 
pounds with weak bases in dimethylformamide have 
p values substantially smaller than the +2.4 for the 
(E1cB)I reactions,Na while DDD (2) with methoxide 

( p-ClC,H,)&HCHC1j 
2 

in methanol eliminates faster than predicted from its 
estimated pKa value.34b The driving force is too small 
(ca. 5-fold) to be definite proof that the reaction is 
partly or entirely E2. One can say that the DDD reac- 
tions are at least very close to the borderline, particu- 
larly in the light of the evidence cited in the next 
paragraph. 

The reactions of the 2,2-diarylethyl benzenesulfon- 
ates with methoxide ion in Methyl Cellosolve at 50' 
seem to be clearly in the E2 category.35 Large (>5) 
&deuterium isotope effects are observed, and the p 
value for the substitution in the benzenesulfonate 
leaving group is +1.1, much larger than those found 
for reactions that probably do belong to the ElcB 
category (+0.3-0.6)36 and comparable to those found 
for the unactivated 2-pentyl system (+1.35).37 

2-Arylethyl Derivatives 
Elimination reactions in the 2-arylethyl series have 

been very thoroughly studied with respect to the cri- 
teria mentioned in the introduction, and are conced- 
ed by Bordwel12 to belong to the E2 category. P-Deu- 
terium isotope effects all point to rate-determining 
proton transfer. The I Z H / ~ D  values range from about 
2.3 up to more than 8.0.9 That the a-C-X bond is also 
partially broken in the rate-determining step is 
shown by a number of pieces of evidence. Sulfur iso- 
tope effects with sulfonium salts and nitrogen isotope 
effects with ammonium salts are substantial in nearly 

(34) (a) D. J. McLennan and R. J. Wong, J .  Chem. Soc., Perkin Trans. 2, 
1818 (1974); (b) A. B. N. Gray and D. J. McLennan, J. Chem. SOC.,  Perkin 
Trans. 2, 1377 (1974). 
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(37) A. K. Colter and R. D. Johnson, J .  Am. Chem. SOC., 84,3289 (1962). 
93,4728 (1971). 
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all cases, but not so large as the maximum values (ca. 
1.3 and 4.5%, respectively) expected for complete 
~ l eavage .~  The element effect with different halogens 
as leaving groups is substantial, spanning a range of 
more than 25,000 from the fluoride to the io- 
dide.6,38139 For the reaction of 2-arylethyl benzenesul- 
fonates with tert-butoxide in tert-butyl alcohol, p 
values for substitution in the benzene ring of the sul- 
fonate run +0.94-1.24, depending on the substituent 
in the @-phenyl group.g The extensive evidence that 
both the @-C-H and a-C-X bonds are breaking in the 
rate-determining step for a wide range of leaving 
groups and bases effectively excludes the possibility 
that one is observing an ElcB process in which the 
two steps happen to be of comparable rates (see 
above). 

A final method of demonstrating concertedness ut- 
ilizes the procedure by which McLennan and 
Wong30931 showed that eliminations from DDT and 
related compounds were probably nonconcerted. 2- 
Phenylethyldimethylsulfonium ion and its 2,2-d2 an- 
alog react with hydroxide ion in water-dimethyl sulf- 
oxide to give a k H / k D  maximum near 40% dimethyl 
sulfoxide.40 McLennan and Wong estimated the pKa 
for this substrate to be 36.€A31 The difference be- 
tween this number and the pKa for water in 40% di- 
methyl sulfoxide, calculated according to Bell and 

is 20-21 rather than the expected value for the 
irreversible ElcB mechanism of approximately 

In other words, the sulfonium salt behaves as 
if it  were some 20 pK units more acidic than it is esti- 
mated to be, strikingly demonstrating the driving 
force from concomitant carbon-sulfur cleavage in the 
elimination. Similar calculations on 2-phenylethyltri- 
methylammonium ion in water-dimethyl sulfoxide42 
and 2-phenylethyl tosylate in methanol-dimethyl 
sulfoxide43 also give “apparent pK’s” far below the 
estimated ones. Uncertainties in the estimated values 
are probably around f2.5,31 so there is no reasonable 
chance that the differences arise from faulty estima- 
tion. 

Cyeloalkyl Derivatives 
Bordwell suggests that the anti elimination from 

neomethyltrimethylammonium ion may occur by a 
variant of the ion-pair mechanism, and the syn elimi- 
nation from cyclooctyltrimethylammonium ion by an 
ElcB mechanism.2 Decisive evidence on these partic- 
ular substrates is not available, but it is on some 
closely related systems. 

The 2-phenylcyclohexyl- and 2-phenylcyclopentyl- 
trimethylammonium ions with ethoxide irl 95% etha- 
nol a t  60° give nitrogen isotope effects of 0.39 and 
0.64% and k H / k D  values of 2.63 and 3.08, for syn 
elimination (from the trans substrate). Correspond- 
ing values for the anti elimination (from the cis sub- 
strate) are nitrogen isotope effects 1.23 and 1.08% 
and k H / h D  5.40 and 4.44.9,44945 The nitrogen isotope 

( 3 8 )  C. H. DePuy and C. A. Bishop, J .  Am. Chem. Soc., 82,2532 (1960). 
(39) C. H. DePuy and C. A. Bishop, J ,  Am. Chem. Soc., 82,2535 (1960). 
(40) A. F. Cockerill, J.  Chem. SOC. B, 964 (1967). 
(41) R. P. Bell and B. G. Cox, J .  Chem. SOC. B, 193 (1970). 
(42) K. C. Brown and W. H. Saunders, Jr., unpublished results. 
(43) J. Banger and W. H. Saunders, Jr., unpublished results. 
(44) A. C. Frosst, Ph.D. Thesis, McMaster University, 1968. 
(46) G. Ayrey, E. Buncel and A. N. Bourns, Proc. Chern. SOC., London, 

4.58 (1961). 

effects, even for the syn eliminations, are too large for 
the C-N bond not to be partially broken in the tran- 
sition state, and all the deuterium isotope effects 
point to rate-determining proton transfer. 

Cyclodecyltrimethylammonium ion with tert- bu- 
toxide in tert-butyl alcohol a t  5 5 O  gives a 1.3% nitro- 
gen isotope effect.46 The syn elimination from 
1,1,4,4-tetramethyl-7-cyclodecyltl.imeehylamnnonium 
ion with methoxide in methanol OCCUES with a deute- 
rium isotope effect of 2.X4l nitrogen and deu- 
terium isotope effects on the e substrate under 
the same conditions would have been preferable, the 
results certainly strongly suggest that syn elimina- 
tions from medium-ring quaternary ammonium salts 
are concerted. 

The same conclusion is even stronger for the syn 
and anti eliminations in the 2-~henylcyclohexyl and 
2-phenylcyclopentyl systems. There is, consequently, 
no reason to believe that either syn or anti elimina- 
tions from unactivated or 6-phenyl-activated cycloal- 
kyltrimethylammonium salts involve anything other 
than the concerted E2 mechanism. 

Simple cycloalkyl halides and tosylates without 
strongly activating @ substituents can certainly be as- 
sumed not to undergo elimination by the EfcB mech- 
anism, but one must consider the possibility that 
they follow an ion-pair mechanism, a t  least in some 
instances. Elimination reactions of cyclic, secondary 
or tertiary alkyl halides or sulfonates with bases nor- 
mally regarded as weak, such as halide ions in dipolar 
aprotic solvents or thiolate ions in alcoholic solvents, 
were suggested by Winstein, Parker, and coworkers 
to involve simultaneous attack of the base on the a 
carbon and @ hydrogen, a mechanism to which they 
gave the label The alternate suggestion that 
these reactions involved the ion-pair mechanism, eq 
4-5, was made by Bordwel12 and critically discussed 
by Ford.49 

In order for the ion-pair mechanism to show the 
same kinetics as the E2 mechanism, the slow step 
must be the attack of base on the carbon-halide or 
carbonium-sulfonate ion pair (eq 5). Such a reaction 
should proceed with a deuterium isotope effect, and 
the elimination reactions of trans -cyelohexyl-2-d 
bromide and tosylate do, in fact, give k d k D  values a t  
75O of 2.2-4.0.50 As might be expected, the magnitude 
of k H / k D  depends on the nature of the base. One 
would expect, however, little or no dependence on the 
nature of the leaving group, since the acidity of the 0 
hydrogen of the carbonium ion in an ion pair should 
not be markedly affected by the nature of the coun- 
terion. Contrary to this expectation, the h d k D  
values for the bromide run 3040% higher than those 
for the tosylate with attacking bases as diverse as 
phenoxide, acetate, and chloride in acetone and tert- 
butoxide in tert- butyl alcohol. 

If the acidity of the @ hydrogen in an ion pair is rel- 
atively independent of the nature of the counterion, 
it follows that any difference in observed rates of two 

(46) P. J. Smith, private communication. 
(47) J. ZBvada, M. Svoboda, and J. Sicher, Tetrahedron Lett., 1627 

(48) A. J. Parker, M. Ruane, G. Biale, and 9. Winstein, Tetrahedron 

(49) W. T. Ford, Ace. Chern. Res. ,  6,410 (1973). 
(50) D. Cook, R. E. J. Hutchison, J. K. MacLeod, and A. J. Parker, J .  Org. 

(1966). 

Lett . ,  2113 (1968). 

Chem., 39,534 (1974). 
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(E2)i, reactions involving different leaving groups 
would reflect primarily the difference in steady-state 
concentrations of the two ion pairs but not the nature 
of the base. In fact, kOTs/kBr for the reactions of cy- 
cloalkyl derivatives with different bases in acetone 
increases 40-fold from tetrabutylammonium p-nitro- 
phenoxide (0.63) to tetrabutylammonium bromide 
(25)? Such an increase is expected for a concerted 
elimination having a transition state with increasing 
product-like character, and hence increasing C-X 
cleavage. The change not only in magnitude but in 
direction is difficult if not impossible to reconcile 
with the ion-pair mechanism. 

The above evidence makes it highly unlikely that 
E2C reactions of simple cycloalkyl derivatives occur 
via the ion-pair mechanism, but the facts are quite 
consistent with a concerted process. By extension, it 
is even less likely that the reactions of the same sub- 
strates with stronger bases (reactions labeled E2H by 
Winstein and Parker4*) involve an ion-pair mecha- 
nism. 

Simple Secondary Derivatives 
In the preceding section, cyclohexyl bromide and 

tosylate, which are secondary, were shown with high 
probability to eliminate via E2-type mechanisms. We 
can assume that the same mechanisms apply to acy- 
clic secondary derivatives, unless there is some effect 
of the ring system which particularly favors a con- 
certed process. In fact the reverse is probably true, 
for the conformation with an axial leaving group 
which is preferred for anti elimination in the cyclo- 
hexane series should be less favored than the analo- 
gous conformation for anti elimination from an acy- 
clic secondary derivative. It is worthwhile, however, 
to consider briefly some evidence applying specifical- 
ly to secondary acyclic systems. 

While few isotope effects have been reported in 
such systems, those which have point to rate-deter- 
mining proton transfer. For example, 3-methyl-2- 
butyl-3-d tosylate gives a k H / k D  value of 2.3 with te- 
trabutylammonium chloride in acetone a t  75O, and 
2.6 with ethoxide in ethanol a t  50°.52 The reactions of 
3-pentyl-2,2-d 2- trimethylammonium ion with vari- 
ous base-solvent systems all show substantial isotope 
effects.53 Similarly, isotope effects in E2 reactions of 
2-butyl-3-d bromide indicate rate-determining pro- 
ton transfer.53b 

Few leaving-group isotope effects have been re- 
ported in the literature for simple secondary deriva- 
tives. The nitrogen isotope effect for reaction of 5- 
nonyltrimethylammonium ion with tert- butoxide in 
tert-butyl alcohol is 1.096, pointing to partial C-N 
cleavage in the transition state.46 

Relative rates with different leaving groups (the el- 
ement effect) also point to C-X cleavage in the rate- 
determining step. As noted above:? the p value for 
eliminations from 2-pentyl benzenesulfonates has the 
substantial value of +1.35. Relative rates with fluo- 
rine, chlorine, bromine, and iodine as leaving groups 

(51) P. Beltrame, G. Biale, D. J. Lloyd, A. J. Parker, M. Ruane, and S. 

(52) G. Biale, A. J. Parker, I. D. R. Stevens, J. Takahashi, and S. Win- 

(53) (a) W. H. Saunders, Jr., and T. A. Ashe, J. Am. Chem. Soc., 91,4473 

Winstein, J. Am. Chem. Soc., 94,2240 (1972). 

stein, J.  Am. Chem. Soc., 94,2235 (1972). 

(1969); (b) R. A. Bartsch, J.  Am. Chem. Soc., 93,3683 (1971). 

Table I 
The Effect of the Leaving Halogen on Rates of 

Bimolecular Eliminations 

Relative r a t e s  (C1 = 1.00) for 

Reaction F C1 B r  I 

1. PhCH,CH,X + EtO- 0.015 1.00 60.3 391. 
in  EtOH a t  30"" 

2. 2 -Hexyl-X + MeO- 
in MeOH at  100" 
to giveb 

a. 1-Hexene 0.0014 1.00 38.1 150. 
b. Ivnns-2-Hexene 0.00030 1.00 51.2 317. 
c. cis -2 -Hexene 0.00038 1.00 46.4 283. 

3. 2 -Methyl -2 -butyl - 
X + n-BuSK in 
I-BuOH a t  35" to 
give' 

a .  2-Methyl-l-  1.08 200. 1560. 

b. 2 -Methyl-2 - 1.00 270. 2270. 
pentene 

pentene 
a References 6, 38, and 39. R. A.  Bartsch and J. F. Bunnett, 

J.  A m .  Chem. SOC., 90,408 (1968). Reference 64. 

are also available. The figures in Table I compare 
these rates for primary, secondary, and tertiary ha- 
lides. The 2-phenylethyl halides with ethoxide in eth- 
anol show a spread of more than 25,000 from fluoride 
to iodide. The spread for the 2-hexyl halides with 
methoxide in methanol is still wider overall, and 
comparable from chloride to iodide. The 2-methyl-2- 
butyl halides with n-butanethiolate in tert- butyl al- 
cohol show the widest spread from chloride to iodide. 

Clearly, C-X cleavage is well advanced but not 
complete in the transition states for eliminations 
from 2-hexyl halides. This and the other available ev- 
idence on simple secondary alkyl derivatives thus fi t  
the criteria for a concerted process. 

Tertiary and a-Arylalkyl Derivatives 
The ion-pair mechanism is most likely to be in- 

volved in reactions of systems that can produce fairly 
stable carbonium ions. Tertiary and a-arylalkyl ha- 
lides in relatively polar solvents readily undergo 
S N ~ - E ~  solvolyses. Addition of strong base intro- 
duces a second-order component to the rate, but it is 
frequently difficult to suppress the first-order reac- 
tion completely, even at  high base concentrations. In 
view of the demonstrated presence of carbonium ions 
(probably as carbonium-halide ion pairs) in these 
reaction media, one must consider the possibility 
that the second-order component of the reaction in- 
volves attack of base on an ion pair rather than at- 
tack of base on the un-ionized substrate. 

So far, hard evidence is scanty. Sneen and Rob- 
bins54 have studied reaction of 1-phenylethyl bro- 
mide with varying concentrations of sodium ethoxide 
in ethanol. Both ethyl 1-phenylethyl ether and sty- 
rene are formed in both first- and second-order pro- 
cesses, and the eliminationlsubstitution ratio in- 
creases with increasing base concentration. 

If the first- and second-order reactions were com- 

(54) R. A. Sneen and H. M. Robbins, J .  Am. Chem. SOC., 91,3100 (1969). 
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pletely independent ( s ~ l - E l  vs. SN2-E2), the rate 
law should be given by eq 6 

rate = ( h ,  + hdNaOEt])[RBr] ( 6 )  

where k l  represents both substitution and elimina- 
tion by first-order processes, and k2 likewise for the 
second-order processes. In fact, calculated k2 values 
decrease 2.6-€0ld as the base concentration increases 
from 0.114 to 1.07 M .  Sneen and Robbins argue that 
this decrease is far greater than expected for a salt ef- 
fect, since k2 for the reaction of ethyl bromide with 
sodium ethoxide decreases only 17% over the same 
concentration range. They then show that the experi- 
mental data, both on rates and eliminationjsubstitu- 
tion ratios, fit the predictions of a mechanism in 
which a common ion-pair intermediate leads to all 
products (eq 7). 

ether 
olefin 
ether 
olefin 

k~L0Et-l  (7) E h,,[OEt-l 

k 

k-i 
RBr e R'Br- 

This analysis of the data has been criticized by 
M ~ L e n n a n , ~ ~  who points out that Sneen and Robbins 
neglected to allow for ion pairing of the sodium eth- 
oxide according to eq 8. He quotes evidence that so- 

EtO- + Na' + EtO-Na' (8) 

dium ethoxide is only 50% dissociated even a t  0.1 
He also argues that salt effects on elimination 

and substitution need not be the same, so that k ~ 2  
and k s ~ 2  must be treated separately, not lumped to- 
gether as in eq 6. 

Calculated rate constants, kE2, assuming elimina- 
tion by a normal E2 mechanism, are claimed by 
McLennan to decrease with increasing base concen- 
tration partly because of the lesser reactivity of the 
ion-paired base (ca. 25% as reactive as free ethoxide) 
and partly due to what is classified as a normal salt 
effect. In support of this last point, the decrease is 
shown to be linearly related to the corresponding de- 
crease in k~32 for 2-phenylethyl bromide which we 
have shown (see above) to follow the E2 mechanism. 

McLennan does not, of course, disprove the (E2)ip 
mechanism; he merely shows that the data of Sneen 
and Robbins are equally consistent with the concert- 
ed E2 mechanism. If the ion-pair mechanism holds, 
the second step, proton removal, must be mainly or 
solely rate determining, both from the kinetics and 
because a k H / k D  of 3.4 is found for the reaction of 1- 
phenylethyl-2,2,2-d3 bromide with sodium ethoxide 
in ethanol.57 

Such an isotope effect would be consistent with the 
Sneen and Robbins mechanism and their values for 
the various rate-constant ratios at  base concentra- 
tions around 0.1-0.2 M .  At higher base concentra- 
tions, however, the second step begins to become fast. 
An increase in base concentration from 1.0 to 2.0 M ,  
for example, can be calculated to cause only a 17% in- 
crease in the pseudo-first-order kobsd, ignoring Salt 
effects and increased base association. Any factor 

(55) D. J. McLennan, Tetrahedron L e t t ,  2317 (1971) 
(56) A. Brandstrom, Ark Kemi, 11,527 (1957). 
(57) T Yoshida, Y Yano, and S. Oae, Tetrahedron, 27,5343 (1971). 

which markedly retards the ionization step, or mark- 
edly speeds the proton-removal step, should thus 
make the ionization step rate determining, resulting 
in an overall isotope effect which is only a secondary 
effect on the ionization rate and which should 
amount to ca. ~ 2 . ~ ~  

The change to potassium tert-butoxide in tert- 
butyl alcohol should increase the proton-removal rate 
(stronger base) and decrease the ionization rate (less- 
polar solvent), yet k,/kD is 5.0 under these corditions 
and is 3.5 even in the still more basic medium potas- 
sium tert-butoxide in tert- butyl alcohol-dimethyl 
s u l f ~ x i d e . ~ ~  The kinetics also remain strictly second 
order, which they would not if the proton removal 
were fast compared to the ionization. 

The lack of any apparent change in rate-determin- 
ing step between ethyl and tert-butyl alcohols, even 
when an increase of 10-100-fold in the hzelkl ratio 
(eq 7) would have sufficed to manifest it, strongly 
suggests an E2 mechanism in tert-butyl alcohol and 
tert- butyl alcohol-dimethyl sulfoxide. While this 
does not exclude the (E2)ip mechanism for the reac- 
tions in ethyl alcohol, the simpler hypothesis is to 
classify the reactions in all three media as E2. 

No other kinetic data on a-arylalkyl systems are 
comparable in detail to the study of Sneen and Rob- 
bins. Isotope effects and p values for reaction of 1- 
arylethyltrimethylammonium ions with ethoxide in 
ethanol59 and p values for the reactions of 1,2-diar- 
ylethyl chlorides with ethoxide in ethano160 are more 
consistent with the E2 than the (E2)ip mechanism. 
The p values for substituents on the a-phenyl are 
positive, suggesting no development of positive 
charge a t  the a carbon in the transition state, con- 
trary to expectations for the (E2)ip mechanism. The 
effect of a-aryl substitution on the rates of E2C reac- 
tions likewise argues against significant development 
of positive charge.61 

With tertiary halides, the large element effect 
along the series C1-Br-I (Table I) clearly shows that 
the carbon-halogen bond is breaking either in the 
rate-determining step or in an equilibrium step pre- 
ceding it. The only reported &deuterium isotope ef- 
fects in a tertiary system are the reaction of 1,l-di- 
methyl-2-phenylethyl chloride with methoxide and 
thioethoxide ions in methanol at  76". The values are 
2.6 and 2.4, respectively.62 The proton-removal step 
of an (E2)ip mechanism would, if anything, be faster 
in this case than for a simple tert-alkyl halide, so we 
can probably safely assume that proton removal 
would be rate determining in most cases of tertiary 
halides reacting by this mechanism. 

The data are also, of course, consistent with the E2 
mechanism. More evidence is needed to distinguish 
the E2 and (E2)ip mechanisms for tertiary halides. 
One would like to know, for example, whether the 
bond to the leaving group is incompletely broken in 
the transition state of the rate-determining step. 

(58) V. J. Shiner Jr., W. E. Buddenbaum, B. L. Murr, and G. Lamaty, J .  

(59) P. J. Smith and S. K. Tsui, Tetrahedron Lett., 917 (1972). 
(60) J. G. Griepenburg and W. H. Saunders, Jr., unpublished results. See 

(61) G. Biale, D. Cook, D. J. Lloyd, A. J. Parker, I .  D. R. Stevens, J. Taka- 

(62) J. F. Bunnett, G. T. Davis, and H. Tanida, J .  Am. Chem. Soc., 84, 

Am. Chem. SOC., 90,418 (1968). 

ref 9, pp 63-64. 

hashi, and S. Winstein, J. Am. Chem. Soc., 93,4735 (1971). 

1606 (1962). 
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A suggestive but not conclusive piece of evidence 
on second-order eliminations from tertiary halides is 
that product proportions (l-ene/2-ene) generally 
show a marked dependence on the nature of the leav- 
ing g r o ~ p . 6 ~ 9 ~ ~  It does not seem very likely that the 
nature of the counterion in a carbonium-halide ion 
pair would have much effect on the relative reactivi- 
ties toward base of different ,6 protons.64 It is, how- 
ever, quite reasonable that the extent of carbon-halo- 
gen cleavage, and hence the degree of double-bond 
character, might differ in the E2 transition states 
from different tert-alkyl halides. 

A final category for which the (E2)ip mechanism 
has been proposed involves the tertiary allylic bro- 
mides 3 and 4 as substrates, with various nucleo- 

ArS02 /H ‘c=c 
H/ ‘cM~~B~ H 

Ars02 

I 

3 Br 

phi le~.6~@ The main argument for this mechanism is 
that the evidence suggests an ion-pair mechanism for 
the accompanying substitution reactions. An inter- 
esting modification of the ion-pair mechanism is sug- 
gested, an “ion sandwich’’ process in which the ion 
pair is formed during rather than prior to base attack 
on the substrate. This mechanism bears a strong re- 
semblance to the merged mechanism for substitution 
and elimination which was proposed by Winstein but 
later abandoned in favor of the E2C m e c h a n i ~ m . ~ ~ ! ~ ~  

4 

(63) W. H. Saunders, Jr., S. R. Fahrenholtz, E. A. Caress, J. P. Lowe, and 

(64) D. S. Bailey and W. H. Saunders, Jr., J. Org. Chem., 38,3363 (1973). 
(65) F. G. Bordwell and G. A. Pagani, J. Am. Chem. Soc., 97,118 (1975). 
(66) F. G. Bordwell and T. G.  Mecca, J.  Am. Chem. Soc., 94,2119 (1972). 
(67) S. Winstein, D. Darwish, and N. J. Holness, J. Am. Chem. SOC., 78, 

(68) G. Biale, A. J. Parker, S. G. Smith, I. D. R. Stevens, and S. Winstein, 

M. Schreiber, J.  Am. Chem. Soc., 87,3401 (1965). 

2915 (1956). 

J. Am. Chem. Soc., 92,115 (1970). 

Whatever the merits of the ion sandwich vs. the more 
usual (E2)ip mechanism, none of the evidence so far 
available on 3 and 4 is decisive for ion-pair mecha- 
nisms on the one hand or the E2 mechanism on the 
other. 

Conclusions 
One can say with considerable assurance that near- 

ly all second-order elimination reactions of simple 
primary and secondary derivatives follow the E2 
mechanism, up to and including 2,2-diphenylethyl 
tosylate. The ElcB mechanism requires strong acti- 
vation of the ,6 hydrogen andlor a poor leaving group. 
The borderline between E2 and ElcB seems to occur 
near DDT- and DDD-type substrates. 

The range of applicability of the (E2)ip mechanism 
is much more difficult to define. No unequivocal case 
of the (E2)ip mechanism has been found, but many 
elimination reactions of tertiary, allylic, and a-arylal- 
kyl derivatives could occur by either E2 or (E2)ip 
mechanisms. Where available, the evidence is usually 
more consistent with the E2 than the (E2)ip mecha- 
nism, but it is not compelling. 

One should clearly not assume without evidence 
that all eliminations which can follow a concerted 
path will. On the other hand, one can define a range 
of bimolecular, olefin-forming eliminations which are 
almost certainly concerted. Further investigation of 
the genuinely uncertain borderline areas is desirable, 
but the facts do not justify major revisions in present 
mechanistic assignments. 
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