the contribution to the rate (if any) due to the hydroxide ion. This
was subtracted from were the pseudo-first-order rates; the second-
order rate constants obtained by dividing the corrected first-order
constants by the concentration of amine used. This method was
used for determining the trimethylamine promoted rates of elimina-
tion of cis- and trans-2-(p-tolylsulfonyl)cyclohexyl arylsulfonates.

The E2C Mechanism in Elimination Reactions.
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Abstract:

The effects of alkyl, aryl, benzyl, bromine, and carbomethoxy substituents on rates of bimolecular 3-

eliminations are reported. A spectrum of transition states, ranging from E2H-like to E2C-like, is utilized and the

response of the various transition states to substituent effects is very different.
E2C-like reactions give high yields of the most stable isomer (e.g., Saytzeff or trans-olefin) pro-

very product-like.

The E2C-like transition state is

vided that the requirement of anti geometry of S-hydrogen and leaving group is not violated. Tetrabutylammo-
nium acetate in acetone is an excellent base system for promoting fast clean 8-elimination from secondary or tertiary

acyclic systems,

he effect of a-substituents, R%, and B-substituents,

R7, on the reactivity of compounds Iin bimolecular
substitution (SN2) and elimination (E2) reactions is
now a classical problem of physical organic chemis-
try.s—3

R? }11 R®
Ve
\Cg of
' IN
R X Re

I

The questions commonly asked about 8-elimination
reactions are whether the products are predominantly
Hofmann or Saytzeff, or, more generally, whether the
kinetic products are predominantly the least or most
stable olefin.®~!2 A related question is whether the

(1) PartI: G. Biale, A. J, Parker, S. G. Smith, I. D. R. Stevens, and
S. Winstein, J. Amer. Chem. Soc., 92, 115 (1970).

(2) (a) Department of Chemistry, U.C.L.A,, Los Angeles, Calif.;
(b) deceased.

(3) Research School of Chemistry, Australian National University,
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York, N. Y., 1962, Chapter 12.
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products are predominantly trans- or cis-olefins, 87 12—14
A question asked more frequently now is whether the
products are those of anti or of syn elimination, 15— 18

The answers to these questions are currently inter-
preted by most chemists in terms of a spectrum of E2
transition states extending between the extremes of
paene-carbanion (Cs negative) and paene-carbonium
(C, positive).”!* In this series of papers we hope to es-
tablish a different spectrum of E2 transition states
(III), extending between the extremes of tight paene-
carbanion (II) and loose® paene-olefin (III) or, as we
prefer, between E2H and E2C.2! It therefore is of
interest to seek answers to the above questions for
reactions of halide ions in acetone with alkyl halides
or tosylates,® reactions which we classify as E2C-like.
Most of the existing information about E2 reactions
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Table I. Substituent Effects on Rates of Bimolecular Elimination and Substitution®
HY |
Rﬁ\é é/R + X
R® svz_» R OR°
L~ . pat )
[~re B> R K
X C=C + HY + X~
R~ ~ge
No.b R? R? R® R® T, °C Log k* ° Log Y ¢ 102F
(a) X = Br, Y = NBu,Cl in acetone® + 2,6-lutidine®
1/ H H H H 25.0 —1.93 0.0
1/ H H H H 50.0 -0.70 0.0
14505k H H H H 25.0 —1.87 0.0
2/ H H Me H 50.0 —2.44 0.0
2¢ H H Me H 100.0 —-1.0 0.0
3 H H i-Pr H 50.0 -3.19 -6 0.1
4t H H tert-Bu H 100.0 -34 —-4.1 17.6
54t H H Me Me 50.0 —-4.3 —3.05 96
Skl H H Me Me 69.9 —2.26
6! H H Me Et 50.0 —4.0 -3.03 90
T* H H Me tert-Bu 69.9 —-2.07
8m H H Me CMe,Br 75.0 -3.00 100
9n H H Me PhCH, 59.5 —-2.75
10/ Et H H H 25.0 —-2.27 0.0
11 Ph H H H 50.0 —-2.0 0.0
3 Me Me Me H 50.0 -3.19 -3.19 51.4
137 Br CO:Me Me H 39.8 —-3.02 100
13» Br CO:Me Me H 25.0 —3.68 100
13» Br CO.;Me Me H 52.8 -2.50 100
14r Br Me Me H 76.4 —3.68 —3.59 55
64 Me H Me Me 75.0 —4.90 98
6 Me H Me Me 50.0 —-4.0 —2.03 99.2
9n Ph H Me Me 59.5 —-1.90
1507 Ph H Ph H 50.8 —1.89 —2.55 17
169:7 Me H Ph H 25.0 -2.18 —4.2 1
17057 Me H Art H 25.0 —-1.75 <-4 <0.4
180541 Me Me H H 25.0 -3.35 0.0
199,k ¢ Me H H H 25.0 —2.03 0.0
317 Br Me Me H 75.0 -3.14 —3.43 33
(b) X = Cl, Y = NaSPh in ethanol
6 Me H Me Me 50.0 —3.68 94 + 5¢
30 Me Me Me Me 50.0 -3.26 95 + 6+
6 H H Me Et 50.0 —4.05 94 4 5¢
5hr H H Me Me 50.0 -5.3 —4.08 96+
(¢) X = OTs,t Y = NBu,Cl in acetone + 2,6-lutidine
2 H H Me H 50.0 —-2.19 0.0
3 H H i-Pr H 50.0 —2.98 -5.0 o
11 Ph H H H 50.0 —1.35 0.0
127/ Ph H Me H 75.0 —1.56" —2.59 8.7
3/ Me Me Me H 50.0 —2.95" —2.98 47.1
3 Me Me Me H 50.0 —2.98 -3.00 48.7
¥ Me Me Me H 75.0 —1.83 —1.86" 48.3
(d) X = OBs,!Y = NBu,Cl in acetone + 2,6-lutidine
207yv Ant Me Me H 50.0 —2.66 —2.03 81.0
2170 Ant Me Me H 50.0 —2.60 —1.82 86.0
4 H H tert-Bu H 75.0 —2.98 —-2.97 50.4
(e) X = OTs,' Y = NBu,Br in acetone/s*
2 H H Me H 50.0 —2.80 0.0
2 H H Me H 75.0 —1.71 0.0
3 H H i-Pr H 75.0 -2.35 -5 0. 5mm
4 H H tert-Bu H 75.0 —4.4 -4.7 4+
11= Ph H H H 50.0 —-2.00 0.0
12» Ph H Me H 75.0 —-2.2 -3.5 4.1
22 Ph Me H H 75.0 —2.23 —4.5 0.5
23» Me H Me H 75.0 —1.63 —~3.28 2.2
24r Ane H Me H 75.0 —2.18 —-3.51 4.5
25 Me Me H H 75.0 —1.68 0.0
3 Me Me Me H 75.0 -2.35 —2.51 44.6
200 Ant Me Me H 75.0 —2.96 -2.71 64.0
(f) X = OBs,' Y = NBu,Br in acetone’>»
267 Ph Ph Me H 50.0 -3.72 -2.67 92.1
267 Ph Ph Me H 75.0 —2.80 —1.76 91.5
10v Et H H H 25.0 —2.04 0.0
207 An! Me Me H 50.0 —-3.15 -2.94 62.8
415z H H tert-Bu H 75.0 —3.47 —3.66 38.4
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Table I (Continued)

No.b R# R# R« R« T, °C Log ke- Log kEe¢ 102Fg¢

(g X = Br, Y = NBu,Nj; in acetone/

19,2 H H H H 25.0 —-1.8 0.0
10:% H H H H 75.0 +0.6 0.0
5k H H Me Me 75.0 -2.77 -2.17 80
7ist H H Me tert-Bu 75.0 —3.18 —-1.76 96.5
13» Br CO;Me Me H 0.0 —-1.02 100
11+ Ph H H H 50.0 —1.23 0
205k H H Me H 25.0 —2.39 0
250h Me Me H H 25.0 —2.90 0
(h) X = Br, Y = NBuOAc in acetone/*
1k0,0a H H H H 25.0 —2.53 0.0
205hsca H H Me H 25.0 -3.97 0.0
57 H H Me Me 50.0 —2.15 100
8m H H Me Me,CBr 75.0 —-2.44 100
147 Br Me Me H 0.2 —-2.32 100
147 Br Me Me H 76.4 —0.66 100
14» Br Me Me H 25.0 —1.55 100
3 Me Me Me H 25.0 —4.03 -3.12 89
3 Me Me Me H 50.0 —-2.91 —2.05 89
13» Br CO:Me Me H -T2 —2.23 100
137 Br CO:Me Me H —54 -0.72 100
137 Br CO:Me Me H —47 —-0.47 100
16750 Me H Ph H 25.0 —~0.95 -2.0 8
15250 Ph H Ph H 0.8 -2.79 —2.22° 81
154 Ph H Ph H 0.8 —4.64 81
11 Ph H H H 50.0 —0.74% 0.0
(i) X = Br, Y = NBu,Br in acetone + 2,6-lutidine®
2 H H Me H 75.0 -6.3
9n H H Me PhCH; 59.5 —-3.56
12 H H PhCH. H 75.0 —6.70
167 Me H Ph H 75.0 -3.36
16%% Me H Ph H 75.0 — 35,36k
17» Me H Art H 75.0 -3.59
17kk Me H Art H 75.0 —5.50%
150,/ Ph H Ph H 75.0 —2.8%
15k% Ph H Ph H 75.0 —4 864
157 Ph H Ph H 75.0 -3.16
9n Ph H Me Me 59.5 —3.05
12» Ph H Me H 75.0 —4.40
12k% Ph H Me H 75.0 — 5,57k
54 H H Me Me 75.0 —2.90
23 Me H Me H 75.0 —4.80
23kk Me H Me H 75.0 — 5. 5k
23 H H Et H 75.0 —-6.1
19 Me H H H 75.0 —5.94
() X = Br, Y = NaOEt in ethanol/
14d H H H H 25.0 —-4.19 0
e H H H H 55.0 -2.71 —4.80 1.0
2¢e H H Me H 55.0 —4.68 —4.12 75
2ee H H Me H 25.0 —5.98 -5.76 79
29¢e H H Ph H 25.0 -5.10
See H H Me Me 25.0 —4.5¢ 100
6ec H H Me Et 25.0 -4.77 100
6ec Me H Me Me 25.0 —4.38 100
23pyec Me H Me H 25.0 —~5.85 —5.55 66
117/ Ph H H H 50.0 -3.50 —-2.26 94, 6°
1190 Ph H H H 30.1 —3.38 99.6
2790 Ant H H H 30.1 -3.79 99.9
2809 Ar! H H H 30.1 -0.13 99.2
18¢¢ Me Me H H 55.0 —4.24 —-4.07 62
1944 Me H H H 55.0 —-3.26 —4.28 8.8
1944 Me H H H 25.0 —4.67 -6.08 8.8
(k) X = OTs,!Y = NaOEt in ethanol/s**
14d H H H H 55.0 —-2.25 -5.2 0.1
2dd H H Me H 55.0 -3.23 —3.86 19
4 H H tert-Bu H 50.0 —5.30 100
11% Ph H H H 30.1 —4.59 —4.89 38.6
270977 An? H H H 30.1 -4.87 -5.47 20
3 Me Me Me H 50.0 —4.50 —4.05 82¢
3 H H i-Pr H 50.0 —4.50 —-4.70 4Qmm
1944 Me H H H 55.0 —2.69 -5.39 0.2
1844 Me Me H H 55.0 —-3.74 -5.22 3.3
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Table I (Continued)

No? R8 R#8 R« R« T, °C Log k®¢ Log kE« 102Fg¢
() X = Br, Y = KO-tert-Bu in rert-butyl alcohol/
144 H H H H 40.0 —4.14 —-5.09 10
2i H H Me H 25.0 —5.64 100
1944 Me H H H 40.0 —4.80 —4.82 48
1144 Ph H H H 50.0 —1.43 100
114 Ph H H H 30.0 —-2.04 100
27ii Ant H H H 30.0 —2.60 100
284dd Ar! H H H 33.0 +0.95 100
167 Me H Ph H 75.1 —3.87 —2.89 92
16+% Me H Ph H 75.1 —-3.87 —4 71k 92
157 Ph H Ph H 25.0 -2.16 100
15kk Ph H Ph H 25.0 —5.01% 100
5u H H Me Me 25.0 —5.25 100
23n,1 Me H Me H 25.0 —6.18 100
23kk Me H Me H 25.0 —6 . 4kk 100
1844 Me Me H H 55.0 —-5.51 —4.45 92
6dd,tl Me H Me Me 25.0 —6.04 100
6!t H H Me Et 25.0 —-5.62 100
294 H H H Ph 25.0 —4.81 100
12» Ph H Me H 75.0 —-1.67 100
1 2%k Ph H Me H 75.0 —3.30kk 100
12 H H PhCH, H 75.0 —4.96 100
(m) X = OTs,!Y = NaSPh in ethanol/
3 H H i-Pr H 50.0 —-2.66 -4.15 Jmm
3 Me Me Me H 50.0 —-2.66 —-2.86 37
4 H H tert-Bu H 50.0 —-4.1

¢ This work unless stated otherwise; the concentrations of reactants (usually 0.02-0.06 M, but NBu,Br = 0.10 M), additives (0.04-0.08 M),
and rate expressions noted are for this work, but values taken from the literature are thought to be directly comparable. Solvolysis rates
are at least 100 times slower than rates of total bimolecular reactions, unless noted otherwise. * The numbers correspond to the following
compounds, with X as leaving group, as noted in the table: 1, 1-X-ethane; 2, 2-X-propane; 3,3-methyl-2-X-butane; 4, 3,3-dimethyl-2-X-
butane; 5, 2-methyl-2-X-propane; 6, 2-methyl-2-X-butane; 7, 2,3,3-trimethyl-2-X-butane; 8, 2,3-dimethyl-2-bromo-3-X-butane; 9, 1-
phenyl-2-methyl-2-X-propane; 10, 1-X-butane; 11, 2-phenyl-1-X-ethane; 12, 1-phenyl-2-X-propane; 13, erythro-methyl 2-bromo-3-X-
butanoate; 14, rac-2-bromo-3-X-butane; 15, 1,2-diphenyl-1-X-ethane; 16, 1-phenyl-1-X-propane; 17, 1-(p-nitrophenyl)-1-X-propane;
18, 2-methyl-1-X-propane; 19, 1-X-propane; 20, erythro-3-p-anisyl-2-X-butane; 21, threo-3-p-anisyl-2-X-butane; 22, 2-phenyl-1-X-pro-
pane; 23, 2-X-butane; 24, 1-(p-anisyl)-2-X-propane; 25, 2-methyl-1-X-propane; 26, 1,1-diphenyl-2-X-propane; 27, 2-(p-anisyl)-1-X-

ethane; 28, 2-(p-nitrophenyl)-1-X-ethane; 29, 1-phenyl-1-X-ethane; 30, 2,3-dimethyl-2-X-butane: 31, meso-2,3-dibromobutane.
constant M~! sec™! for bimolecular substitution, k¢, and for bimolecular elimination, k¥, as estimated from total rate and Fx.
otherwise, rate constants were calculated from the usual second-order rate expression.

¢ Rate
Unless noted
4 Fg is the fraction of total elimination and is not

necessarily that of the isomer shown, unless noted. Fg is the ratio of acid produced to X~ generated, or to Y~ consumed + acid generated.

Elimination could be confidently detected down to 1%.
dimethylformamide.
i A. J. Parker and M. Ruane, unpublished work.
ca. ten times slower than the total rate.
E. Baciocchi, J. Org. Chem., 35, 76 (1970).
data in this table.
are for the thermodynamically most stable (usually trans) olefin.
(1956). ¢ Fy, determined bromometrically.
methoxyphenyl.
= Contains 0.04 M 2,6-lutidine.
* X is OTs.

Soc., 79, 3710 (1957). *» NaOEt at ca. 0.6 M.
and C. A. Bishop, J. Amer. Chem. Soc., 82, 2532 (1960).
I. Moritani,and Y. Okamoto, J. Amer. Chem. Soc., 78, 2193 (1956).

is for reactions of alkoxides with alkyl halides or tos-
ylates, reations which we would classify as E2H-like.
The present work on E2C-like reactions supplements
existing data on E2H-like reactions, to give a much

¢ Unless stated otherwise; cf. footnote g.
k D. Cook and A. J. Parker, J. Chem. Soc. B, 142 (1968).
k D. Eck and J. F. Bunnett, J. Amer. Chem. Soc., 91, 3099 (1969).

m M. Ruane, unpublished work ; competing solvolysis creates some uncertainty.
o Estimated from reaction of NBu,Br by assuming that NBu,Cl reacts ten times faster; cf. other
» Rates are for the kinetic product of anti elimination and, if anti elimination can give a cis- or trans-olefin (¢f. Table X),
2 X is ClL
¢t Ar is 4-nitrophenyl, OTs is p-toluenesulfonate, OBs is 4-bromobenzenesulfonate, An is 4-
» Rate constants calculated from rate expression 2.
v S. Winstein, L. G. Savedoff, S. G. Smith, 1. D. R, Stevens, and J. S. Gall, Tetrahedron Lett., 24 (1960).
ae LiIQAc is the base; it reacts ca. ten times slower than NBu,OAc in DMF,
estimate &) sec™!, which was then divided by the initial concentration of NBu,Br to obtain ks in M1 sec™!.
Fraser and H. M. R. Hoffman, J. Chem. Soc. B, 265 (1967); ibid., 425 (1967).
L. Dhar, E. D. Hughes, C. K. Ingold, and S. Masterson, J. Chem. Soc., 2055 (1948).
W, H. Saunders and D. H. Edison, J. Amer. Chem. Soc., 82, 138 (1960).
¥ Rate constant is for formation of the cis-olefin; cf. footnote p.
mm Fg for formation of this isomer; cf. footnote d.

/ No 2,6-lutidine. ¢ Solvent is
i D. Cook and A. J. Parker, Tetrahedron Lett., 4901 (1969).
t Solvolysis was only

» J. F. Bunnett and

" P, B. D. de la Mare and C. A. Vernon, J. Chem. Soc., 41

» Reference 1. * Rate constants calculated from expression 3.

% The usual first-order rate expression was used to
« Reference 5; ¢f. dd. 4 G. M.
ee V., J. Shiner, J. Amer. Chem. Soc., 74, 5285 (1952). 7/ M.
9 C. H. De Puy and D. H, Froemsdorf, J. Amer. Chem.
ii C, H. De Puy
it H, C.Brown,

particular region of an E2 spectrum and thus obtain
the desired proportions of isomeric olefins in the shortest
possible time.

broader view of the whole spectrum of E2 reactions. Results
B--H H-B H B Kinetics. The rates of elimination (log k%) and
R} R Rﬂ\} { R* R8sy | ge substitution (log k°) reactions of a variety of compounds,
/C-——=(,3\ Rﬂ/cw‘\ o >c=(;< I, are recorded in Table I. They were calculatec'l frgm
RA )1( R* X R R? X R® the total rate constant for concurrent substitution
I III v plus elimination, using the fraction of plimingtion or
EoH E2C substitution.1® Acid produced by elimination and

The major conclusion from this paper is that by an
intelligent choice of base and solvent, one can utilize a

base consumed by substitution were estimated by
titration. Halide ions consumed as base by substitution,
or generated as leaving group by substitution plus
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elimination, were estimated by potentiometric titration
with silver nitrate. Solvolysis of secondary tosylates
or bromides in acetone in the presence of 2,6-lutidine
or NBu,ClO, was at least 100 times slower, and of
the tertiary bromides was at least ten times slower than
the major bimolecular reactions with bases. We can-
not be certain that some of the minor concurrent re-
actions (e.g., 0.1% of total reaction) are E2 or SN2
reactions, but we treat them as such and they do pro-
vide upper limits for rates of these minor reactions.
Bimolecular reactions of bases in the presence of
2,6-lutidine, as well as reactions with sodium ethoxide
and with sodium thiophenoxide, followed the normal
second-order kinetic expression.! The products and
rates were independent of the concentration of 2,6-
lutidine. For reactions of alkyl bromides or tosylates
with NBu,Cl or NBu;OAc in acetone which did not
contain 2,6-lutidine or equivalent base, the formation
of unreactive HCl,~ or H(OAc),~ was allowed for,
i.e., rate expression 2 was used. HCI and HOAc are
weaker acids than HBr or HOTs in acetone. It was

2.303 [b — (I + F)x]

ke = b=+ Foaar™ 8 g = @
2.303 b — (I — Fe)x]
b= U Foaa e T sy O

found that rate expression 3 best fitted the observed
rates of reactions of alkyl bromides or tosylates with
NBu,Br in the presence or absence of 2,6-lutidine in
acetone. This was no doubt because product bromide
or tosylate ion consumed the acid generated in elimina-
tion, so that bromide ion was only consumed by the
substitution of tosylate by bromide. In (2) and (3), &,
is the combined rate constant for elimination and sub-
stitution, b is the initial stoichiometric concentration
of base, Fg is the fraction of total reaction which gives
acid, a is the initial concentration of I, and x is the
concentration of I which has been consumed at time 2.1
Rate expression 3 was also used for reactions of NBu,-
Cl in dimethylformamide. Equation 4 was used for
reactions of NBu,Br in DMF with alkyl bromides.

_ 2303 (b+ )
T+ oAt %Gy

Oxidation of sodium thiophenoxide produces base,
which thus lowers Fr. The oxidation is not sufficiently
serious to influence the rate constant, but the values
of Fg used to split k, for thiophenoxide reactions in
Table I may be a little low. For reasons to be given
in a later paper in this series, no allowance in the
recorded rate constant is made for incomplete dissocia-
tion of 0.03-0.10 M tetrabutylammonium salts in ace-
tone.

Reaction Products. Acid production, base con-
sumption, and halide ion production indicated the
extent of substitution and elimination. Bromometric
analysis established the extent of elimination in reactions
of sodium ethoxide. These were the only forms of
analysis for the products of many of the reactions
recorded in Table I in which only one olefin was
expected. However, when isomeric olefins were ex-
pected, more detailed analyses were usually carried
out. Results are in Table 1L

ks
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The substrates for data in Table I1 were analytically
pure by nmr and elemental analysis, except for 1-phenyl-
2-bromopropane, which contained up to 109 trans-1-
phenyl-1-propene. The 1,2-diphenyl-1-bromoethane
contained <0.01 %] cis- or trans-stilbene.

The olefinic products were identified and estimated
by vpc comparison with authentic samples of actual
products and likely products, or by preparative vpc
of reaction mixtures, which were than analyzed by
nmr. Measurements were recorded at 10 and 20 half-
lives, i.e., at completion of reaction. Products did
not change, except as noted in Table II. At earlier
stages of reaction, decomposition of substrates on the
vpc columns was often a serious complication. In a
few cases substitution products also decomposed and
so were separated before analysis. Mass spectral analy-
sis of a vpc fraction from the reaction of 1-phenyl-1-
bromopropane with potassium terz-butoxide showed a
molecular ion of C;3H»0O, which identified it as a
substitution product.

Control experiments established that the olefins did
not isomerize under the reaction conditions, or during
analysis, except for the slow isomerization of 3,3-di-
methyl-1-butene and methyl 2-bromo-cis-but-2-enoate.
Analysis by vpc confirmed the Fy values as calculated
from titration, for the reactions recorded in Table II.
The reactions of NBu,Cl and NBu,OAc with erythro-
methyl 2,3-dibromobutanoatein acetone were monitored
at all stages by vpc. The proportion of methyl 2-
bromo-trans-crotonate increased with time, due to con-
secutive isomerization of the cis isomer. This was es-
pecially noticeable with NBu,Cl as base, because of
the higher reaction temperature. The proportion of
trans isomer was extrapolated back to zero time to
give the maximum vyield of kinetic product, as recorded
in Table IL

The reaction of racemic 2,3-dibromobutane with
NBu,OAc in acetone gave 1009 2-bromo-trans-2-bu-
tene by vpe, but the reaction with NBu,Cl gave only
0.55 mol of 2-bromo-trans-2-butene, 1.45 mol of bro-
mide ion, and 0.65 mol of acid per mole of racemic 2,3-
dibromobutane after 20 half-lives. A 0.08-mol sample
of chloride ion was consumed. The remaining 0.45
mol of organic reaction products probably were racemic
2,3-dichlorobutane and 2-chloro-cis-2-butene.

The reactions of 1-phenyl-2-bromopropane were
carried out on an impure substrate containing 109}
trans-1-phenyl-1-propene, but since this known impurity
was also a reaction product it was allowed for in both
the kinetics and product analysis.

Only one olefin, 3,3-dimethyl-1-butene, is possible
from E2 reactions of 3,3-dimethyl-2-butyl brosylate,
so the other products in Table II must come from a
route other than E2. Isomerization of 3,3-dimethyl-1-
butene could only account for 2 % rearranged products,
because after 86 hr at 75° (60 half-lives for the slower
elimination) a mixture of 0.0076 M p-toluenesulfonic
acid, 0.0275 M NBu,Br, 0.0300 M 2,6-lutidine, and
0.0228 M olefins had changed from 42.6% to 35.6%
3,3-dimethyl-1-butene, from 10.29% to 15.6% 2,3-di-
methyl-1-butene, and from 47.29% to 48.897 2,3-di-
methyl-2-butene. The rearranged olefins, in the re-
actions of 3,3-dimethyl-2-butyl brosylate with halide
ions in acetone, probably arise from unimolecular
ionization, with methyl participation. This competing
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Table II. Olefinic Products of Eliminations

Substrate? % olefinse—m—————
R in RX Xb Salt T, °C 2-Me-2-butene  2-Me-1-butene 3-Me-1-butene
3-Me-2-butyl OTs NBu,Cl 50.0 99.1 0.1 0.8
3-Me-2-butyl OTs NBu,Cl 75.0 98.6 1.4
3-Me-2-butyl OTs NBu,Br 75.0 99.3 0.4 0.3
3-Me-2-butyl OTs NaOEt¢ 50.0 81.3 0.7 18.0
3-Me-2-butyl OTs NaSPh¢ 50.0 95.5 0.7 3.8
3-Me-2-butyl Br e 50.0 97.8 2.2
3-Me-2-butyl Br NBu,Cl 50.0 99.9 0.1
2-Me-2-butyl Br e 50.0 50.0 50.0
2-Me-2-butyl Br NBu,Cl 50.0 91.0 9.0
2-Me-2-butyl Ci NaSPhd./ 50.0 70.5 29.5
1-Butene cis-2-Butene  trans-2-Butene
KO-tert-Bus 55.0 9 27 64
2-Butyl* Br NBu:Br 75.0 4 14 82
3,3-Me2- 2,3-Me,- 2,3-Mez-
1-butene 2-butene 1-butene
3,3-Me,-2-Bu OBs 75.0 11.7 45.9 42.3
3,3-Me;-2-Bu OBs NBu,Cl 75.0 93.3 3.5 3.2
3,3-Me-2-Bu OBs NBu,Br 75.0 68.0 14.0 18.0
2-Br-cis- 2-Br-trans-
2-butene 2-butene
rac-2-Br-3-Bu Br NBu,OAc 25.0 100
rac-2-Br-3-Bu Br NBu,Cl 75.0 100
Me-2-Br-cis- Me-2-Br-trans-
butenoate butenoate
erythro-Me-2-Br- Br NBu,OAc -70 99.0 1.0
3-butanoate Br NBu,Cl 50 98.0¢ 2.0bm
cis-Stilbene  trans-Stilbene
n,h 37 0.05 99.95
1,2-Ph,-ethyl Br NBu,Br 75 2 98
1,2-Ph;-ethyl Br NBu,OAc 25 0.4 99.6
1,2-Ph;-ethyl Br NaOMes 25 0.6 99.4
1,2-Ph,-ethyl Br KO-tert-Bu? 25 0.7 99.3
trans-1-Aryl- cis-1-Aryl- 3-Aryl-1-
1-propene? 1-propene? 1-propene?
1-Ar-1-propyl Br NBu,Br 75 98.8 1.2
1-Ph-1-propyl Br NBu.Br 75 99 1.0
1-Ph-1-propyl Br KO-tert-Buhr 75 98.5 1.5
1-Ph-2-propyl Br NBu,Br 75 92.7 6.8 0.5
1-Ph-2-propyl Br KO-tert-Bui 75 98.1 1.9 0.05
1-Ph-2-propyl KO-tert-Busst 55 98.4 1.6 0.03

e The reaction mixtures were in acetone containing 0.04-0.08 M 2,6-lutidine, with substrates at 0.03-0.06 M and base at 0.04-0.12 M, unless
stated otherwise. ® OTs is p-toluenesulfonate, Ar is 4-nitrophenyl, aryl is 4-nitrophenyl or phenyl, OBs is 4-bromobenzenesulfonate. ¢ Per-
centage of the total olefins, A dash indicates that this olefin could not be detected; the detection limit is 0.1%;. 2 Solvent is ethanol. ¢ This
is an E1 reaction in acetone containing 2,6-lutidine, accompanied by a bromide ion induced E2C-reaction, because Br~ is the leaving group.

S 3-Methyl 2-butylphenyl sulfide, bp 91°, was obtained in 55% yield.

¢ Solvent is dimethyl sulfoxide. * For equilibration of the olefins see

text. ¢ T.J. Wallace, J. E. Hofmann, and A. Schriesheim [/. Amer. Chem. Soc., 85, 2739 (1963)] also report these proportions in DMSO at
55°, 7 Solvent is rert-butyl alcohol. * Products from E2 reactions with other bases are given in ref 11 and R. A. Bartsch, Tetrahedron Lett.,
297 (1970). ! The cis isomer was 259 isomerized to trans isomer after 48 hr at room temperature. ™ The trans isomer is very much more
stable and the trans/cis ratio increases with time; this value was estimated by extrapolation to zero reaction time. » Solvent is dimethyl-
formamide. ¢ Solvent is 809 v/v DMSO-MeOH. » We detected 897 substitution product by vpc and this was identified as Ci3Hz0O by

mass spectral analysis.

ionization is significant with bromide ion as base, but
with the more reactive chloride ion, it is minor.
Equilibration of Olefins. Results are in Table II.
Neat methyl 2-bromo-cis-but-2-enoate isomerized to
>99.997 trans isomer, by nmr and vpc, on standing in
sunlight for 3 days. cis- and frans-stilbene were equil-
ibrated in DMF with irradiated iodine as catalyst.??
The equilibrium ratio of [trans-stilbene]/[cis-stilbene]
was 2200 in DMF at 37° by vpc analysis, no matter
whether equilibrium was approached from cis- or
from frans-stilbene, both of which were >99.9% pure
by vpe. trans-1-Phenyl-1-propene and 3-phenyl-1-pro-

(22) G. Fischer, K. A, Musykat, and E. Fischer, J. Chem. Soc. B,
1156 (1968).

pene were separately equilibrated to the same propor-
tions of phenylpropenes with potassium rers-butoxide
in dimethyl sulfoxide at 55°.23

Experimental Section

Titration Procedures. These were as described in part L!
Sodium thiophenoxide and sodium ethoxide were titrated as
bases in dry ethanol with p-toluenesulfonic acid in methanol to the
bromophenol blue end point. The concentration of thiophenol in
a duplicate sample was determined by addition of 1 ml of water and
titration with sodium methoxide to the phenolphthalein end point.
Olefins from reactions of sodium ethoxide were determined bromo-
metrically.

(23) A. Schriesheim and C. A, Rowe, J. A4mer. Chem. Soc., 84, 3160
(1962).
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With azide or acetate as base, the sample was titrated with
sodium methoxide to the thymol blue end point, under nitrogen.
This gave the concentration of acid produced by elimination.!
The sample was then titrated with hydrochloric acid in 90%
acetone-water to the bromophenol blue end point. This gave
the fraction of substitution. Control experiments established the
validity of these procedures,!

Reactants. Tetra-N-butylammonium salts were prepared by
standard procedures.! Sodium thiophenoxide in ethanol was
prepared by addition of sodium ethoxide to an excess of freshly
distilled thiophenol in ethanol under nitrogen. Solutions were
used without delay. Potassium fert-butoxide was prepared by
dissolving potassium in tert-butyl alcohol under nitrogen. 2-Bro-
mobutane was a redistilled commercial sample, giving one peak by
vpc.

The following substrates were prepared by methods described in
the literature: 1-phenyl-1-bromopropane, bp 92-94° (3 mm) (lit.24
94-95° (5 mm), pure by nmr; 1,2-diphenyl-1-bromoethane,!s
pure by nmr, uv and bromide analysis, after charcoal filtration;
1,1-diphenyl-2-propyl p-bromobenzenesulfonate, mp 94-95° (lit.28
94-95°); 2-phenylethyl p-toluenesulfonate, mp 38.0-39.2° (lit.2¢
35.5-36.6°); 1-phenyl-2-propyl p-toluenesulfonate, mp 90.8-91.6°
(lit.?” 93.7-94.0°);  1-(4-methoxyphenyl)-2-propyl p-toluenesul-
fonate, mp 79.0-80.1° (lit.?” 80.0°); 3,3-dimethyl-2-butyl p-bromo-
benzenesulfonate, mp 52.5-53.2° (lit.2® mp 53.2-53.5°); 2-methyl-
2-chlorobutane, bp 84°, »?p 1.4030 (lit.2* bp 56.4° (300 mm),
n%p 1.4023); 2-methyl-2-bromobutane, bp 104-106°, n2p 1.4400
(1it.® bp 49.8° (100 mm, n*¥p 1,4392); 2-bromopropane, bp 57-58°,
n¥p 14223 (lit.*! n?p 1.4228); 3,3-dimethyl-2-butyl p-toluene-
sulfonate,® solvolysis 96%,; 2-phenyl-1-propyl p-toluenesulfonate,
mp 50.6-51.4°; 2-propyl p-toluenesulfonate, 2-methyl-1-propyl p-
toluenesulfonate, and 2-butyl p-toluenesulfonate were prepared
from the purified alcohols using the procedure described below
for tosylation of 3-methyl-2-butanol. Infinity samples from re-
action with excess base established that these substrates were be-
tween 96 and 1007 of the expected molecular weight.

erythro-Methyl 2,3-dibromobutanoate was prepared by con-
verting crotonic acid to the methyl ester, bp 119.0-119.5° (lit.32
121°), which was pure by vpc and nmr analysis, with methanol
and sulfuric acid. The ester was brominated in carbon tetrachlo-
ride at 0° over a period of 6 hr. The product was twice distilled;
the fraction with bp 83.0° (10 mm) was collected and used without
delay. The elemental analysis was for Cs;HgQO.Br, and the nmr
was as expected. Analysis by vpc on a UCON column at 120°
established that it was a single isomer. Anti debromination by
p-nitrothiophenoxide in acetone gave 1009 methyl crotonate,
which confirmed that it was the erythro isomer. The compound
slowly isomerized to 5% threo isomer over 6 weeks at 0°.

d,- and meso-2.3-dibromobutane were prepared by brominating
cis-2-butene and trans-2-butene, respectively (>999 pure by vpc),
at —15°23% The dibromides were fractionated twice. The ele-
mental analysis was for C,H;Br; and the difference in nmr chemical
shift of the methyl and methine multiplets identified the two iso-
mers, 54

3-Methyl-2-butanol was prepared in two ways, first from isopropyl
bromide and acetaldehyde.?®* Acetaldehyde was added to the
Grignard at —10° which is a revision of the literature method. In
the second method it was prepared from 3-methyl-2-butanone by
reduction with lithium aluminum hydride.?®¢ Nmr analysis con-

(24) A. Geiil, A. Maccioni, M. Secci, and V. Solinas, Ann. Chim.
(Rome), 54, 1143 (1964).

(25) S. Winstein, B. R. Morse, E. Grunwald, K. C. Schreiber, and J.
Corse, J. Amer. Chem. Soc., 74, 1113 (1952).

(26) S. Winstein, C. R, Lindgren, H. Marshall, and L. L. Ingraham,
ibid., 75, 147 (1953).

(27) S. Winstein, M. Brown, K. C, Schreiber, and A, H. Schlesinger,
ibid., 74, 1140 (1952).

(28) E. Grunwald and S. Winstein, ibid., 70, 846 (1948).

(29) H. C. Brown and R. S. Fletcher, ibid., 71, 1845 (1949).

(30) G. D. Harden, J. Chem. Soc., 5024 (1957).

(31) C. R. Moller and R. Dinsmore, *‘Organic Syntheses,” Collect.
Vol. II, Wiley, New York, N. Y., 1943, p 358.

(32) 1. Heilbron, “Dictionary of Organic Compounds,” Eyre and
Spottiswoode, London, 1965.

(33) W. G. Young, R. T. Dillon, and H. J. Lucas, J. 4mer. Chem.
Soc., 51, 2528 (1929).

(34) F. A. L. Anet, Proc. Chem. Soc., 327 (1959).

(35) N. L. Drake and G. B. Cooke, “Organic Syntheses,” Collect.
Vol. II, Wiley, New York, N. Y., 1943, p 406.

(36) W. G. Brown, Org. React., 6, 469 (1951).
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firmed the purity and identity of the alcohol. The alcohol was
converted to the tosylate using a 109 mole excess of p-toluene-
sulfonyl chloride in pyridine.?” The mixture was left overnight
at 0°, It was poured onto ice and stirred until it crystallized. If
crystals did not form the oil was dissolved in ether; the ether extract
was washed with ice cold 6% hydrochloric acid, then with cold
water, sodium bicarbonate, and more water., The ether was dried
and removed at <25° on a rotary evaporator. In both cases,
the impure tosylate was recrystallized from pentane at —20°, It
was stored under pentane at —15° until required. The melting
point was variable, 11-22°,3 but elemental and nmr analysis
were satisfactory.,

3-Methyl-2-bromobutane was prepared from the tosylate. The
3-methyl-2-butyl tosylate was heated with excess NBu,Br in acetone,
containing an equimolar proportion of 2,6-lutidine, for 2 hr at
75° in a sealed tube. The reaction gives ca. 60% substitution and
40% elimination, but is superior to other procedures involving
conversion of the alcohol to the bromide. The reaction mixture
was poured into cold water, extracted with pentane, washed with
dilute HCI, then water, and dried, and the pentane removed at <20°,
The product (bp 114-115°) was isolated by preparative vpc on a
12 ft, 159 UCON column at 30°, The nmr spectrum was con-
sistent with the structure of 3-methyl-2-bromobutane and the prod-
uct was pure by vpc. The elemental analysis was satisfactory.

1-Phenyl-2-bromopropane was prepared as described in the
literature.?® The compound could not be distilled without de-
composition, so it was filtered through activated charcoal. Bro-
mide analysis, nmr, and vpc confirmed that 90%; 1-phenyl-2-bromo-
propane, contaminated with 109, trans-1-phenyl-1-propene, was
present. Since the impurity is a reaction product, the sample
was used as such, with due allowance for the rrans-1-phenyl-1-
propene,

1-(4-Nitrophenyl)-1-bromopropane was prepared from 1 g of
1-(4-nitrophenyl)-1-propanol* by refluxing with aqueous hydrogen
bromide (6 g, d 1.49) for 10 min. Ether was added and the extract
was washed with sodium bicarbonate and water. The ether was
dried over magnesium sulfate and removed. The oil was dissolved
in hexane, filtered through activated charcoal, and cooled to —70°.
The resulting crystals had mp 60-61° and the expected nmr spec-
trum. Anal. Caled for CyH;(BrNQ,: C, 44.28; H, 41.3; N,
5.74. Found: C,44.03; H,3.96; N, 5.74.

Reaction Products. Isomeric Butenes. The cis- and trans-2-
butenes were available commercially and were used as vpc stan-
dards. The isomeric butenes were not completely resolved on our
20 ft 5% squalane on Chromosorb W column at 25°, but separation
was adequate for our purposes.

Isomeric Pentenes. 2-Methyl-2-butene was obtained from the
National Bureau of Standards and was used to establish vpc re-
tention times. Dehydration of rerr-amyl alcohol with hot 1:2
aqueous sulfuric acid gave*! a 9: 1 mixture of 2-methyl-2-butene and
2-methyl-1-butene by vpc. Dehydroiodination of 1-iodo-3-
methylbutane with hot ethanolic KOH gave a mixture of olefins, bp
23-38°, containing*? 3-methyl-1-butene and 2-methyl-1-butene in a
ratio of 2:1 by vpc. A 2-m, 25% dodecyl phthalate on 40-60
mesh firebrick column at 50° was used for analysis.

Isomeric Hexenes. 3,3-Dimethyl-1-butene, bp 41.0 (756 mm)
(1it.48 41,0 (760 mm), and a mixture of 2,3-dimethyl-1- and -2-butenes,
bp 55-65° (lit.4* 55-65°), were prepared by methods described
in the literature. Vpc analysis was on a 1-m 30% 3-methyl-3-
nitropimelonitrile on 40-60 mesh firebrick column at 50°.

The following products had their structures confirmed by nmr
and their purity was checked by a single peak on vpc analysis. The
methyl 2-bromo-cis- and trans-crotonates were separated by pre-
parative vpc on a 159 HYPROSE column at 80° from the products
of reaction of NBusOAc with erythro-methyl 2,3-dibromobutanoate
in acetone at 25°. The major olefin was assigned the cis configura-
tion on the basis of expected anti elimination and its nmr spec-

(37) R. S. Tipson, J. Org. Chem., 9, 235 (1944).

(38) S. Winstein and H. Marshall, J. Amer. Chem. Soc., 74, 1120
(1952).

(39) H. Pines and F. Schappell, J. Org. Chem., 29, 1503 (1964).

(40) A. R. Chaudhuri and T. N. Gosh, J. Indian Chem. Soc., 28,
563 (1951).

(41) J. F. Norris and J. M. Joubert, J, Amer. Chem. Soc., 49, 885
(1927).

(42) E. D. Hughes, C. K. Ingold, and M. M. Mandour, J. Chem. Soc.,
2090 (1948).

(43) 1. Schurman and C. E. Boord, J. Amer. Chem. Soc., 55, 4930
(1933).

(44) See Table I, footnote /I
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trum.4-4 The vinylic proton in the trans-olefin (r 2.74, quartet,
J = 6.8 cps) is cis to the carbonyl group and is deshielded 0.61 ppm
relative to the corresponding absorption (r 3.35, quartet, / = 6.8
cps) in methyl 2-bromo-cis-crotonate. Similar deshielding (0.63
ppm) was observed in rrans-crotonic acid, relative to cis-crotonic
acid.#” Methyl 2-bromo-cis-crotonate isomerized to 1007 trans
isomer on standing in the pure state at room temperature for 3
days. It is more stable in acetone solution. The analytical vpc
was on a 10-ft 5% UCON Polar on 50 HB 2000 N.A.W. Chro-
mosorb W at 100°, or on a 3-ft PORAPAK Q column at 100°.

2-Bromo-trans-2-butene was isolated from a large scale reaction
of d/-2,3-dibromobutane with NBu,OAc in acetone by pouring
into water and extracting with pentane, The colorless liquid
was fractionated, bp 86.0-86.5°, n2p 1.4572 (lit.48 bp 85.5°, n®D
1.4579). The cis isomer has bp 93-94°, n®p 1,4620,4% The nmr
spectrum does not distinguish between the isomers, the vinylic
proton absorbs at 7 4.36, and calculations by the method of Simon 4
give chemical shifts close to this value for both isomers. An anti
elimination is expected!!s and the physical constants confirm the
trans isomer.  Analytical vpc was at 35° on the 5% UCON column
described above.

The commercial trans-stilbene was purified, mp 124°, by pre-
parative vpc on a SE30 column at 210°. ¢is-Stilbene in hexane was
purified by chromatography on basic alumina. Both isomers
contained <0.027; of the other by analytical vpc on a 109 Apiezon
L on Chrom W column at 180°. The pure samples were stored
in the dark at 0° and used without delay.

3-Phenyl-1-propene, bp 156° (lit.** bp 156°), and frans-1-phenyl-
1-propene, bp 175-177° (1it.® bp 176-177°), were prepared as de-
scribed in the literature, They were analyzed by vpc on the Apie-
zon L column at 100-110°. A third peak with a retention time
slightly less than the trans isomer appeared in reaction products
and in isomerization of either of these olefins, It was assumed
to be cis-1-phenyl-1-propene.

trans-1-(4-Nitrophenyl)-1-propene, mp 92-93 (lit.51 93-94°), was a
reaction product from dehydrobromination of 1-(4-nitrophenyl)-1-
bromopropane with NBu,Br in acetone. It was identified by nmr
and its purity confirmed by a single peak upon vpc analysis on
the Apiezon L column at 180°,

Equilibration. Pure cis-stilbene and rrans-stilbene were each
equilibrated over 3 days in the presence of iodine in dimethyl-
formamide at 37° by irradiation with a Hanovia uv lamp using a
cupric chloride-calcium chloride solution as filter.2? The mixture
was analyzed by vpc until a constant proportion was reached. Pure
trans-1-phenyl-1-propene and 3-phenyl-1-propene were each
equilibrated with KO-ters-Bu in dimethyl sulfoxide under nitrogen
at 55° for 2 hr.?* The mixture was analyzed by vpc until a con-
stant proportion was reached, rrans-2-Butene and cis-2-butene
were each equilibrated with KO-fers-Bu in dimethyl sulfoxide232
under nitrogen at 55° for 2 days. The mixture was monitored
by vpc during this period. There was some loss of olefin during
and after equilibration but equilibrium proportions remained
constant once equilibrium was reached.

Product Analyses. Olefins were identified by vpc analysis on the
columns and at the temperatures noted above, Most of the mea-
surements were made on Perkin-Elmer 800 or Perkin-Elmer 900
gas chromatographs, equipped with flame ionization detectors.
Techniques varied during the 14 years covered by this work, but
random checks, using procedures current in 1969, agreed with the
earlier analyses.

The most common and current procedure was to recover olefins
from reaction mixtures plus an internal standard (e.g., cyclohexane)
by thorough extraction (five times) with pentane. The pentane
extract was washed with water, dilute acid, and sodium bicarbonate
and dried over potassium carbonate Occasionally reactants and
substitution products decomposed to olefins during analysis. If

(45) L. Jackmann, “Applications of NMR Spectroscopy in Organic
Chemistry,” Pergamon Press, London, 1959, p 122,

(46) C. Pascual, J. Meier, and W. Simon, Helv. Chim. Acta, 49, 164
(1966).

(47) D. Cook and A, J. Parker, unpublished work.

(48) M. Lepingle, Bull. Soc. Chim. Fr., 39, 741 (1926).

(49) J. M. Gamboa, R. P. Ossorio, and R. Rapun, An. Quim, 57B,
607 (1961); Chem. Abstr., 57, 700 (1962).

(50) R. Y. Mixer, R, F. Heck, S. Winstein, and W. A. Young, J.
Amer. Chem. Soc., 75, 4094 (1953).

(51) O. Achmatowicz and J. Szychowski, Rocz. Chem., 37, 963
(1963).

(52) T. J. Wallace, J. E. Hofmann, and A. Schriesheim, J. Amer.
Chem. Soc., 85, 2739 (1963).

the volatility was sufficiently different, as it is with tosylates and
brosylates, the pentane extract was flash distilled at 1 mm into a
cold trap. In early work with ethanol as solvent, volatile olefins
were separated by bubbling nitrogen through reaction mixtures,
through a sintered disk, a 1-ft Vigreux column, a sodium hydroxide
solution, over solid potassium carbonate, and finally trapping
inacold trap. The trapped olefins were then dissolved in pentane.

Extraction “blanks” showed a loss of from 5 to 10 olefins
with the current procedure. Olefins did not isomerize under
the analysis conditions, and, except where noted, did not change
between 10 and 20 half-lives of the reaction.

Discussion

The kinetic data of Table I are grouped in a way
appropriate to this discussion in Tables III-I1X. We

Table ITI. Effect of 8-Substituents on Rates of SN2 (Log &®) and
E2 (Log kE) Reactions at Primary Carbon¢

H
R"\([: C/H
R~ | H
Br
NBu,Cl, KO-tert-Bu- NaOEt, EtOH,
Me,CO  tert-BuOH, 40° 30°

log ks? Log Log Log Log
No. R R 25° ke koE / ks koES
1 H H —-1.93 -4.14 —-5.57 —-4.0 —6.3
19 Me H —2.1¢ —4.80 —-5.12 —-4.4 -6.2
11 Ph H —3.0¢ ¢ -2.03 —4.6 —3.68
28 Arr H e +0.9¢ ¢ —0.43
27 An? H e —2.64 -4.09
18 Me Me —3.5¢ —-6.0 —4.9¢4 -—-53¢ —514

= Data from Table I. ® These reactions were >99 % SN2, so that
log kE is at least two units more negative than log k=, ¢ This value
for acetone as solvent was estimated from rate in dimethylform-
amide. 9 Extrapolated from rates measured at a temperature
within 25° of this by assuming an activation energy of 16-19 kcal
mol~!, ¢ These reactions were >99 % E2 so that log &® is at least
two units more negative than log kE. / Values are corrected for
the number of hydrogens available for this dehydrobromination,
i.e., log kF(obsd) — log n where nis 1, 2, or 3. ¢ Ar is 4-nitro-
phenyl, An is 4-methoxyphenyl, numbers refer to compounds as in
footnote b to Table I,

note that many E2 reactions of NBu,Cl and NBu,OAc
in acetone are faster than E2 reactions of ‘‘classical”
bases, e.g., KO-fert-Bu in alcohols. Due allowance has
been made in Tables II-IX for statistical factors,
such as the number of equivalent hydrogens or num-
ber of equivalent branches available for elimination.’
Some of the rate constants have been extrapolated,
from rate constants as recorded in Table I for other
temperatures, by assuming the same activation energies
as for related reactions. There are uncertainties intro-
duced by this procedure, but they are not of a magnitude
which would influence our discussion. Values extrap-
olated in this way are marked in Tables I1I-IX. We
also record maximum values for rate constants in situa-
tions where none of a competing reaction is observed,
by setting a detection limit of 1 .

The following principles for the E2C-E2H-like spec-
trum?b245%54 are assumed throughout this discussion.
(a) Other things being equal, eliminations from any
one substrate will proceed through a more E2C-like
transition state in the order of bases, NBu.Br > NBu,-

(53) D. Cook, A. J. Parker and M. Ruane, Tetrahedron Lett., 5715
(1968).
(54) See Table VII, footnote g.
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Table IV. Effects of 3-Substituents on Rates of SN2 (Log 4*®) and E2 (Log £E) Reactions at Secondary Carbon?

H
RE | _Me
C—C\
- |TH
X
Me,CO, Bre Br,c 50.0°
NBu,Br, OTs«4 NBu.Cl, OTs%4 NBu.Cl, Bre¢ Log k.E* Log knE¢ Log Logk,Ee
Me,CO, 75.0° Me,CO, 50.0° Me,CO, 50.0° NBusOAc NBuBr k.E¢ KO-tert-
Nob2 R R? Logk* Logk.E¢ Logk® Logk.Te Log ks Log knEe 25° 75°  NaOEt*  Bu*

2 H H -1.71 Ca. -6 -2.199 <-6.0¢ —2.44 ~7i <=7 -7.1 —497 —4.¢
23 Me H ~-1.63 -3.7 -51 -—-4.8 =52
12 Ph H —-3.60 —2.6/ -39/ —-4.7 -2.7
24 An¢ H —-2.18 -3.81

3 Me Me* —2.35 —-2.51 -2.98 -3.00 -3.19 -3.19 -3.12 —4, 3k
14 Br Me* —4.95i —4.9/ —1.85¢
31 Br Me* —4.50% —4. 7%

20 An¢ Me —2.96 —-2.71 -3.6v —-3.0¢

21  An¢ Me* —3.60 —2.8

13 Br CO,Me* <-—4.6 —2.60 +3.04
26 Ph Ph* —3.70 —2.7¢

a Data from Table I; compounds marked with an asterisk have a nonbonding interaction between cis-destined groups in the E2 transition

state. ® Numbers refer to compounds in footnote b to Table I.

¢ This is the X group.

4 OTs is p-toluenesulfonate, An is 4-methoxyphenyl.

¢ The observed value of log k¥ in Table | has been adjusted to allow for the number of hydrogens (n) available for elimination, i.e., value

recorded here is log kn.¥ = log k¥ (Table I) — log .
by assuming an activation energy of 16-19 kcal mol-!.

is in its conjugate acid as solvent.

Table V. Effect of 8-Substituents on Rates of E2
Dehydrohalogenations at a Tertiary Carbone

s H
R\é C/Me
R"/ I\Me
Hal
— lLog kP b —
KO-tert-
NBu:Br, NBu;Cl, NaSPh, NaOEt, Bu, Br¢
Br¢ Bré Clé Br¢ tert-
Me:CO, Me,CO, EtOH, EtOH, BuOH,
No. R RP 750° 500° 50.0° 25° 25°
5 H H -39 —400 -503 -54 —6.2
6 Me H* —2.33 —398 —468 —6.3
9 Ph H* —2.8 -—26¢
30 Me Me* —3.26

e Data from Table 1; all but compound 5 have nonbonding inter-
actions between cis-destined groups in the E2 transition state and
are marked with an asterisk. ? The observed log k¥ in Table I has
been adjusted to allow for the number, 1, of hydrogens available
for elimination, i.e., log kxF = log k¥ (Table I) — log n. < Ex-
trapolated from measurement at 59.5°. < This is the halogen leav-

/ The rate was extrapolated from an observed rate at a temperature within 25° of this

¢ Extrapolated from data for X = p-bromobenzenesulfonate; c¢f. other data in Table
1. * Extrapolated from data for X = p-toluenesulfonate; ¢f. other data in Table I.
i Estimated from the usual difference of ca. 10 in reactivity between NBu,Cl and NBu,Br in E2C-like reactions; cf. data in Table 1.
' Estimated from leaving group tendencies of tosylate ¢s. bromide in E2C-like reactions.

‘ The two equivalent bromines have been allowed for.
* Base

has a strong tendency to utilize E2H-like transition
states with most substrates. (c) Acidifying, e.g., elec-
tron withdrawing, substituents at C; increase the ten-
dency of any moderately basic anion (e.g., acetate)
to utilize more E2H-like transition states.®® (d) Alkyl
bromides eliminate through more E2H-like transition
states than do the corresponding alkyl tosylates, under
the same conditions.’* (e) There is a strict stereo-
chemical requirement that hydrogen and leaving group
be anti in the E2C-like transition state.! Syn elimina-
tions are sometimes observed in E2H-like reactions,
e.g., in reactions induced by potassium fert-butoxide
in ftert-butyl alcohol,'* !¢ indicating relaxation of the
anti requirement for E2H-like reactions.

SN2 Reactions. Bimolecular nucleophilic substitu-
tion reactions are retarded by bulky alkyl groups at
C, or Cg%%® the ‘“‘neopentyl effect” being an out-
standing example.® Additional examples are in Tables
I, III, IV, VII-IX. The retardation is moderate for
B-substituents, even for very bulky alkyl or aryl groups,
Rf in I, but as shown, particularly in Table VII, there is

ing group.
Table VI. Effect of 8-Substituents on SN2 and E2 Rates® in Benzylic Systemsa®
8 H P
R\(]3—C P h
R~ H
Br
NBU4Br,
Me;CO, 75° NBu.Cl, DMF, 25° NBu.,OAc, DMF, 25° KO-tert-Bu, tert-BuOH, 75°
No. R? R? Log kE Log k® Log kE Log k® Log kE Log k® Log kE
16 Me H —3.38 —2.18 —4.2 —0.94 -2.0 -39 —2.89
15 Ph H -3.16 -2.9 -3.7¢ —1.8¢ —1.2¢ < -2 Ca. 0¢

@ From Table I, numbers refer to footnote b, Table I.

trans-olefin,

Cl > NBu:N; > NBu;OAc in acetone, > NaOEt >
KO-tert-Bu in alcohols.?! (b) Potassium zerz-butoxide

b No statistical correction has been made for available hydrogens.
extrapolated from an observed rate at a temperature within 25° of this.

¢ The rate was

4 Extrapolated from 25°, approximate value. ¢ For formation of

a very substantial retardation of SN2 rates (10° in k)
(55) See Tablel, footnote A,

Biale, et al. | E2C Mechanism



4744

g S ESEE Table VIII. Effect of a-Substituents on Rates of E2 and
55 a o . . E md ;‘ SN2 Reactionse
eri|8&« &% &1..8°Q0
> o -11] A . G N — U H
§=3 NN o < 206_’-&5 ph\l R®
&= T Ll REEEN "
* .38 8 - ~
¥ § =so3 H | >R®
» E2£8 Br
[l . SR8ES
o,n 21,8 oo E 2‘5‘& o NBu,Br, KO-tert-
SER|IIT S5 % o 25 Me,CO NBuCl, Bu, rert-
Q2= 177 9 2ceg 75¢, Me,CO, 50° BuOH
ZH E > o No. R* R® log kF Logk* Logk® 30° log k&
285
g ® & 11 H H <-5 -2.0 <-4 —2.04
S s
3 o =8 .2 12 Me H —4.400 — 3.7
=2 o O ~ (=1 o” g
=183 &< =l lens 9 Me Me* -2.5 <-4 -2.2
glew o |28Rg 15 Ph H -3.16  -2.24 —2.9h¢  —1.9
& in = 2o -
JESD v ) g %D% e Data from Table 1; compound marked with an asterisk has non-
Hx E38e bonding interactions between cis-destined groups in the E2 transi-
O — o0 .
32 2 E g;; tion state. ®Product is rrans-olefin. © Extrapolated from rate
2 L |oy®n WO S, measured at 75° assuming an activation energy of 18-20 k;al
w0 | ::' : - “_; §_ 3 mol~!, Very approximate. ¢ Estimated from value for chlqude
3 T | > 8 E ': ion as base; E2C-like reactions of bromide ion are ca. ten times
52838 slower; cf. other data in Table I.
5503
o Q 5 S
A A s E B = g
g8 . N 35 gH f; 2 Table IX. Effect of a-Substituents on Rates of E2
88 w| " © 4 g~ 3 - and SN2 Reactionse
253 \l/ 9 M 2428 H
8= 0 5 5 a
Z =) uob Sa Me\ I /R
Pl C—C
S8T ¢ B  |DRe
o ¢ o5 <
% a2 8 2 S o Br
&0 Y o =]
& 3 o £258 NBu,Br, NBuCl,  KO-er-Bu,
3 Tos3 Me,CO DMF, 25° tert-BuOH
sy, % ZQ g5285 No. R* R* 75°%log k% Logk® Logk™ 40°, log kt
amr: g8
\ g2, £ S8%- 19 H H -5.94 —2.03 —4.82
Oo—x [ Z2 % |3 - ¥ g% . . ,
- : ) 23 Me H —4.80° —5.6%4
] =3
—clg 312° T SEVS 16 Ph H —3.38 —2.18 —4.2 —4.564
:/ \: - 17 A H —3.59c  —1.75
2% § 6 Me Me* —2.0/ — Sdhe —3.0d.e —5.44
TS = .g
[ 4 S &y ; § 9-;, § s See footnote a, Table VIII. ? Ar is 4-nitrophenyl. < For
= N NN e 2T E g formation of trans-olefin. ¢ Extrapolated from d.ata. measured
pl @ \T \T e e ‘"l“ T ‘T s o §_.¢_¢ within 25° of this temperature by assuming an activation energy
w o = : i 3% B0 of 16-19 kcal mol~!. ¢ Rate constant estimated for DMF from
\Y% T &}
m. . o 8 a data measured in acetone as solvent. / Estimated from rate of
Qe 58S reaction with NBu,Cl as base; cf. data in Table I.
3Q, S==s
& )
/M v s 35
< Z2. 23 g S cw®
% ZTL|ET = mo £= Eg :
2 IO AR S A ©*8Eyg by bulky alkyl groups, R® in 1. The substituent effect
P Q (. | s . O ’ . .
8 = ! . \l/ g'§ = 'g, of R* as phenyl on the rate of SN2 reactions is small.
& R One possibility is that the steric effect opposes the
o I~ . .
z 2S5 E electronic effect of a phenyl substituent. The SN2
m Q‘ o o = o, . . .
9 o " -2 3 g g § ; transition state is much looser when R* is phenyl
N SN - | SedE rather than hydrogen® The concept of tight and loose
o 8 S oSS S E 2 transition states? explains why SN2 reactions of sub-
3 ) 48 g% stituted benzyl halides are rather insensitive to the
g |2 5524 hange in R" from 4.methoxyphenyl, through phenyl
8 A change in R* from 4-methoxyphenyl, through pheny
5 NG SESe . ! ; 4
# f«;&s 2R A« _°_°§§ 2 to 4-nitrophenyl, despite the very different electronic
5 g g ST 9T £ g3 = effect of these substituents. Another example of a
z =% g 3% negligible effect of «-aryl substituents is provided in
3 5 5% é‘gh Table IX by the SN2 reactions of the l-aryl-1-bromo-
2 2L | g8 & gE ropanes.
8 25 g8 o prop .
é ® 2 a 5 s § - g: g%"_‘g Concurrent SN2 and E2 reactions.’7 An advantage
8 TEEETT 2 20 £3» 3w of E2C-like dehydrobrominations by bromide ion in
<2 85 i y 1a )
k) .§ S, S acetone, which we have utilized, is that the SN2 ex-
- - 2 S8} , .
3 gF S§ 7'"':5 S change is of no consequence, unless the multiple
& ® o £rP ooyl a'g ® .. Walden inversions destroy some desirable stereo-
= TS LIRZ=322A § 2-£§ chemical configuration. Thus we have observed the
g 5882% EXClike reaction of bromide ion with isopropyl
2 S|lmaumearanorwag | < ®  bromide, even though the SN2 symmetrical exchange®
5 z S 8% isca. 10*times faster than the elimination.
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The Fg values in Table I reveal that elimination com-
petes effectively with substitution, even in reactions of
primary alkyl halides and tosylates, provided that the
bases are strongly E2H-like, but are poor carbon nu-
cleophiles (e.g., KO-ter-Bu). In contrast, elimination
has not yet been observed in the reactions of strongly
E2C-like bases (e.g., NBu,Br) with primary alkyl halides
or tosylates. Elimination reactions of secondary alkyl
halides or tosylates with E2H-like bases® compete
strongly with substitution (i.e., Fg in Table I is high),
but with E2C-like bases competition with the substitu-
tion reactions is usually negligible. Only if both
groups R? in I are bulky, or if the one group R* is
very bulky, do the E2C-like reactions of secondary
substrates compete with substitution. Dehydro-
halogenation of ferr-alkyl halides,®® rather than sub-
stitution, is the predominant bimolecular reaction with
both E2C-like and E2H-like bases. One of the few
occasions in which substitution is a significant com-
petitor is that in which the base is azide ion,%

The qualitative principle behind these generalizations
as to Fg is that bulky alkyl groups, R® and R®, retard
the rate of the SN2 reaction,® they have a negligible
effect on the E2H-like reaction,® and they accelerate
the E2C-like reaction.

Substituent Effects on E2 Reactions.’? It is im-
portant to note that if an E2 transition state contains
bulky cis-destined substituents, especially if it is an
E2C-like transition state, then a strong steric retarda-
tion may be observed (¢f. Table X). This is super-

Table X. Stereoselectivity in E2 Reactions®

T, [Trans]/
Substrate Base Solvent °C [cis]
PhCH,CHBrPh Pyrole Vape 180 24
Equil4 DMF 37 2200
Equil Toluene 27 500¢
NBu,Br Me,CO 75 49
NBu.OAc DMF 25 220
NaOMe DMSO-MeOH’/ 25 160
KO-tert-Bu tert-BuOH 25 140
CH;CH,CHBrPh Equil¢ DMSO 50 62
Equil Vapor 25 3.7
NBu,Br Me,CO 75 100
KO-tert-Bu tert-BuOH 75 70
PhCH.CHBrCH; Equil¢ DMSO 50 62
NBu,Br Me,CO 75 14
KO-tert-Bu tert-BuOH 75 52
Equil Vapor 25 3.7
CH;CH,CHBrAr* NBu.Br Me.CO 75 80
CH;CH,CHBrCH; NBu.Br Me,CO 75 5.7
KO-tert-Bu tert-BuOH 50 1. 5k
KOEt EtOH 70 3,157
KO-tert-Bu DMSO 55 3.65467
NBu.F DMF 25 3.45/
Equil¢ DMSO 55 2.4
Equil Vapor 25 2.4¢

s Data from Table I. ? Ar is 4-nitrophenyl. ¢ Pyrolysis of 1,2-
diphenyl-1-bromoethane in the injector block of P. E. 900 gas
chromatograph at 180°. ¢ Each isomer was equilibrated by meth-
ods described in the text. ¢ Reference 22. /80% v/v DMSO.
¢ Cf. footnote g, Table X1. * Cf. ref 11. *D. H. Froemsdorf,
M. E. McCain, and W. W. Wikison, J. Amer. Chem. Soc., 87, 3984
(1965). 7 See Table 11, footnote k.

imposed on the usual electronic, hyperconjugative,
conjugative, and R*-R® or R?-R® nonbonding inter-
actions and is peculiar to the cis configuration. We
have tried to avoid situations of this type and to con-
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centrate on trans-destined substituents in our general-
izations. Data for cis-destined substituents are marked
by an asterisk in Tables I11-1X.

B-Methyl Substituents (Tables I, III-VI). E2C-like
reactions are accelerated up to 100 times by a change
of R? from hydrogen to methyl, but rates of E2H-like
reaction are little influenced by this change,

Methyl groups are bulkier than hydrogen, they de-
crease acidity at Cg, and they hyperconjugate with well
developed double bonds. The observation noted
suggests that E2C-like transition states have well-
developed double bonds between C, and Cg, with no
charge at Cg and a poorly developed double bond.

G-Aryl Substituents (Tables I, III-VI). E2H-like
reactions are accelerated by up to one million times by
change of Rf from methyl to an aryl group, but rates
of E2C-like reactions are only very slightly increased
by this change. In E2H-like reactions, there are sub-
stantial differences between the effect of 3-4-nitrophenyl,
phenyl, and 4-methoxyphenyl, but phenyl and 4-meth-
oxyphenyl have the same effect on rates of E2C-like reac-
tions. Despite nonbonding ciseffects, two 8 substituents
R#as Ph, Ph; Me, Me; or Me, anisyl, are more effective
than one, i.e.,, R® as Ph, H; or Me, H which are more
effective than none, ie., Rf as H, H in E2C-like re-
actions. However it makes virtually no difference to
the rate of E2C-like reactions whether the 8 substituents
are methyl, phenyl, p-anisyl, or a combination of these.

Aryl substituents are bulky, they conjugate with
double bonds, provided that they can achieve coplanar-
ity, and they increase acidity at Cs57 Steric effects
and conjugative effects might not change much
through a series of para-substituted aryl groups. The
large para substituent effect noted for E2H-like re-
actions is thus best explained by negative charge at Cg
in the E2H transition state. The small para sub-
stituent effect (H to OMe) noted for E2C-like reactions
indicates no negative charge at C; in the E2C transi-
tion state. The overall enhancement by all aryl groups
relative to hydrogen indicates a well-developed double
bond, i.e., an E2C transition state like products. The
negligible effect of aryl relative to methyl is not con-
sistent with a well-developed double bond in the E2C-
like transition state.>” It may be that S-aryl groups
have not achieved coplanarity in the E2C-like transition
state, but the effect of B-aryl substituents on E2C-like
reactions needs further study. McLennan®® has ob-
served that dehydrochlorination of compounds
(RC:H4);CHCCI; by chloride ion in acetone is acceler-
ated by electron withdrawing para substituents R. Such
compounds are quite acidic and chloride is a poor
leaving group, so that in this case even E2 reactions
of chloride ion have had their transition states moved
toward the E2H side of the spectrum, i.e., they respond
to electron withdrawal at C;. Dipole-dipole inter-
actions between two (-aryl groups at sp® to sp? carbon
may also be important.

B3-Bromine or Carbomethoxy (Table IV). Dehydro-
brominations by acetate ion of the more acidic di-
bromides (numbered 13, 31, and 14 in Table IV),
despite a nonbonding cis effect, are up to one million
times faster than dehydrobromination of the much less
acidic monobromides numbered 2 and 3. This sug-
gests that acetate ion is utilizing an E2 transition state,

(56) D. J. McLennan and R. J. Wong, Tetrahedron Lett., 881 (1970).
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with some negative charge at Cg, in reactions of com-
pounds in which R? are acidifying substituents, such
as Br and CO;Me. This transition state, which re-
sponds so strongly to acidifying substituents, must be
more E2H-like than that utilized by chloride ion in
acetone, because rates of the chloride ion reactions
are much the same, whether R® are Me, Me; or Br,
CO;Me and are slower if R? is Me, Br in either a meso
or d,l isomer, leading to cis- or trans-2-bromobutene,
respectively. The similarity of rates for these meso
and d,l isomers suggests that the cis nonbonding effect
is not large in this case.

Acetate ion is a much stronger hydrogen base than
chloride ion in dipolar aprotic solvents (pKupose ==
12, pKuc1 == 3 in DMF)¥ so it is not surprising that
it should utilize a more E2H-like transition state, given
the opportunity provided by acidifying 8-substituents.

The dehydrobrominations of compounds 2, 3, 13, 14,
and 31 induced by chloride ion are all strongly E2C-
like. The substituent effects suggest that the double
bond is well developed and there is little negative charge
at Ca.  Thus there is the usual substantial rate increase
when RFf is changed from small hydrogens to two
bulkier groups but it makes little difference whether the
bulky groups are methyl, bromine, or carbomethoxy.
This enhancement is associated with a change to sp? hy-
bridization at Cg, in the formation of the transition state.

The very different responses of E2 reactions of acetate
ion and of chloride ion to acidifying B-substituents
clearly demand at least two different transition states,
with very different charge distribution at Cz. The
E2C-E2H spectrum (II-1V) satisfies this requirement.
The relative rate constants, log k5(OAc™) — log k&(CI™)
for elimination from various substrates, provide a useful
guide to the tendency of those substrates to react
through E2H-like or E2C-like transition states.’? The
greater the difference, the more “E2H-like” the sub-
strate. Some eliminations induced by acetate ion, e.g.,
dehydrotosylation of cyclohexyl tosylate,?! are strongly
E2C-like reactions, in which rates of elimination in-
duced by acetate are only 10-20 times faster than those
induced by chloride ion. However, we might antic-
ipate rate differences of up to 10°, i.e., the difference in
acid dissociation constants of HOAc and HCl in
DMF,¥ for eliminations from extremely E2H-like sub-
strates.

a-Alkyl Groups (Tables VII-IX). As expected for
an associative reaction,®% SN2 reactions of azide ion
in Table VII are substantially retarded, E2H-like
reactions, especially those with potassium rers-butoxide
as base, are slowed, and E2C-like reactions are ac-
celerated, by increasingly bulky groups, R*,

The E2H-like reactions are slowed only slightly by
alkyl groups at C, because most of the changes are at
C4 in the E2H-like transition state. The main effects
of R# are in their nonbonding interactions, both with
R? and the H-bound base, in the preferred conforma-
tion for the E2H-like transition state.

In the E2C-like reactions at both secondary and ter-
tiary C,, the rate enhancing effect of alkyl groups is little
influenced by whether the R* alkyl groups are methyl,
ethyl, isopropyl, rert-butyl, or benzyl, but despite cis
nonbonding effects, two bulky substituents are much

(57) B. W. Clare, D. Cook, E. C. F. Ko, Y. C. Mac, and A. J. Parker,
J. Amer. Chem. Soc., 88, 1911 (1966).

more effective at rate enhancement than one, i.e., ter-
tiary alkyl halides eliminate more rapidly by the E2C-
like mechanism than do secondary alkyl halides. Non-
bonding interactions of bulky R* groups, both with
each other and with the leaving groups, are relieved by
the change from sp? to sp? hybridization of C, in the
E2C-like transition state. This, together with hyper-
conjugative interactions with the well-developed double
bond,’ accounts for the rate acceleration of E2C-like
reactions by a-alkyl groups.

Eck and Bunnett®® have also noted that bulky groups
as R” slow SN2 reactions, but accelerate E2C-like reac-
tions. They presented some arguments®® which they
regarded as conclusive evidence against any association
between base, B, and C, in the E2C-like transition state.
We only regard the response to a-substituents as fur-
ther evidence, if any is required, ! that SN2 and E2C-like
reactions do not have the same transition state. Some
of the differences are that the C,—B bond is tighter in the
SN2 than in the E2C-like transition state, the hybridiza-
tion at Cg is changing from sp? to sp?in the E2C-like but
not in the SN2 transition state, and finally, alkyl groups
at C, can interact with a well-developed double bond in
the E2C-like but not in the SN2 transition state. Non-
bonding interactions, of the type which retard SN2 reac-
tions, fall off with distance,®8 so that the difference be-
tween the SN2 and E2C-like transition states, as noted
above, could be sufficient to account for the rate de-
crease in SN2 reactions and for the absence of retarda-
tion of E2C-like reactions.’® The rate enhancement of
E2C-like reactions, by bulky groups as R%, is compa-
rable to and occurs for much the same reason as the rate
enhancement observed in SN1 reactions®® of the same
compounds. The hybridization at C, changes from
sp? to sp? from reactants to both transition states. In
this respect, E2C-like transition states are SN1-like; the
difference is that there is negligible positive charge at C,
in the E2C transition state.

a-Aryl Groups (Tables VII-IX). E2H-like reactions
are accelerated very slightly by a-phenyl substituents,
but an a-phenyl substituent is more than ten times more
effective than a-methyl. A single o-phenyl leads to a
faster E2H-like reaction than do two a-methyl groups,
but the effect on E2H-like reactions of phenyl sub-
stitution at C, is much less than at Cs This is ex-
pected, if most of the changes are at Cs in the E2H-like
transition state.

Two a-methyl substituents are more effective than a
single «-phenyl substituent in accelerating E2C-like
reactions. This is in contrast to E2H-like reactions, but
is in agreement with our picture of much more ad-
vanced sp? hybridization of C, in the E2C-like transi-
tion state.

A phenyl and a 4-nitrophenyl «-substituent have
much the same effect on the rate of E2C-like reactions.
The steric requirements and ability to conjugate with a
double bond are comparable for the two aryl substit-
uents, but the 4-nitrophenyl group is much more
strongly electron withdrawing than phenyl. If there
were positive charge at C, in the E2C-like transition
state, a pheryl substituent would lead to a faster reac-
tion than would 4-nitrophenyl. We have only to recall
a reaction in which positive charge /s developed at C,

(58) See Table I, footnote k.
(59) See Table], footnote i.
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to appreciate this point. Thus the SN1 reactions of
benzyl bromide are much faster than those of nitro-
benzyl bromide.>® The similar effects of a a-phenyl
and a-4-nitrophenyl groups on rates of E2C-like reac-
tions are strong evidence against a paene-carbonium
transition state,’ for E2C-like reactions. We conclude
that there is virtually no positive charge at C, in the
E2C-like transition state. This is also shown by the
effects of a-phenyl and «-methyl groups on rates of
E2C-like reactions. A phenyl group is much more
effective than methyl at stabilizing positive charge at C,
as shown by the SNI reactions of benzyl bromide which
are more than 500 times faster than those of ethyl bro-
mide.’>¢ However «-methyl and «-phenyl substit-
uents have similar effects on rates of E2C-like reac-
tions, so there cannot be positive charge at C, in the
E2C-like transition state.

The effect of a-aryl groups on rates of E2C-like reac-
tions is as expected for a transition state with little
charge at C,, but, as with S-aryl substituents, we would
have expected, but did not find, rate enhancement by
conjugation with a well-developed double bond. Our
conclusion is that the «-aryl group is not completely co-
planar with the developing double bond, but as noted,
more work on the effect of « and 38 phenyl groups is
needed.

1-Phenyl-1-bromopropane and l-phenyl-2-bromo-
propane with NBu,Br in acetone of course gives the
same major product, 7rans-1-phenylprop-1-ene and hy-
drogen bromide. If the respective E2C-like transition
states are very like this same product, then the rate
difference will be directly proportional to the free energy
difference between the reactants, i.e., the isomeric
phenylbromopropanes.

1-Phenyl-1-bromopropane dehydrobrominates ten
times more rapidly than l-phenyl-2-bromopropane at
75° in acetone, suggesting that if the transition states are
of similar energy, then the latter bromide is ca. 1.3 kcal/
mol more stable than 1-phenyl-1-bromopropane. We
do not know if this is so, but we are attempting to
equilibrate the phenylbromopropanes.

Reaction Products (Tables X-XIH). The kinetic
products from E2C-like and E2H-like reactions are in
most cases as expected from the preceding discussion of
substituent effects. The products can be predicted
from the generalization that E2C-like transition states
are very product-like, whereas E2H-like transition
states are carbanion-like. They illustrate the main
theme of this paper, namely that quite different, but
predictable, proportions of isomeric olefins usually result
from E2C-like reactions than from the “classical” FE2H-
like reactions. The synthetic applications of this ob-
servation should be obvious.

Reaction times vary, but as shown in Tables IV-IX
chloride or bromide ion in acetone induces a much more
rapid elimination from very weakly acidic substrates than
do the conventional bases, sodium ethoxide in ethanol or
potassium ferz-butoxide in fert-butyl alcohol. How-
ever, the alkoxides in alcohols cause more rapid elim-
ination than halide ions in acetone from more acidic
substrates, such as those with 8-phenyl or B-halogen
substituents. Tetrabutylammonium acetate in dipolar
aprotic solvents is a particularly effective base for pro-
moting E2 reactions of all types.

Hofmann-Saytzeff Tendencies (Table XI).5:4!2 E2C-
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like eliminations from alkyl halides or tosylates give
higher yields of Saytzeff olefin than do E2H-like
reactions. Some of the highest yields of Saytzeft
olefin ever recorded as kinetic products from E2
eliminations of these substrates are in Table XI. The
proportion of Hofmann products is close to the equi-
librium value in a solvent like acetone;® indeed in
some cases it is lower than the equilibrium proportion;
¢f. footnote d, Table XI. The reason is that a- or
B-alkyl substituents strongly accelerate E2C-like reac-
tions but slow or have little effect both on E2H-like
reactions and on the El decomposition of carbonium
ions. The dehydrotosylation of 3-methyl-2-butyl tos-
ylate by sodium ethoxide is more E2C-like (or less E2H-
like than dehydrotosylation by potassium fert-butoxide;;
this follows because reaction with the former base gives a
higher yield of 2-methyl-2-butene, the Saytzeff olefin.
Potassium rerr-butoxide usually gives higher proportions
of Hofmann olefin than does sodium ethoxide, in ac-
cord with the more E2C-like character of sodium eth-
oxide. NBu,Cl in turn is more E2C-like than sodium
ethoxide, as shown by the yields of Hofmann olefin in
Table XI. The El decomposition of 2-bromo-2-meth-
ylbutane gives 5097 of 2-methyl-1-butene. This is very
different from the 9% of 2-methyl-1-butene from the
E2C-like reaction. In this respect the E2C-like reaction
is not El-like.

A (3-phenyl substituent is less effective in E2C-like than
in E2H-like reactions, so a higher yield of the uncon-
jugated olefin, 3-phenyl-1-propene, results from the
E2C-like than from the E2H-like reaction of l-phenyl-
2-bromopropane. In this case it is the E2H-like reac-
tion which gives close to the equilibrium proportion of
Hofmann olefin, emphasizing the special role of 8-
phenyl in E2C-like reactions.

Anti Eliminations (Table XII).8.7,12,1415-1861  The most
stringent stereochemical requirement of E2C-like reac-
tions is that they give the products of anti elimination
of H and X.!'® This requirement persists only part
of the way into the E2H region, but in the E2C region
it is reminiscent of the universal requirements of the
Walden inversion.®® In our opinion, the two re-
quirements arise from much the same source, in-
teraction of the base and leaving group with a p
orbital of an sp? hybridized carbon atom. This opinion
was arrived at independently by Sicher and Zavada.'®
Thus in E2C-like reactions the base is anti to the leaving
group and since the most effective hydrogen-bonding
interaction is when the base and 8-hydrogen are as close
as possible, a trans-anti parallel geometry of B-hy-
drogen and leaving group in the E2C-like transition
state 111 (not necessarily in reactant) is a rigorous stereo-
chemical requirement. The first three reactions in
Table XI give the least stable of the possible cis or trans
isomers but there is no sign of the products of syn elim-
ination. Clearly the requirement for anti geometry is
far more stringent than any tendency of E2C-like reac-
tions to give the most stable olefin.

Stereoselectivity (Table XII).87,12.13,141582  The kinetic
products from anti elimination, where the a-carbon is

(60) Schriesheim and Rowe, ref 23, have shown that many olefin
proportions at equilibrium in DMSO are close to those calculated for
the gas phase, and in concentrated sulfuric acid.

(61) See TableIl, footnote k.

(62) (a) K. Mislow and M. Raban, “Topics in Stereochemistry,”

Vol. I, Interscience, New York, N. Y., 1967, Chapter 1; (b) S.I. Miller,
Advan. Phys. Org. Chem., 6, 185 (1968).
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Table XI. Hofmann-Saytzeff Tendencies in E2C-Like and E2H-Like Reactions®

Base
NBu,Br, NBu,Cl, NaOEt, KO-tert-Bu, Lut,°
Substrate Me.CO, 75° Me,CO, 50° EtOH, 50° tert-BuOH, 50° Me,CO, 50° Equil4

% 1-Olefin®

Cc—C—C—C 4 19/ 54en 9/

c—-C—C—-C 0.1 <0.1 0.20
c—C—C-C 0.3 0.8 18 76.9% 1% 0.2¢

c—C—C-C 9¢ 37 4ok T30kt 50 8.2

Br

l
C—(]3—C—C 21¢ 73¢ 18
|
C C
C—(]3—C—Ph 0.5 0.05 0.03/
Br
|
C—C—C—Ph 22m 14m 7

Br

¢ Data from Table II unless stated otherwise. ? The percentage of total olefins which is 1-olefin; the other products are the Saytzeff 2-
olefins (cis and trans). ¢ Solvolysis in the presence of 2,6-lutidine, influenced by an E2C reaction of the product bromide ion. ¢ Proportion
of 1-olefin in equilibrium mixture, ¢ Reference 11, / At 55° in dimethyl sulfoxide after equilibration with KO-rerr-Bu; see footnote g.
¢ In gas phase at 25° from *“Values of Physical and Thermodynamic Properties of Hydrocarbons,” Carnegie Press, Pittsburgh, Pa., 1953, p
475. Equilibration of related olefins in DMSO?22 and on activated alumina: H. Pines and L. A, Schaap, “Advances in Catalysis,” Vol. XII,
Academic Press, New York, N. Y., 1960; gives olefin proportions corresponding to the gas phase values. It is possible that equilibration in
acetone and rers-butyl alcohol would give distributions close to those in the gas phase and in solvents like dimethyl sulfoxide. * Reference
12b. Solvolysis in 1-butanol gives 1% 1-olefin, * Sodium thiophenoxide in refluxing ethanol gives 25.7%; 1-olefin. 7 Solvolysis in ethanol
gives 189 l-olefin; see Table II, footnote k. * W, H. Saunders, S. R. Fahrenholtz, E. A, Caress, J. P, Lowe, and M, Schreiber, J. Amer.
Chem, Soc., 87, 3401 (1965). ! Solvolysis in tert-butyl alcohol gives 28 % 1-olefin; ref 11. ™ See Table I, footnote n.  » In DMSO the per-
centage of 1-olefin is 30; ¢f. Table II, footnote .

Table XII. Anti Eliniinations in E2C-Like Reactions in Acetone?

Substrate? Base T,°C Major product % olefine.e
H Me Br
Me a NBu,;OAc 25.0 [ >99.9
C=C
Br: % :Me NBu.Cl 75.0 [ >99.9
Br H Me
H Me CO:Me
Meﬁ(}{ NBuOAc —70.0 [ 99.0
C=C
MeOC™ T B NBu,Cl 50.0 | ] >98
H Br
H An Me
Me H I
NBu,Cl 50.0 Cc=C >99.9
An Me ] ]
OBs Me H
H An H
H Me ] ]
NBu,Cl 50.0 C=C >99 .94
An Br [
OBs Me Me

¢ Data from Table II.  * An is 4-methoxyphenyl, OBs is 4-bromobenzenesulfonate. < Percentage of major olefin, relative to all olefins
produced. ¢ Data fromref 1. ¢ No 1-olefin could be detected with a detection limit of 0.1, in the products from any of these elimina-
tions.
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an asymmetric center and the f-carbon atom carried
two diastereotopic hydrogens, can be either cis- or
trans-olefins. This provides a useful, but not de-
finitive,? indicator of whether the E2 transition state is
reactant-like or product-like. An anti elimination is
certain for the E2C-like reactions!-8 but this is less
certain for all the E2H-like reactions in Table XII.
A very product-like E2 transition state (e.g., E2C)
should give olefins in proportions close to their equilib-
rium values, but an anti or syn transition state which is
very reactant-like, or paene-carbonium, or paene-car-
banion (e.g., E2H), leads to a variety of proportions.

The E2C-like dehydrobromination of 1,2-diphenyl-1-
bromoethane by bromide ion gives a high yield of trans-
stilbene, but the trans/cis ratio is ca. 20 times lower than
the equilibrium proportion. The value recorded for the
E2C-like products would be ca. 100, had it been mea-
sured at 25°. The frans-cis-stilbene ratio is much the
same through the E2C-E2H spectrum, i.e., for E2H-
like bases which are either small (OMe™), or bulky
(O-tert-Bu), for intermediate bases (OAc-), and for
strongly E2C-like bases, (Br~). The Hammett—Curtin
principle’-1%82 is of little value here in determining the
timing of these transition states. It should be remem-
bered that substituent effects on rate suggest that an o-
or 3-phenyl substituent is not well conjugated with the
developing double bond in the E2C-like transition state.

The E2C-like dehydrobrominations of I-phenyl-1-
bromopropane and of 1-phenyl-2-bromopropane both
give trans- and cis-1-phenyl-1-propene. We have con-
cluded that E2C-like reactions have transition states
which are product-like, so that dehydrobromination of
these isomers by bromide ion should give trans/cis pro-
portions of product which are similar and close to the
equilibrium proportion. Both the E2C-like and the
E2H-like reactions of these isomeric phenylbromopro-
panes give trans/cis ratios which are reasonably close to
the equilibrium proportion, but it is the E2C-like reac-
tions which show the greatest deviations. We tenta-
tively suggest that, in line with our conclusions from
substituent effects on rate, phenyl substituents, es-
pecially when at Cg, are not strongly conjugated with
the developing double bond in the E2C-like transition
state.

The much higher than equilibrium proportions of 3-
phenyl-1-propene from E2C-like reactions of 1-phenyl-
2-bromopropane (Table XI) are in accord with this sug-
gestion. The E2H-like reactions of potassium rert-
butoxide with the phenyl bromopropanes give as ki-
netic products close to the equilibrium proportions of 3-
phenyl-i-propene (Table XI) and trans- and cis-phenyl-
l-propene (Table X). Competing syn and anti elim-
inations, and/or a transition state, like products are
suggested.
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The ratio of trams- to cis-2-butene is very much
higher in E2C-like than in E2H-like reactions of 2-
bromobutane. This ratio has been studied recently by
a number of investigators,!!.12.61 using bases from the
E2H region of the spectrum. Our value is the highest
recorded for an E2 reaction. We suggest that the
higher the ratio, the more E2C-like the reaction, pro-
vided that they are anti eliminations.®! On this basis,
sodium ethoxide is more E2C-like (less E2H-like) than
potassium tert-butoxide and NBu,Br is more E2C-like
than sodium ethoxide. The ratio from the E2C-like
reaction with NBu,Br in acetone is significantly higher
than the equilibrium proportion in a similar solvent,
DMSO, in the gas phase, and in concentrated sulfuric
acid.® The differences could be due to weak confor-
mational interactions, involving the bulky, but loosely
bound, entering and leaving bromide ions. These
interactions would be superimposed on the “product-
like” cis effect of E2C-like reactions.

In all of the cases studied, E2C-like reactions give
high proportions of frans-olefins. E2H-like reactions
of acidic substrates also give high proportions of trans-
olefins, but E2H-like reactions of weakly acidic sub-
strates, e.g., 2-butyl bromide and especially 2-butyl
tosylate, give low proportions of zrans-olefin,!!-1?

In summary then, the E2C-like and E2H-like reac-
tions are very different in their response to substituent
effects on rate and in their stereoselectivity. Like Bun-
nett and Baciocchi,®? we think that the E2C-like transi-
tion state appears to be very like products, but we also
think that there is some loose interaction of E2C-like
bases with a-carbon. One reason for this opinion is the
stringent requirement for antiparallel geometry of 8-
hydrogen and leaving group in E2C-like transition
states!® and the relaxation of this requirement in E2H-
like transition states. This stereochemical requirement,
just as much as the response of the rate of E2C-like
reactions to changes in the carbon and hydrogen
basicity of the base,?! are best explained in terms of
transition state 111, in which the base interacts with both
B-hydrogen and a-carbon., The influence of aryl sub-
stituents on E2C-like reactions is not entirely as ex-
pected from our picture of the E2C-like transition state.

Excess tetrabutylammonium acetate in acetone is an
excellent base system for promoting fast clean §-elim-
ination of HX from compounds I. E2C-like reactions
give high yields of Saytzeff olefins and of trans-olefins,
but the requirements of anti geometry of leaving group
and B-hydrogen cannot be violated.
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(63) See Table I, footnote n.
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