J. Am. Chem. Soc. 1985, 107, 4737-4744 4737

Base-Catalyzed Isomerization of 3-Butenenitrile. Relative
Nucleophilicities of Carbanions, Nitranions, Oxanions, and
Thianions toward Hydrogen

Frederick G. Bordwell* and David L. Hughes

Contribution from the Department of Chemistry, Northwestern University,
Evanston, Illinois 60201. Received December 26, 1984

Abstract: Rate constants for base-catalyzed isomerization of CH;=~CHCH,CN to CH;CH=CHCN in Me,SO solution by
families of carbanions (C°), nitranions (N~), oxanions (O°), and thianions (S7) have been measured. The relative catalytic
effect of these anions at the same basicity is S, O~ > N~ > C". This order is the same as that observed previously for attack
of families of anions of these types on a 8-hydrogen atom in elimination reactions from cyclohexyl bromide, but it differs from
that for attack on carbon in Sy2 reactions: S™ > C~> O™ > N™. The Brensted coefficients, which measure the sensitivity
of the rates to changes in basicity, were in the range 0.8-1. These large values are consistent with previous values determined
for deprotonation of a-CN carbon acids, but not with the predictions of the Leffler—Grunwald rate—equilibrium equation. A
review of the literature failed to provide support for the Leffler—-Grunwald postulate that 8 will approach zero for exergonic
proton transfers from carbon acids and unity for endergonic proton transfers. The results are rationalized by a two-step mechanism
for proton transfers involving a hydrogen-bonded carbanion intermediate. The failure of substituent effects on protonations
of carbanions to conform to those observed in the deprotonation of the corresponding carbon acids provides evidence against
a one-step mechanism. Our observations argue against the application of the Hammond-Leffler postulate to most organic

reactions over the usual reactivity ranges studied.

Proton transfer reactions have played a key role in the de-
velopment of major concepts of organic chemistry, including the
Bronsted equation,! the Hammett equation,” the Leffler—Grunwald
rate—equilibrium expression,’ and the reactivity—selectivity pos-
tulate.’ Their usefulness as theoretical models stems from the
fact that they are unique among organic reactions in that mea-
surement of both rate and equilibrium constants is usually possible.
The mechanisms of these reactions are complex, however. The
studies of Eigen showed that fast proton transfer to a base, B-,
in water involving oxygen acids (O—H) or nitrogen acids of the
type *N-H is not a simple one-step reaction but involves three
steps, i.e., (1) formation of an H-bonded encounter complex,
B«H—A, (2) proton transfer to form a new complex, B—H--A",
and (3) separation into products, BH + A~. These reactions all
occur very rapidly, and it is difficult to determine which step is
rate limiting.* In the 1960’s the elegant studies of Cram and
his students using chiral carbon acids, *C—H, and isotopic labeling
revealed a modified mechanistic scheme for slow proton transfers.’
Hydrogen bonding of the base to these acids is weak and never
rate limiting. Proton transfer is relatively slow and always im-
portant in determining the size of the rate constant. The general
mechanistic pattern is that shown in Scheme I, where the two
extremes encountered are k_; << k; (kg = k1) and k_; 3> ky (kgpsa
= Kekz).

In most of the proton transfers studied the carbon acid, H-C*,
is much weaker than the conjugate acid of the base, B™, making
k_, large and either greater than k, or of the same order of
magnitude. In either event both K, and k, are important in
deciding the size of k. A rich variety of mechanistic possibilities
has been observed for these reactions, centered around the
chemistry of the H-bonded intermediate, B—H-"C*, which can
undergo intermolecular reactions with the solvent or other reagents
and numerous intramolecular transformations,>
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Amines or oxanions have been most commonly used as bases
for studies of proton transfers from carbon acids. By using families
of amines (e.g., aliphatic amines, meta- and para-substituted
anilines, or 3- and 4-substituted pyridines) or families of oxanions
(e.g., carboxylate ions, RCO,", phenoxide ions, ArO~, or alkoxides,
RO"), the sensitivities of the rates to changes in basicities can be
determined from the slope (3) of the Bronsted plot. Extended
plots obtained by combining two or more of these families are
known to be subject to considerable scatter, but this is unavoidable
in aqueous media if studies over extended pKyp regions are to be
carried out, since the basicities of each amine or oxanion family
can only be varied over a few pKyp units. In contrast, we have
found that in Me,SO solution the range for a single family can
be extended to as much as 10 pK], units and that when the basicity
is changed by remote substitution the Bronsted equation is the
most general and precise of all the linear free energy relationships.”
These extended plots have allowed us to compared nucleophilicities
of carbanions (C"), nitranions {N"), oxanions (O7), and thianions
(S7) at the same basicity for several kinds of reactions. For
example, for Sy2 reactions with benzyl chloride the order is
approximately the following: S~ (10%) > C (10%) > O™ (3) > N~
(1.0).” On the other hand, a different order, S~ (10%) > O~ (10%)
> N~ (10) > C~ (1.0), has been found for the nucleophilicities
of these ions toward hydrogen in an E2 reaction with cyclohexyl
bromide.? Relatively little quantitative information concerning
donor atom effects in other types of deprotonation is available.
Aliphatic amines have been found to be 5-10 times more reactive
than phenoxide ions of the same basicity in the deprotonation of
CNCH,CH=CHCH,CN in water.® Also, the rate of base-
catalyzed isomerization of AS-cholesten-3-one to its conjugated
isomer by EtS™ ion in MeOH has been shown to be only about
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5 times slower than by MeO~ ion, despite the much lower basicity
of EtS~'* Similarly, EtS~in MeOH was found to be only about
15 times less effective than MeO~ ion in epimerizing menthone.
In these examples it was estimated that at the same basicity EtS~
ion would be slightly more effective than MeO~ ion.!® Information
concerning the effectiveness of nitranions and carbanions in de-
protonations has been lacking hitherto.!! Our objective was to
measure rate constants for deprotonations of a carbon acid with
families of carbanions, nitranions, oxanions, and thianions and
to compare the relative rates at the same basicity.

Results

Ela and Cram found that -BuOK/Me,SO completely isom-
erizes allylbenzene to 8-methylstyrene in 30 min,!? but a prelim-
inary NMR investigation showed that this isomerization requires
a base with pKyp higher than 20 to be fast enough to afford
conveniently measurable rates. Since this would preclude our use
of phenoxide or thiophenoxide ion families, we turned to a study
of the rates of base-catalyzed isomerization of 3-butenenitrile to
its conjugated isomers, cis- and trans-2-butenenitriles.

Me,SO

CH,—CHCH,CN + (B") CH,CH=CHCN
1 2

Measurements of Rate Constants. Rates of base-catalyzed
isomerization of 1 to 2 in Me,SO solution were followed by
gas-liquid chromatographic (GC) analysis in the presence of the
base and a 5-20% excess of its conjugate acid (HB). (The rates
were found to be independent of the concentration of HB.) Since
the base concentration remains unchanged throughout the run,
the decrease in the concentration of 1 followed first-order kinetics.
The rate constants were calculated from the slope of a plot of In
{[11o/[1]4 vs. time. The R? values for these plots usually ranged
from 0.99 to 0.999 with use of 4 or 5 aliquots for each run.
Division of the first-order rate constants by the base concentration
gave the second-order rate constants listed in Table I. The rate
constants for oxanions, thianions, and nitranions were usually
reproducible to better than +10%, but those for many of the
carbanions tried were not, standard deviations of #50% being not
uncommon. Often under seemingly identical conditions two runs
would produce rate constants that differed by a factor of 2. Since
the rates with carbanions were relatively slow and the pKyg values
relatively high, it is possible that reaction with adventitious oxygen
caused problems. Details of the method used are given in the
Experimental Section. The Bronsted plot for carbanions was
constructed by using data for several families of carbanions and
shows the expected scatter. A dashed line is used to indicate that
the slope is not well-defined.

The Acidity of 3-Butenenitrile in Me,SO Solution. It is not
possible to measure the pK, of 3-butenenitrile (1) in Me,SO by
the usual indicator method since our rate studies show that
isomerization to 2-butenenitrile (2) catalyzed by an indicator anion
with a pKyp near the estimated pK, will be about 105 M1 571,
A measurement carried out prior to the present rate studies in
our laboratory gave an estimated apparent pK, of about 25, which
must be that of 2. A mixture of cis- and trans-2-butenenitriles
was not well behaved in a pK, determination, however, values
between 24.5 and 25.5 being obtained. The equilibrium constant
between 3-butenenitrile and 2-butenenitrile has been found to be
200 in t-BuOH at 30 °C.!* Adopting this value for Me,SO
solution places the pK, of 3-butenenitrile at about 22.5, assuming
an average value of 25 for 2-butenenitrile. An alternative value
for this pK, can be arrived at by the following reasoning. Since
the pK, values in Me,SO for CH,—=CHCH,NO, and PhCH,NO,
are 11.3 and 12.3, respectively,!* one might expect the pK, of
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CH,=CHCH,CN to be about ! pK, unit lower than that of
PhCH,CN, i.e., about 21.

Discussion

Mechanism of Isomerization of 3-Butenenitrile. The behavior
of families of bases toward 3-butenenitrile in Me,SO is similar
to that of families of bases toward 5-cyano-3-pentenenitrile 3%
and tert-butylmalononitrile 4°° in aqueous media. Reactions of
families of amine bases and phenoxide bases with 5-cyano-3-
pentenenitrile gave 8 values of 0.94 and 0.98, respectively.’ (As
mentioned earlier, rates for the latter were about a factor of 5
slower at the same basicity.) Reactions of a family of carboxylate
ion bases with ters-butylmalononitrile also gave a 8 value near
unity (0.98). The kH/kP isotope effects for these reactions were
found to be small, which was interpreted to mean that the proton
has been essentially completely transferred in the transition state.”
Pratt and Bruice extended the study with tert-butylmalononitrile
to include the amine bases, MeONH,, NH,COCH,NH,, H,N-
NH,, and MeOCH,CH,NH,, and the oxanion bases F;CCH,0"
and HO,™.'* The resulting line, which was constructed by using
both RCO,™ and amine bases, extended over about 9 pK, units
with a slope of 0.80. In a related study with an optically active
and isotopically labeled nitrile C;HsC*D(Et)CN, Cram and
Gosser showed that reaction with Pry;N in CH;OH or KHCO,
in HOCH,CH,OH gave exchange with inversion, but that reaction
with PryN in +-BuOH gave isoracemization.!® In the first instance
the CH;0H and HOCH,CH,OH solvents bond at the back side
of the H-bonded carbanion (Scheme I), but in the poorer H-bond
donor solvent, #-BuOH, the PryN base takes the deuterium ion
on a conducted tour to the back side of the chiral carbon atom,
stopping at an H-bond donor site along the way.!$ The conducted
tour mechanism is analogous to numerous examples of base-
promoted intramolecular 1,3-shifts of protons across allylic-type
moieties including PhnCH,CH=CH,, PhCH(CH;)CH=CH,,
Ph,CDC=CPh, PhCH,C=CH, 5-methylcyclopentadiene, 3-
methylindene, A’-cholestenone, and PhCH(CH,)N=CHR.’
There is every reason to believe, therefore, that the mechanism
for isomerization of 3-butenenitrile is that shown in Scheme II.

The extent of intramolecularity under the conditions of the
experiment has not been determined, but the H-bonded inter-
mediate is likely to be common to either an intramolecular or
intermolecular mechanism.® The order of rate constants observed
on changing the nature of the donor atom in the base, i.e., N >
S7, O > N~ > C, can be accounted for in terms of Scheme II
and the hypothetical reaction profile shown in Figure 1.

The k, values can be equated approximately to the k4 values
given in Table I since k_; and k, are both large and roughly equal.
The k_, values can be estimated from the pK, value of 1 discussed
in the previous section and the kg, and pKy, values given in Table
I to be of the order of 106 M~!'s™! for C~ bases, 10’-10® for N~
bases, and 10°-10' for O and S~ bases. The height of the first

(14) Bordwell, F. G.; Bartmess, J. E.; Hautala, J. A. J. Org. Chem. 1978,
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(16) Cram, D. J.; Gosser, L. J. Am. Chem. Soc. 1964, 86, 5457-5465.



Base-Catalyzed Isomerization of 3-Butenenitrile
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Figure 1. Hypothetical reaction profile for the base-catalyzed isomeri-
zation of 3-butenenitrile to 2-butenenitrile.
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Figure 2. Bronsted plots for isomerization of 3-butenenitrile to ¢is- and
trans-2-butenenitriles in Me,SO solution at 25 °C catalyzed by thianions
(A), oxanions (@), nitranions (M), carbanions (@), and a few orphan
bases (n-hexylamine, benzoate ion, and succinimide ion).

barrier in Figure 1 can be related to the stability of the H-bonded
intermediate by the restricted Hammond postulate.'’ The
intermediate is best stabilized when B-H is a good H-bond donor,
such as *N-H, O-H, or S-H, leading to a lower transition-state
energy and a higher value for k;. On the other hand, N-H and
C-H bonds are poorer H-bond donors, even when the acidities
of the H-B acids are the same, leading to higher energy transition
states and lower rates. The H-bonding abilities *N-H > O-H
> N-H > C-H correspond to the electronegativities of the atoms
involved. The data are shown graphically in Figure 2. The 8
values for S™, N, and C ion bases are all about 0.8; that for the

(17) (a) Hammond, G. S. J. Am. Chem. Soc. 1988, 77, 334-338. By the
“restricted Hammond postulate” we mean the original statement of the pos-
tulate as it applies to the structures of a transition state and reactive inter-
mediate of similar energy occurring consecutively along a reaction coordinate.
Hammond stated, however, that the value of the postulate derives from its
application to highly endothermic reactions where the products will provide
the best model for the transition state or to highly exothermic reactions where
the reactants will provide the best models. This “generalized Hammond
postulate” is sometimes referred to as the Hammond postulate,!® and it is the
basis for the rate—equilibrium equation and the reactivity-selectivity principle.?
(b) Leffler (Leffler, J. E. Science 1953, 117, 340-341) had postulated earlier
that the transition state would resemble the less stable side, reactants or
products, of a chemical equilibrium.
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O~ ion bases appears to be slightly higher, but the data are not
accurate enough or extensive enough to be sure. The oxanion bases
are known to hydrogen bond to their conjugate acids in Me,SO,
e.g., PhO™+HOPh, and their reactivity is no doubt reduced
thereby.!® This is not true for S, N, or C™ bases. The reactivity
order at the same basicity is O", S > N~ > C~. This reactivity
order is similar to that observed for dehydrobromination of cy-
clohexy! bromide by these same anion bases in Me,SO.® There
are distinct differences in the deprotonation occurring in the
CH,=CHCH,CN isomerization and ¢-C¢H,Br elimination re-
actions, however. The S~ and C™ rate span is greater in the latter
and S~ ions are distinctly better than O™ ions. Also, the 3 values
are much smaller (~0.4).

The point in Figure 2 for the one neutral base, n-hexylamine,
falls well above the nitranion line, and its reactivity is even greater
at the same basicity than ArS™ or ArO™ ions. On the other hand,
the point for the (ambident) nitranion derived from succinimide
falls well below the sulfonamide line, and the point for the (more
delocalized) benzoate ion falls below the phenoxide ion. The
carbanion line must be looked on with reservations since the
kinetics are relatively poor and several families were used to
construct the line. There can be little doubt, however, that these
carbanions are substantially less reactive than nitranions of the
same basicity.

Interpretation of 8 Values for Slow Proton Transfer by use of
the Leffler—Grunwald Rate—Equilibrium Equation. For the past
25 years chemists have been interpreting rates of reactions in terms
of reactant-like and product-like transition states. The basis for
this approach is a differential form of the Bronsted equation (eq
1), which was popularized by Leffler and Grunwald.

3AG* = B5AG® 1)

According to eq 1 a structural variation (6) will cause related
changes in the free energy of activation, AG*, and the overall free
energy of the reaction, AG®. The proportionality constant, 3, will
vary, approaching zero for exergonic reactions and unity for
endergonic reactions. This interpretation was based on postulates
of Hammond'? and Leffler,'™ which are often referred to as the
Hammond-Leffler postulate (HLP). Since for proton transfers
8 measures the sensitivity of the rates to changes in basicity, a
highly reactive intermediate, such as a strongly basic carbanion,
would be expected to be less selective (lower 3) than a weakly
basic carbanion in choosing a proton for reaction, the reactivi-
ty—selectivity postulate (RSP). If 8 changes as AG® changes,
Bronsted (and Hammett) plots should curve. As experimental
support for their postulates Leffler and Grunwald cited two kinds
of experimental evidence: (1) the increase in Bronsted 8 values
for deprotonation of a series of C—H acids by a family of RCO,~
jon bases as the reactions became more endergonic,2%® and (2) the
greater selectivity of the (p-Me,NC¢H,),CH* cation than the
(C¢H;);C* cation in choosing N~ ion over H,O (kn/kw = 10
vs. 1.0) as a reactant partner in a competition reaction. Recently,
in connection with the application of these two tests for RSP to
SN2 reactions, we have had occasion to survey critically the ex-
perimentally evidence that has been presented in support of HLP
and RSP.2! Our conclusion with regard to proton transfer re-
actions was that the curvature observed in many, if not all, such
Bronsted plots arises from causes other than changes in ther-
modynamics. We will first summarize the evidence upon which
this conclusion is based and then show that an examination of the
experimental values obtained for 3 fails to support the postulate
that 8 approaches zero for exergonic reactions and unity for
endergonic reactions.

The Question of Curvature in Bronsted Plots. As mentioned
earlier, proton transfer reactions provide unique opportunities for
observing changes in 3 since both rate and equilibrium constants
are usually accessible. We will confine our discussion here to

(18) Lowry, T. A; Richardson, K. S. “Mechanism and Theory in Organic
Chemistry”, 2nd ed.; Harper and Row: New York, 1981; p 197.

(19) Bordwell, F. G.; McCallum, R. J.; Olmstead, W. N. J. Org. Chem.,
1984, 49, 1424-1427.
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Table I. Rates of Isomerization of 3-Butenenitrile to 2-Butenenitriles by Carbanion, Nitranion, Oxanion, and Thianion Bases in Me,SO Solution
at 25 °C

pK.* [base] (M) k(M s7hye (RY4 average
carbanion
9-(m-CIC¢H,)F1~ 16.85 0.00287 0.927 0.979
0.00127 0914 0.992 0.92
9-i-PrSFI~ 16.9 0.00251 0.492 0.999 0.49
2-Br-9Ph-FI~ 15.7 0.00209 8.34 x 1072 0.970
0.00380 9.03 X 1072 0.998 8.7 x 1072
9-PhS-FI” 154 0.0255 5.69 X 1072 0.998
0.00492 482 X 1072 0.998
0.00998 5.14 X 1072 0.988 5.2 % 1072
2-PhSO,-9Ph-FI~ 13.8 0.0126 2.58 x 107 0.9998
0.00728 3.65 X 1073 0.998
0.0135 3.20 x 1073 0.997 3.1 x 1073
2-Br-9-PhS-FI” 13.2 0.0123 1.43 x 1073 0.991
0.0166 1.98 x 1073 0.962
0.0179 1.03 x 1073 0.997
0.0283 2.38 x 1073 0.9986 1.7 x 1073
(PhS0O,),CH" 12.25 0.0313 3.31 X 10 0.997
0.0343 343 x 1074 0.9993
0.0478 1.86 x 107 0.9995 3.2 x 10
nitranion
p-MeOC,H,NSO,Me™ 13.84 0.00761 0.121 0.995
0.0144 0.114 0.999 0.118
C¢H,NSO,CH;4~ 13.05 0.00931 2.11 X 1072 0.998
0.0160 2.29 x 1072 0.993
0.0193 2.31 x 1072 0.996 2.24 x 1072
C¢H;NSO,Ph~ 11.95 0.0236 3.70 x 1073 0.995
0.0265 3.94 x 107 0.997
0.0300 3.69 x 1073 0.996 3.78 x 1073
m-BrC,H,NSO,Ph~ 10.50 0.0286 2.25 x 107 0.987
0.04745 2.05 x 107 0.994 2.15 x 107
14.8 0.00746 0.103 0.997
2 0.00385 0.104 0.997 0.104
e
HoC
1
amine
n-hexylamine 11.1% 0.01862 8.28 x 1073 0.996
0.0290 8.52 x 107 0.998 8.40 x 1073
thianion
p-MeOCH,S™ 11.19 0.0273 5.02 x 1073 0.993
0.0456 4,94 x 1073 0.994 498 x 1073
p-BrC,H,S 8.98 0.0320 9.90 X 1073 0.994
0.0495 1.05 x 107 0.990 9.98 x 10°°
CeHS™ 10.28 0.03445 1.13 X 1073 0.997
0.0237 1.11 X 1073 0.997 1.2 x 107?
oxanion
3,5-CL,C¢H,0 13.55 0.00251 0.371 0.994
0.00281 0.462 0.997
0.0066 0.426 0.999 0.420
3,4,5-C1,C¢H,0 12.75 0.0251 7.65 X 1072 2 pts
0.00644 6.97 X% 1072 0.996
0.00677 6.61 x 1072 0.992 7.08 x 1072
2,3,4,5-Cl,CcHO™ 10.0 0.01416 1.91 x 107 0.996
0.0258 1.29 x 107 0.992
0.0462 1.19 x 107* 0.996
0.0603 9.30 x 1073 0.989
0.0845 9.97 X 10°% 0.992 1.09 x 107
2,4,5-Cl,CH,0™ 11.4 0.032 4.64 X 107} 0.997
0.0209 4.66 X 1073 0.997 465 x 1073
PhCO; 11.0 0.272 6.15 x 107 0.996 6.15 x 10

9The pKy, values of the anions measured in Me,SO solution by the method described by Matthews: Matthews, W. S, et al. J. Am. Chem. Soc.
97, 7006-7014. Kolthoff, I. M.; Chantooni, M.; Bhowmik, S. J. Am. Chem. Soc. 1968, 90, 23-28. kg, values for the disappearance of 1. ¢ R?
for the slope of the plot of In {[1]4/[1]] vs. time.

changes in AG® or for other reasons. The other reasons include
(a) changes in the reaction mechanism,*>%2 (b) structural vari-
ations at or near the reaction site that cause changes in electronic,
steric, and solvation effects, and (c) differences in the solvation
of remote substituents. Most of the work has been carried out

deprotonation of carbon acids by bases of the type studied by Bell?
and those presented in Table I. In such studies the Bronsted plots
are always linear when a single family of bases is used over a
relatively small reactivity range, say 4-5 log units (Figure 2). Over
larger reactivity ranges, curvature is sometimes observed. It is
difficult to decide, however, whether this curvature is caused by

(22) A careful analysis by Murdoch (Murdoch, J. R. J. Am. Chem. Soc.

(20) (a) Bell, R. P. “The Proton in Chemistry”; Cornell University Press:
Ithaca, NY, 1959; pp 160~163; 2nd ed., 1973, p 203.
(21) Bordwell, F. G.; Branca, J. C.; Cripe, T. A. Israel J. Chem., in press.

1980, 102, 71-78) has revealed that, in such proton transfers, intrinsic cur-
vature and the curvature produced by a change in the rate-limiting step are
not distinguishable unless unusually precise data are obtainable.
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Figure 3. Bronsted plot for the deprotonation of phenylnitromethane by
varjous bases in water at 15 °C. (Data taken from ref 23.)

in aqueous media where a single family of bases can be used over
only a small reactivity range (1 or 2 log units). If a second family
of bases with a different donor atom is used, appreciable scatter
will be introduced into the plot, making it difficult to determine
linearity or lack thereof. The problem is well illustrated by Figure
2 where four different donor atoms have been used. The range
of reactivities at constant basicity, which extends over 2 log units,
indicates the degree of scatter in a Bronsted plot where these
families are mixed. An example typical of the problems en-
countered in aqueous media can be illustrated by reference to a
Bronsted plot constructed from the data for deprotonation of
PhCH,NO, by RCO," ions, amines, and other bases (Figure 3).2
A cursory examination of Figure 3 might lead one to conclude
that the Bronsted plot is curved, an interpretation that has been
applied to some Bronsted plots for proton transfers.”* On the
other hand, the points for H,O and HO™ have for many years been
considered to be “deviant,”2025 probably for solvation reasons.?*
The authors apparently excluded those points, as well as the points
for morpholine and piperidine, in arriving at a “good Bronsted
line” with 8 = 0.57. (A least-squares analysis gives 3 = 0.578
with R? = 0.966.) An equally good line is obtained with the
morpholine and piperidine points included (8 = 0.61, R?* = 0.965).
A careful examination of Figure 3 shows that all the points are
“orphans” in the sense that they do not belong to a family where
the donor atom has been kept constant and basicities have been
changed by remote substitution, conditions that are essential if
electronic, steric, and solvation effects are to be kept constant.
Most of the scatter probably arises from changes in the nature
of the donor atom since the three-point RCO,™ ion family line

(23) Keeffe, J. R.; Munderloh, N. H. J. Chem. Soc., Chem. Commun.
1974, 17-18.

(24) (a) Ahrens, M. L,; Eigen, M.; Kruse, W.; Maas, G. Ber. Bunsenges
Phys. Chem. 1970, 74, 380~383. (b) Jones, J. R. “The Ionization of Carbon
Acids”; Academic Press: New York, 1973; Chapter 8. (c) Kreevoy, M. M.;
Sea-wha, Oh J. Am. Chem. Soc. 1973, 95, 4805-4810. (d) Kresge, A. J.
Chem. Soc. Rev. 1973, 2, 475-503.

(25) Bell, R. P.; Tranter, R. L. Proc. R. Soc. London, A, 1974, 337,
517-527.
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also has a slope of 0.57. (RCO;™ ion families have been found
by Bell and his students to give reasonably good Bransted plots
in numerous studies of proton transfer reactions.?) We conclude
that there is no basis to consider that the Bronsted plot in Figure
3 is curved, although the evidence for linearity leaves much to
be desired.

When extended Brensted plots are constructed by using several
families of bases, apparent curvature can arise even when the donor
atom is kept constant because of differences in solvation. For
example, in a study of the deprotonation of 4-(p-nitrophenoxy)-
butan-3-one in water by 30 oxanion bases, definite curvature in
the Bronsted plot was observed. The part of the plot constructed
from phenoxide, acetate, oximate, and like ion bases was essentially
linear with the usual scatter observed when mixed base families
are used. The curvature was caused by the points for a series of
alkoxide ions and hydroxide ion.?% The authors argue con-
vincingly that at least the major part of this curvature is caused
by slow rates resulting from enhanced solvation of alkoxide and
hydroxide ions rather than from changes in AG®, and this view
has since been supported by measurements of ky/kp isotope
effects. 26

The changes in 8 values cited by Leffler and Grunwald as the
most beautiful example supporting HLP and RSP were those of
Bell for the deprotonation of H—C—C=0 type carbon acids by
a family of RCO," ion bases.?®* Here the structural variations
were made in the electrophiles at the reaction site, i.e., the proton
donor abilities of ketones, 3-diketones, 3-keto esters, and their
halogenated derivatives were compared. Since the environment
at the reaction site has been changed, it would not be surprising
to find that 3 has been changed due to a change in mechanism,
and/or because differences in the steric and electronic effects cause
differences in solvation. Indeed, as pointed out by Kemp and
Casey,”” the data can actually be fitted better by two lines, one
for monocarbony! and one for dicarbony! substrates, rather than
a curve.

We conclude from these and other examples?! that there are
several factors that can cause Bronsted 3 values to change and
that there is no compelling experimental evidence that a change
in AG® is one of them.

Examination of Table IT shows that most of the measurements
have been carried out in water over small AG® ranges. In this
medium nitroalkanes are the only monofunctional carbon acids
for which deprotonations can be studied in the exergonic direction.
For families of phenoxide ions and pyridines reacting with
O,NCH,CO,Et, 8 = 0.65; for pyridines reacting with CH,=C-
HCH,NO,, 8 = 0.59; for amines reacting with CsH;CH(Me)NO,,
8 = 0.54; for RCO,™ ions and amines reacting with PhCH,NO,,
B = 0.57-0.6; and for RCO;  and ArO~ ions reacting with
CH,CH(NO,),, 8 = 0.70. For a family of carboxylate ions
reacting with fluoradene, 8 = 0.40, and for families of fluorenide
ions and polyarylmethide ions reacting with MeOH, 8 = 0.63 and
0.42, respectively. These values show no particular trend and no
tendency to approach the zero value predicted by HLP. For the
three examples with PhCH,NO,, O,NCH,CO,Et, and CH,CH-
(NO,),, which were studied over appreciable AG®° ranges, and
cover both the exergonic and endergonic regions, the average 8
values is 0.68 % 0.3. For protonations of carbanions by MeOH
in the exergonic region (—8.2 to —33 kcal/mol) 3 averaged 0.5.

(26) (a) Hupe, D. 1.; Wu, D. J. Am. Chem. Soc. 1977, 99, 7653-7659. (b)
Hupe, D. J,; Pohl, E. R, J. Am. Chem. Soc. 1984, 106, 5634-5640.

(27) Kemp, D. S.; Casey, M. J. Am. Chem. Soc. 1973, 95, 6670-6680.

(28) Ta-Shma, R.; Rappoport, Z. J. Am. Chem. Soc. 1983, 105,
6082-6095.

(29) Feather, J. A; Gold, V. J. Chem. Soc. 1965, 1752-1761.

(30) Bell, R. P,; Cox, B. G. J. Chem. Soc. B 1970, 194-196.

(31) Bell, R. P. Discuss. Faraday Soc. 1965, 39, 16-24.

(32) Barnes, D. J.; Bell, R. P. Proc. R. Soc. London, A 1970, 318, 421-440.

(33) Ritchie, C. D.; Uschold, R. E. J. Am. Chem. Soc. 1968, 90,
3415-3418. The “curved” Bransted plots in this paper no doubt result from
mixing acid families.*?

(34) Bell, R. O.; Grainger, S. J. Chem. Soc., Perkin Trans. 2 1976,
1367-1370.

(35) Hibbert, F; Long, F. A. J. Am. Chem. Soc. 1972, 94, 2647-2651.
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HO™ + A.!'CﬂzNO2 (!i)

H20 + Ax‘CH=N02 (2\

Reaction Coordinate

Figure 4. Hypothetical reaction profile for deprotonation of an aryl-
nitromethane in water by hydroxide ion.

When remote substituent changes are made in the aryl ring
of ArCH,NO, nitroalkanes reacting with a single base, 8 values
larger than unity are generally observed in aqueous media (Table
II). These “anomalous” Bronsted coefficients are most likely
associated with the large changes in the solvation accompanying
the change from the poorly solvated nitroalkane (3) to the strongly
hydrogen-bonded nitronate ion (5).

BHe e Q)

ArCHoNO, + B e /cH--—No2 ot
3 Ar

{(weakly solvated)
intermediate (4)

BH +

H\C=NO -
/ 2

Ar

5
(strongly solvated)

The anomaly can be explained in terms of Cram’s mechanism
(Scheme I) and the hypothetical reaction profile shown in Figure
4.3% Here the first barrier is higher than the second, i.e., k; <
k,, but k, is greater than k_,, and k_, < k_j, k,. If this represents
a correct picture of the reaction, formation of the H-bonded
intermediate (4), governed by k,, will be rate limiting in the
forward direction and will be subject to appreciable substituent
effects, as observed (Hammett p = 1.28 with HO™ base). In the
reverse direction the barrier to formation of the intermediate is
controlled by k., and will be high, relative to that controlled by
k_; the substituent effects will therefore be small, as observed.
The true 8 in this instance should be derived by comparison of
k, with the equilibrium between 3 and 4, rather than that between
3and 5. The “anomaly” arises when the latter comparison is made.

The existence of small or inverse ky/kp isotope effects and
variations in stereochemistry with structure for isotopic exchange
have provided strong support for Cram’s mechanism in cases where
k_; > k,, which can be represented by a hypothetical reaction
profile similar to that shown in Figure 1, but with the second
barrier larger than the first. Direct experimental evidence for
the presence of intermediate 4 has not been obtained as yet, but

(36) Margolin, Z.; Long, F. A. J. Am. Chem. Soc. 1973, 95, 2757-2762.

(37) Bell, R. P; Cox, B, G. J. Chem. Soc. B 1971, 652-656.

(38) (a) Bordwell, F. G.; Boyle, W. J., Jr. J. Am. Chem, Soc. 1975, 97,
3447-3452. (b) Bordwell, F. G.; Boyle, W. J., Jr. Ibid. 1972, 94, 3907-3911.
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Scheme I with k_; < k, (Figure 4) appears to be a reasonable
extension of this mechanism, and there are several lines of indirect
evidence supporting it. For example, the 3 values larger than unity
suggest that in the reverse reaction electron withdrawing groups,
such as m-NO,, will accelerate acceptance of a proton on carbon
by the m-NO,C,H,CH=NO,™ ion in a one-stage mechanism.
This seems unreasonable. In practice, it has been observed that
in the reverse reaction substituents cause differences in rates of
protonation of ArCH=NO," ions by either H,O or the conjugate
bases of amines that are small and erratic with frequent discon-
tinuities. For example, the relative rates for protonation of
GCH,CH=NO,  ions by water are calculated to be m-CH,
(1.01), H (1.00), m-F (1.01), m-Cl (1.25), m-CF; (1.03), m-NO,
(1.26), p-NO, (1.20).3%® Similar small differences and erratic
behavior were observed in the protonation of GCH,CH,CH=
NO;" ions; here p* = 2.27 and 8 = 1.7 for the deprotonation
reaction.’s In the two-stage mechanism the principal barrier in
the reverse direction is the solvent reorganization associated with
the transfer of the negative charge from oxygen to carbon. The
effect of the substituents in Ar, which are remote from the oxygen
atoms being desolvated, should be relatively small and their nature
is uncertain. Substituent effects on the proton transfer in the
reverse second stage should be the inverse of those observed in
the deprotonation. The erratic substituent effects observed pre-
sumably result from a combination of the effects in the two stages.

When deprotonation of ArCH,NO, substrates are carried out
in Me,SO solution with PhCO," ions as the base, an excellent
Bronsted plot with a 8 value in the “normal range” (8 = 0.92)
is obtained.** The 8 of 0.92 is, of course, much greater than that
predicted by HLP for a reaction where AG® changes from -2.4
to +1.3 kcal/mol. (Since AG® =~ 0, HLP predicts that 8 and
1 - 8 =~ 0.5.) The reaction profile shown in Figure 4 can be
applied here, but the size of the barrier from ArCH=NO," to
4 will be decreased somewhat because stabilization of the ArC-
H=NO," ion by electrostatic solvation is less effective than
solvation by H bonding in water. The forward rates for this
reaction give a good Hammett plot with p = 2.65. In sharp
contrast the Hammett plot for the reverse reaction is extremely
poor; relative rates are p-CH, (0.40), H (1.00), p-Br (0.93),
m-NO, (0.47), 3,5-(NO,), (0.79). The scatter is such as to make
it impossible to define a p value, but it appears to be near zero.
These observations mirror the observations made for the pro-
tonations in aqueous media described above. They are consistent
with a two-stage mechanism but not with a one-stage mechanism.

The 8 values for reactions of base families with ketone and ester
substrates in aqueous media in Table II show no clearcut trend
with variations in AG®. When substituents are made in the acids,
as in the Ar moiety of ArCH,CH(COMe)CO,Et or ArCH,CH-
(COMe), carbon acids reacting with MeCO,", 3 values are dis-
tinctly larger (0.76 and 0.58, respectively) than when substituent
changes are made in the nature of R in RCO,™ ion bases (8 =
0.44 in each instance).’* This trend is the same as that observed
with nitroalkanes, suggesting that the reaction profile may be like
that shown in Figure 4.

The 8 values for reactions of base families with a-cyano sub-
strates in aqueous media are generally near unity (Table II). These
large values appear to be associated with the formation of relatively

(39) Keefe, J. R.; Morey, J.; Palmer, C. A;; Lee, J. C. J. Am. Chem. Soc.
1979, 101, 1295-1297.

(40) Bordwell, F. G.; Boyle, W. ], Jr. J. Am. Chem. Soc. 1971, 93,
511-512.

(41) Bordwell, F. G.; Boyle, W. J., Jr. J. Am. Chem. Soc. 1970, 92,
5926-5932.

(42) Hautala, J. A. Ph.D. Dissertation, Northwestern University, 1971.
Also quoted in ref 40.

(43) Lin, A. C.; Chiang, Y.; Dahlberg, D. B.; Kresge, A. J. J. Am. Chem.
Soc. 1983, 105, 5380-5386.

(44) Streitwieser, A.; Hollyhead, W. B.; Pudjaatmaka, A. H.; Owens, P.
H.; Kruger, T. L.; Rubenstein, P. A.; MacQuarrie, R. A.; Brokaw, M. L.; Chu,
W. K. C,; Niemeyer, H. M. J. Am. Chem. Soc. 1971, 93, 5088-5096.

(45) Streitwieser, A.; Hollyhead, W. B.; Sonnichsen, G.; Pudjaatmaka, A.
H.; Chang, C. I.; Kruger, T. L. J. Am. Chem. Soc. 1971, 93, 5096-5102.

(46) Bordwell, F. G.; Bartmess, J. E.; Hautala, J. A. J. Org. Chem. 1978,
43, 3107-3113.
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Table II. Bronsted 8 Values for Deprotonation of Carbon Acids
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substrate(s) base (families) solvent 8 AG® range’ ref
A. a-Carbonyl Substrates
CH,COCH; RCO;, H,0 0.88 +18 to +21 20a
CH;COCH; pyridines H,0 0.65,0.73 +15t0 +18 29
cyclohexanone pyridines H,0 0.52,0.73 +15to +18 29
menthone H_ acidity function H,0/Me,SO 0.48 30
H,COCH,CH,0CH/NO,-p oxanions H,0 0.75 +14 to +20.5 26a
CH,(COCHs), RCO; H,0 0.48 +3to +8 24a
CH,(COOEL), RCO; H,O 0.79 +11 to +14 31
CH;COCH,S0;~ pyridines H,0 0.75 +9.6 to +19 32
9-CO,MeFIH RCO, Me,SO 0.40 -3.3 to +0.5 33
CH(COOMe); RCO;,” H,0 0.72 +4.1 to +6.8 32
GC4H,CH,CT(CNy) H,0 H,O 0.61 +17 to +18.5 34
PhCH,CN(CN), RCO,” H,0 1.00 +8.4 to +9.6 34
PhCT(CN), H,0 H,0 0.61 +17 to 18.5 34
GC4¢H,CT(CN), CICH,CO,” H,0 0.98 +11to +12 34
PhCH,CH(COMe)CO,Et RCO; H,O 0.44 +9.5 to +12 34
ArCH,CH(COMe)CO,Et MeCO,” H,0 0.76 +6.8 to +8.6 34
PhCH,CH(COMe), RCO; H,0 0.44 +7.7 to +10.5 34
ArCH,CH(COMe), MeCO,” H,0 0.58 +5.8 to +6.8 34
ArCH,CH(COMe), H,0 H,0 0.48 +15.5 to +17 34
B. a-Cyano Substrates
t-BuCH(CN), RCO, H,0 0.98 +11 to +14 9b
1-BuCH(CN), RCO;, amines H,0 0.8 +2.0to +14 15
p-NO,C¢H,CH,CN amines H,0 0.61 +14 to +18 35
CNCH,CH=CHCH,CN ArO H,0 0.94 +12to+18 9a
CNCH,CH=CHCH,CN 2° amines H,0 0.98 +14 to +17 9a
CNCH,CH=CHCH,CN H_ acidity function H,0/Me,SO 0.7 36
CH,=CHCH,CN 9-R-FI” Me,SO 0.8 +6.8 to +12 b
CH,=CHCH,CN ArNSO,R” Me,SO 0.8 +11to+16 b
CH,—CHCH,CN ArS” Me,SO 0.8 +15to +18 b
CH,=CHCH,CN ArO” Me,SO 1.0 +12 to +16 b
C. a-Sulfonyl Substrate
(EtSO,),CHCH; RCO;, ArO- H,0 0.8 +9.6 to +14 37
D. a-Nitro Substrates
ArCH;,;NO, HO" H,0 1.5 -14 to -11.5 38
ArCH;NO, morpholine H,0 1.3 -28t0 0 38
ArCH,NO, 2,4-lutidine H,0 1.3 0to+2.8 38
ArCH,;NO, PhCO; Me,SO 0.92 —2.4to+1.3 39
GCH,CH,CH,NO, lyate ion 50% MeOH 1.7 46
GCH,CH,CH,NO, pyridine 50% MeOH 1.8 46
ArCH;NO, lyate ion, RCO,” 50% H,O/- 1.4 +9.6 to +11 41
MeOH
C¢H;CH(Me)NO, amines H,0 0.54 -6.4 to -3 40
PhCH,NO, amines, RCO;” H,0 0.57 -5.5t0 +5.8 21
O,NCH,COOEt ArO-, pyridines H,0 0.65 -5.5t0 +5.5 32
CH,=CHCH,NO, pyridines H,0 0.59 -28t00 42
CH;CH(NO,), RCO;, ArO- H,0 0.70 -7.4to +5.5 25
E. Hydrocarbon Substrates
PhC=CH amines H,0 0.99 +14 to +21 43
CHCl,4 amines H,0 1.12 +21 to +28 43
CHCl, H_ acidity function H,0/Me,SO 0.98 36
fluoradene ArCOy” Me,SO 0.40 -3.1to +0.5 33
fluorenes MeO~ MeOH 0.37 -0.7 to +10 44
polyarylmethanes MeO™ MeOH 0.58 +16 to +24 45
F. Heterocyclic Substrate
benzisoxazoles amines H,0 0.65-0.42 +14 to +21 27

“Estimated from 1.37 ApK,; ApK, = pK,(substrate) - pKyp (the conjugate acid of the base, B"). These values are approximate since pK,(sub-

strate) and pKyp often must be estimated. ®Present Work.

localized carbanions and are observed also with a-sulfony! carbon
acids, chloroform, and phenylacetylene. The a-cyano carbon acids
differ from nitroalkanes and a-keto carbon acids in that 8 values
are near unity when the substituent changes are made in either
the acids or the bases. The pattern of substituent effects on the
forward and reverse rates remains the same as for nitroalkanes,
however. For the deprotonation of GC4H,CT (CN), substrates
the deprotonation rates are sensitive to substituent effects, but
the reverse rates appear to be essentially unaffected by substituents
although they are considerably below the diffusion-controlled limit.
Bell attributes this to the presence of a constant additional ac-
tivation barrier arising from the necessity to reorganize the sol-
vation shell.3* This description is essentially that given above for

protonation of nitronate ions, suggesting that solvent reorganization
from nitrogen to carbon may be important for even these relatively
localized carbanions. It is noteworthy in this regard that p-CN,
as well as p-COPh and p-NO, functions exhibit enhanced solvation
in phenoxide ions in either aqueous or Me,SO solution, as judged
by comparisons of substituent effects on phenol acidities in the
gas phase with those in solution phases.*” These enhanced
solvation effects will, of course, be much larger in anions containing
a-CN, a-COPh, and a-NO, functions. They can account for the
larger effects of a-alkyl substitution on kinetic than on equilibrium

(47) Mishima, M; Mclver, R. T., Jr,; Taft, R. W.; Bordwell, F. G.; Olm-
stead, W. N. J. Am. Chem. Soc. 1984, 106, 2717-2718.
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acidities, which are frequently in inverse directions.®*4® They
can also account for the observation that substitution of a nitro
group for an a-hydrogen atom in CH,CH,NO, to give CH,CH-
(NO,), causes increases in the deprotonation rates, ky,o and kyo-,
of 10%4> and 10%%4, respectively, whereas the equilibrium acidity
is increased by only 3.44 pK, units.?’

Summary and Conclusions. Rate constants for base-catalyzed
proton transfers occurring in the isomerization of CH,—=CHC-
H,CN to CH;CH=CHCN in Me,SO solution at pKy = 11 are
in the order N > S™, O~ > N~ > C~ when compared at the same
basicity. The rate span of about 2 log units observed (Figure 2)
corresponds to the extent of scatter that would be observed in a
Bronsted plot constructed with the assumption that these bases
belonged to a single family. An example of the scatter occurring
in such a Bronsted plot may be observed in Figure 3. Scatter of
this nature makes it difficult, if not impossible, to verify the
curvature in the Bronsted plots predicted by the rate—equilibrium
relationship (eq 1). Verification of such curvature is complicated
further by differences in solvation of different types of anions and
particularly by the fact that proton transfers do not occur by simple
one-step mechanisms. Support for a two-step mechanism for
proton transfers from carbon acids is provided by the failure of
substituent effects on the reverse, protonation reaction, to conform
to those observed in the deprotonation reaction, as is required by
a one-step mechanism. The prediction that 8 in eq 1 should
approach zero for exergonic reactions and unity for endergonic
reactions is shown not to be borne out by experiment. Instead,
B varies from 0.40 to 1.7 (Table II). The failure of eq 1 is
attributed to the general adherence of base-protonated proton
transfers from carbon acids to Cram’s mechanism wherein an
intermediate hydrogen-bonded carbanion is the initial “product”.
The proton transfers in Table II can be represented by hypothetical
reaction profiles of the type shown in Figures 1 and 4. We
conclude that the complexity of mechanisms for proton transfers
renders a simple interpretation of 3 in terms of the extent of proton
transfer in the transition state as unreliable. The lack of evidence
for changes in 3 that can be clearly related to changes in AG®
removes the experimental underpinning for the application of the
Hammond-Leffler postulate to most organic reactions over the
usual reactivity ranges studied.?’

Experimental Section

Materials. 3-Butenenitrile was distilled at atmospheric pressure, bp
117-120 °C, to give a colorless liquid. GC analysis showed <1% im-
purity. However, titration of anions of pX, > 15 in Me,SO showed that
about 4% acidic impurity was present. Titration of an acid anion of pX,
10.3 showed no impurity, so the acidity of the impurity was about 12 to
13 in Me,SO.

The phenols were commercially available solids that were recrystal-
lized from hexane and vacuum sublimed. The sulfonamides were pre-
pared from the appropriate sulfonyl chloride and substituted aniline. The
thiophenols were either recrystallized (p-Br) or vacuum distilled. The
carbon acids were primarily indicators whose syntheses have been de-
scribed before.”

Kinetic Measurements. All reactions were carried out under a blanket
of argon in cuvettes sealed on top with three-way stopcocks, as previously
described.’

In order to calculate the second-order rate constants for the isomer-
ization reactions, the concentration of the base had to be known accu-
rately. This was accomplished by two methods, depending on whether
the anion was colored or not.

Method I. For Colored Anions. The procedure for generating colored
anions is the same as that used for a pK, run.” Briefly, weighed amounts
of Me,SO and stock dimsyl were added to the cuvette. Aliquots of the
indicator solution were added and weighed, and the resulting absorbances
at a fixed wavelength were recorded after each addition. Form this a
Beer's law plot was constructed and an ¢ for the anion determined. Then,
about a 10% excess of the indicator was added to make sure no dimsyl
was left in the cuvette. After equiljbration at 25 °C, a solution of
3-butenenitrile (~0.1 mL of 300 mM solution) was added to start the
reaction. The resulting drop in absorbance due to dilution and an acidic
impurity was recorded, and the final anion concentration was calculated

(48) Bordwell, F. G.; Boyle, W. J., Jr.; Hautala, J. A;; Yee, K. C. J. Am.
Chem. Soc. 1969, 91, 4002-4003.
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from this absorbance and the e. The concentrations of the anions ranged
from 1 mM for the fast reactions ((9-m-CIC¢H4FI™) to 15 mM for the
slower reactions (2-PhSO,-9-PhFI").

Method 2. For Colorless Anions. This method involved titrating the
colorless acid (AH) with stock dimsyl in the presence of a colored in-
dicator (HIn) of lesser acidity than AH. (1) First the empty reaction
cuvette was tarred and an indicator was chosen that was several pK, units
less acidic than the acid being titrated. Often, 9-PhFIH (pK, = 17.9)
or 9-PhCH,FIH (pX, = 21.3) were used. (2) Two or three drops of the
indicator solution (~ 50 mM) along with Me,SO were added to the tared
cuvette and weighed. The amount of Me,SO added depended on what
final anion concentration was desired. (3) A solution of the acid (AH)
was added and weighed. (4) The stock dimsyl solution (~ 100 mM) was
added slowly with shaking until the faint color of the indicator anion (In”)
appeared, and weighed. (5) This was back-titrated with a drop or two
of AH solution to barely quench the anion color, and weighed. (6)
Another small amount of AH was added (~ 10% excess) to ensure that
no residual dimsyl was left. (7) After equilibration at 25 °C, 3-buten-
enitrile was added to begin the reaction.

The [A™] concentration was calculated from eq 2, where [AH], is the
concentration of the stock acid (AH) solution, and the numbers refer to
the weight of the cuvette in the steps outlined above.

(3-2+5-4))

A7 = [AHJO( — @

Concentrations of 2 to 80 mM of [A~] were prepared in this way.

GC Analysis. The reactions were followed by comparing the ratios of
cis- and trans-2-butenenitrile to 3-butenenitrile by gas chromatography
(Varian 3700). Under the conditions of the GC (10% carbowax column
at 50 °C), cis-2-butenenitrile eluted at 11 min, trans-2-butenenitrile at
16 min, and 3-butenenitrile at 19 min.

For each run, 4 to 5 aliquots of the reaction mixture were analyzed
at roughly evenly spaced intervals. To quench the reaction, an aliquot
containing 0.1 to 0.2 mL of the reaction mixture was removed by syringe
and poured into | mL of water containing 1 drop of acetic acid. This
was extracted by shaking for 5 s with 0.2 to 0.3 mL of hexane. (Hexane
was used because the butenenitriles are soluble in it but Me,SO and most
of the acids used were not.) About | uL of this hexane solution was
injected into the GC. )

Several standard solutions of the butenenitriles in hexane were ana-
lyzed, and it was found that the ratios of 2-butenenitrile to 3-butenenitrile
as determined by GC peak areas closely matched (within 1%) the ratios
determined by weight. However, it was found that in the workup pro-
cedure, the extracted ratios were not the same as those in the reaction
mixture. Consequently, a working curve was made. The working curve
was made by simuldting reaction conditions and workup, except that no
anion was added. The curve was derived from 9 points ranging from 20%
3-butenenitrile to 90% 3-butenenitrile. For the standard solutions, a
mixture of 2-butenenitrile that contained 52% cis/48% trans was used
(obtained from fractional distillation). After the workup procedure, GC
analysis showed 62% cis/38% trans, very close to the ratios obtained from
most of the reaction mixtures. After the working curve was established,
three standards were run under exact reaction conditions, one containing
2-PhSO,-9-PhFIH, one containing 3,4,5-Cl,C¢H,OH, and one containing
PhSO,NHPh. These points all fall close to the working curve, showing
that the type of nucleophile present did not affect the extraction ratios.
Examination of the curve showed that 2-butenenitrile is extracted more
favorably than 3-butenenitrile. Thus, when GC analysis shows 33%
3-butenenitrile, there is actually 50% present in the reaction mixture.
Because of this, many of the reactions were only followed to 60 or 70%
completion.

As intimated above, the ratio of cis- to zrans-2-butenenitrile was about
1:1 in these reactions and varied only %3% for reactions with different
nucleophiles. Czech workers reported a cis/trans ratio of 59/41 for this
compound in z-BuOH.1

For three of the colored nucleophile ions, 9-PhSFI™, 9-(m-CIC¢H,)FI-,
and 2-PhSO,-9-PhFI", the absorbance of the indicator anion did not
change during the entire tinie required for complete isomerization. This
showed that the anion concentration was not decreasing during the re-
action, ruling out any side reactions such as the Michael addition of the
anion to the product 2-butenenitrile.

Dimethyl sulfoxide slowly isomerized 3-butenenitrile to 2-butenenitrile
(~10% reaction per week). Consequently, solutions of the nitrile in
Me,SO were kept frozen.

Acknowledgment. This research was supported by the National
Science Foundation.

Registry No. 1, 109-75-1.



