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Abstract: Isomerization of /erf-butyl thiolbut-3-enoate (1) to tert-buty\ thiolcrotonate (2) is catalyzed by tertiary amines 
and hydroxide ion in water solution and by tertiary amines in anhydrous acetonitrile. The reaction is distinguished by an ex­
perimental deuterium solvent kinetic isotope effect, &2(H20)/fc2(D20), greater than six for reactions catalyzed by N,N-A\-
methylaminoethanol, TV.N-dimethylisopropylamine, and triethylamine. In CD3OD the rate of methylene proton exchange 
(NMR) in 1 exceeds the rate of isomerization. General base catalyzed formation of 1 carbanion followed by rate-determin­
ing general acid catalyzed formation of 2 is proposed. Calculated rate constants for formation of 1 carbanion and its parti­
tioning to 1 and 2 have values expected for these proton transfers. Isomerization in acetonitrile is subject to a deuterium iso­
tope effect, /fc2(R-3NH+)/&2(R3ND+), greater than 1, and the isotope effect increases with increasing concentration of 
RsND+. Intramolecular proton transfer via an ion pair intermediate which exchanges H of RsNH + - I - with RsND+ in a 
concentration-dependent way is proposed for isomerization in acetonitrile. 

Introduction 
a-Methylene proton transfer from thiol esters to acceptor 

bases initiates a number of reactions of biochemical impor­
tance.3 One of these involves dehydration of 0-hydroxy thiol 
esters catalyzed by such enzymes as /3-hydroxydecanoyl 
thioester dehydrase4 and enoyl coenzyme A hydratase (cro-
tonase),5 enzymes which also possess isomerase activity (eq 
1). 

R C H = C H C H 2 C O S R ' «=S R C H 2 C H = C H C O S R ' (1) 

Vinylacetyl isomerase from C. kluyveri possesses isomerase 
activity only, catalyzing a nearly quantitative conversion of 
./V-acetylcysteaminyl vinylacetate to the crotonyl derivative 
(eq I).6 Vinyl acetyl isomerase from ox liver catalyzes con­
version of /3-methylvinylacetyl coenzyme A to 0-methylcro-
tonyl coenzyme A.7 Despite the importance of such enzyme 
catalyzed reactions in fatty acid biosynthesis and degrada­
tion, little is known of the details of these reactions, al­
though in the case of (8-hydroxydecanoyl thioester dehydra­
tase, experimental evidence suggests an EIcB or a concert­
ed mechanism may operate.4'8'9 It is noteworthy that no ki­
netics studies have been done on nonenzyme-mediated 
isomerization reactions of thiol esters, one of the simplest 
models for proton transfer from such carbon acids to accep­
tor bases which initiates a chemical change. Here we report 
the results of a kinetic study of the base catalyzed isomer­
ization of tert-buty\ thiolbut-3-enoate (1) to /erf-butyl 
thiolcrotonate (2). 

CH 2 =CHCH 2 COSC(CH 3 )3 — 
CH 3 CH=CHCOSC(CHa) 3 (2) 

1 2 

Experimental Section 

Apparatus. Gilford Model 2400 spectrophotometers and a Beck-
man Model DBG spectrophotometer were used. Temperature was 
maintained with Tamson T9 circulating water baths connected to 
thermospacers in the spectrophotometers. pH measurements were 
made with a Radiometer PHM 26 meter. A Varian A-60 NMR 
spectrometer was used. 

Reagents. All reagents were Fisher Certified ACS grade, except 
vinylacetic acid, A'.TV-dimethylaminoethanol, N-ethylmorpholine, 
and /V-methylmorpholine (Aldrich), N,./V-dimethyl-re/7-butyl-
amine, triethylamine, MA^-dimethylisopropylamine, and tert-

butylmercaptan (Eastman), and D2O and DCl (99.8% D) (Stohler 
Isotope Chemicals). TriethylammoniunW-rf chloride was pre­
pared from triethylammonium chloride by dissolving it in D2O and 
removing solvent. The process was repeated three times, and the 
denatured salt was crystalized from anhydrous acetonitrile. Line 
distilled water was redistilled through a Corning AGIa still before 
use. Acetonitrile was refluxed with P2O5 and distilled. It was then 
refluxed with CaH2, distilled, and stored under nitrogen.10 tert-
Butyl thiolbut-3-enoate was synthesized from vinylacetyl chlo­
ride" and /err-butylmercaptan: a solution of to-f-butylmercaptan, 
23.4 g (0.26 mol), in 25 ml benzene was added dropwise to a solu­
tion of 27.5 g (0.26 mol) of vinylacetyl chloride in 100 ml of ben­
zene at room temperature during 0.5 hr. The solution was stirred 
for 24 hr, following which the benzene was removed in vacuo with 
gentle heating. The residue was clarified to a colorless liquid by 
distillation at 5 mm, and the distillate was redistilled to give four 
fractions. The second fraction, bp 60° (8 mm) (14.6 g, 35%), was 
used for kinetics and submitted for analysis (Galbraith Laborato­
ries, Inc.). 

Anal. Calcd for C8H14OS: C, 60.70; H, 8.91; S, 20.06. Found: 
C, 60.52; H, 8.86; S, 20.06. 

Kinetics. AU solutions were maintained at an ionic strength of 
0.1 M by addition of KCl to water solutions and tetraethylammo-
nium bromide to acetonitrile solutions unless otherwise stated. The 
reaction temperature was 30 ± 0.1°, and pH's of water solutions 
were measured and found to be constant to ±0.03 pH unit for vir­
tually all serial dilutions of constant buffer ratio. Amine hydro­
chloride salts were generated in water by addition of known 
amounts of 1 N HCl to the amines and in acetonitrile solutions by 
addition of weighed amounts of dry amine hydrochloride or amine 
deuteriochloride. Reactions were run under pseudo-first-order con­
ditions ([1] ca. 3 X 1O-5 M) and were initiated by addition of 1 in 
acetonitrile or methanol to amine solutions. The optical density 
(OD) increase at 265 nm due to generation of the conjugated ole­
fin was monitored as a measure of the reaction progress. Michael 
addition to 2 was monitored as the loss of OD with time and was 
found to be sufficiently slow for amine-catalyzed reactions (nonex­
istent for reactions run in acetonitrile) to be ignored. Accordingly, 
pseudo-first-order rate constants were obtained by plotting log 
(ODa, - OD0)/OD„ - OD,) vs. time and multiplying the least-
squares slope of the line by 2.303. Plots were linear to 75% reaction 
or beyond. For reactions run in dilute potassium hydroxide solu­
tions, pseudo-first-order rate constants were calculated for A —• B 
—* C reactions12 because Michael reaction of hydroxide ion with 2 
destroyed the 265 chromophore too rapidly to permit assumption 
of A -» B reactions. The rate of loss of methylene protons of 1 in 
CD3OD was measured using NMR spectrometry. Typically, into 
an NMR tube were placed 0.4 ml of 0.2 M triethylamine in 
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Table I. Rate Data for Isomerization (1 -> 2) in Aqueous Solution" Table II. Rate Data for Isomerization (1 -* 2) in Acetonitrile0 

Base 
Fraction 
of base kvM~l min"1 

No. of 
*obsd 

Concn range 
of base, M 

EM 
MM 
DMAE 

DMIA 

TEA 

OH 

0.8 
0.8 
0.167 
0.5 
0.8 
0.83 
0.8 
0.5 
0.5 
0.8 
0.5 
0.5 
0.5 

0.058 ± 0.001 
0.062 ± 0.002 
0.63 ± 0.01 
0.56 ± 0.01 
0.70 ± 0.02 
0.59 ± 0.03 
0.094 ± 0.001* 
3.18 ±0.2 
2.9 ± 0.08c 

3.0 + 0.07 
0.45 ± 0.025* 
2.06 ± 0.05 
0.22 ± 0 . 0 1 " 
12.2 ± 1.8 

11 
11 
6 
5 
6 
6 
6 
8 
5 
6 
6 
6 
6 
19 

0.02-0.2 
0.01-0.5 
0.002-0.02 
0.02-0.10 
0.05-0.5 
0.05-0.5 
0.05-0.5 
0.02-0.2 
0.08-0.4 
0.02-0.2 
0.02-0.2 
0.02-0.2 
0.02-0.2 
0.01-0.1 

at = 30 ± 0.1°; M = 0 . 1 M unless otherwise stated; reported errors 
are standard deviations; bases used are A^/Z-dimethylaminoethanol 
(DMAE), AyV-dimethylisopropylamine (DMIA), hydroxide ion 
(OH), iV-methylmorpholine (MM), jV-ethylmorpholine (EM), tri-
ethylamine (TEA). * Solvent = D2O. c\i = 0.2. 

CD3OD, 0.01 ml of CH 3CN for reference standard, and 0.1 ml of 
1. The signals from the methylene protons were integrated at 
timed intervals, and the agnitudes of the signals were determined 
relative to those for CH 3 CN. First-order rate constants for ex-
change-isomerization were obtained by multiplying slopes of plots 
of log (P1 - P»)/(P, - .Poo) vs. time by 2.303, where P1 is the cor­
rected peak height at arbitrary time zero, P, is the corrected peak 
height at any time, and P„ is the corrected peak height at time in­
finity. A small residual signal remained after runs, which was due 
to CH in CD3OD which absorbed at the analytical <5. Each rate 
constant so obtained was divided by [^2Hs) 3 N] to give, after cor­
rection for the isomerization rate (vide infra), ki (exchange) = 1.2 
± 0.2 A/ - 1 min - 1 (six values) at ca. 25°. Isomerization of 1 in 0.2 
M triethylamine in CD3OD as determined spectrophotometrically 
gave k2 = 0.034 ± 0.001 M~x min - 1 (three values) at 25°; under 
identical conditions, ki = 0.15 ± 0.006 A/ - 1 min - 1 (three values) 
in CH 3OH. 

Product Analysis. For reactions of 1 in 0.6 A/7V,7V-dimethylami-
noethanol, fraction of base = 0.83, the uv spectrum is identical 
with that of tert-b\xiy\ thiolcrotonate12 in the same buffer solution. 
Isomerization of 1 in this buffer solution gave a molar absorption 
coefficient t of 6605 ± 107; for 2, * is 6460 ± 76 so that the yield 
in this reaction is 102 ± 2%. From this and other similar experi­
ments we conclude that the equilibrium 1 <=: 2 lies virtually com­
pletely on the side of 2. For reactions run in dilute potassium hy­
droxide solutions, the absorbance vs. time curves pass through a 
maximum, and absorbance (265 nm) gradually decreases. This in­
dicates that 2 is formed as initial product, and that it is unstable 
and is converted to a nonolefinic thiol ester, presumably by Mi­
chael addition (hydration) of hydroxide ion to the /3 carbon of 2. 
The rate of loss of absorbance is characterized by ^ O H = 1-11 
(±0.07) Af-1 min - 1 ; for 2, similar absorbance loss is characterized 
by kOH = 1.17 (±0.02) A/ - 1 min- ' . 

Results 

In water solution at constant p H , isomerization of 1 to 2 
cata lyzed by ter t iary amines follows the ra te law of eq 3. 

d [ 2 ] / ( d r ) [ l ] = fc0bsd = ^^/"tamine] total + bKw/au + c 
(3) 

T h e second-order ra te constant for amine catalysis , &2, was 
obtained by dividing the slopes of linear plots of &0bsd vs. 
concentrat ion of total amine b y / , the fraction of free amine 
present in the catalyt ic buffer at a constant p H (Table I ) . 
Evaluat ion of the intercept te rms for these plots will be dis­
cussed below. In dilute potassium hydroxide solution, isom­
erization of 1 to 2 obeys the ra te law of the equat ion 

d l 2 ] / ( d / ) [ l ] = *obsd = kouKw/aH (4) 

T h e constant /CQH was obtained as the slope of a plot of 

Base 
Fraction 
of base kv M~ mm 

No. of 
*obsd 

Concn range 
of base, M 

DMIA 
DMTA 

TEA 

1.0 
0.167 
0.5 
0.5 
0.833 
1.0 
0.67 
0.9 
1.0 

0.38 
0.71 
0.80 
0.84 
0.90 
0.68 
0.35 
0.37 
0.33 

: 0.01* 
: 0.002 
. 0.017 
: 0.016 
: 0.029 
: 0.025» 
: 0.007c 

:0.03 
: 0.004* 

0.1-1.0 
0.002-0.02 
0.01-0.10 
0.01-0.10 
0.05-0.20 
0.05-0.50 
0.03-0.3 
0.05-0.3 
0.02-0.2 

at = 30 ± 0.1°; M = 0.1 M ((C2Hs)4NBr unless otherwise stated; re­
ported errors are standard deviations; bases used are N,./V-dimethyl-
fe/t-butylamine (DMTA), W.A'-dimethylisopropylamine (DMIA), 
triethylamine (TEA). bii = 0. cVariable M (constant buffer ratio but 
no added (C2H5)4NBr). 

^obsd vs. Kw/au for reactions run in dilute potass ium hy­
droxide solution (Table I ) . Equat ion 3 and the proposed 
mechanism require a small intercept (ca. 1 0 - 3 m i n - 1 ) a t 
Kvt/an -* 0; however, its value consti tutes ca. 0 . 3 -3 .5% of 
^obsd values determined for reactions run in di lute hydrox­
ide solutions, and we could not distinguish the intercept 
value from zero. For isomerization of 1 to 2 catalyzed by 
7V,./V-dimethylaminoethanol, /V,./V-dimethylisopropylamine, 
and t r ie thylamine, M H 2 0 ) / M D 2 0 ) = 6.6, 6.7, and 9.4, 
respectively. In C D 3 O D solution, &2(exchange)/&2(isomer-
ization) = 35 for isomerization catalyzed by t r ie thylamine 
(Exper imenta l Sect ion) . Isomerizat ion in anhydrous aceto-
nitrile follows the ra te law of eq 5. The second-order ra te 
constants for amine catalysis 

d [ 2 ] / ( d / ) [ l ] = ^obsd = fc2/[amine] total (5) 

were obtained by dividing the slopes of linear plots of &0bsd 
vs. total amine concentrat ion by / , the fraction of free 
amine present in a m i n e - a m i n e hydrochloride (deuteriochlo-
ride) solution (Table I I ) . T h e value of kj is independent of 
the concentrat ion of a m m o n i u m ion present in solutions 
with amine , not only in the kinetic sense, but also in the ab­
solute sense: a proton source exclusive of 1 is not required 
for reaction. For isomerization of 1 catalyzed by tr iethyl­
amine in acetonitri le solution containing t r ie thylamine deu-
teriochloride, a deuter ium isotope effect is obtained, which 
is dependent on the concentrat ion of added t r ie thylamine 
deuteriochloride (Tables III and IV) . From the da ta of 
Table I I I , eq 6 may be obtained. From similar da ta (Table 
IV) obtained for constant , instead of varied, buffer rat io , eq 
7 may be obtained. 

Arob sd((C2H5)3N)/ l t0bsd((C2H5)3N/(C2H5)3NDCl) = 

9.7 ( ± 0 . 6 2 ) [ ( C 2 H s ) 3 N D C l ] + 0.96 (6) 

fcobsd((C2H5)3N/(C2H5)3NHCl)A0bsdX 

( ( C 2 H S ) 3 N Z ( C 2 H S ) 3 N D C I ) = 

8.7 ( ± 0 . 5 6 ) [ ( C 2 H 5 ) 3 N D C 1 ] + 1.01 (7) 

Discussion 

Base catalyzed al lyl-propenyl isomerizations of the type 

JC—C—CH9X H - C - C = C X 

3 

(X = CN, CO2R, CO2", COR) 

have been extensively studied, pr imari ly from the viewpoint 
of the influence of various groups on the position of equilib­
r ium.1 3^1 7 Two mechanisms evolved from these investiga­
tions, the stepwise carbanion mechanism of Ingold et a l . 1 8 
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Table III. Rate Data for Isomerization (1 -<• 2) in 0.2 M 
Triethylamine with Variable Triethylamine Deuteriochloride 
in Acetonitrile0 

(C2H5)3NDC1 
"•obsd' 
min"' (C2H5)3NDC1 

"-obsd' 
min"1 

0 
0.01 
0.02 
0.04 

0.0675 
0.064 
0.059 
0.053 

0.06 
0.08 
0.10 

0.044 
0.037 
0.0355 

»f =30± 0.1° 

Table IV. Rate Data for Isomerization (1 -> 2) in Triethylamine-
Triethylamine Deuteriochloride at Constant Buffer Ratio 
in Acetonitrile0 

Et3N/Et3NDCl 

0.02/0.01 
0.04/0.02 
0.08/0.04 
0.12/0.06 
0.16/0.08 
0.2/0.1 

*obsd(Et3N/Et,NHCl)/ 
fcobsd(Et3N/Et3NDCl) 

0.00708/0.00648 
0.0133/0.0108 
0.0254/0.019 
0.0415/0.028 
0.0557/0.0336 
0.069/0.0355 

at = 30°, rate constants have units of min" 

Ari(B) AiH(BH+) 
3 5=± 3 - «=± 4 

AiiBH+ Aiv(B) 
(8) 

19 and the concerted mechanism of Lowry 

BH+ H B 

JX=KI-1CHX 

Following the demonstration by Ingold et al.20 that the rate 
of deuterium for hydrogen exchange in cyclohexenylaceto-
nitrile (0.1 M C 2 H 5 O - ZC 2 H 5 OD) greatly exceeds the rate 
of isomerization of that compound to cyclohexylidinylaceto-
nitrile, the mechanism of Ingold has been "generalement 
admis".21 '22 To our knowledge there has been no unequivo­
cal kinetics demonstration of the concerted mechanism. In­
gold et al.,16 developing the carbanion mechanism, summa­
rized experiences with tautomeric equilibria with the gener­
al rule that protonation of the carbanion formed from weak 
acid tautomers of unequal stability results in quicker forma­
tion of the thermodynamically less stable tautomer, which 
tautomer is most quickly ionized by base. In the case of 
isomerization of 1 to 2, this rule predicts that I - will be 
more quickly formed from 1 than 2 and that partitioning of 
I - will favor formation of 1: in terms of eq 8, k\\ > km. 

Apparent general base catalyzed isomerization of 1 to 2 
(eq 3) requires that the critical transition state contain 1 
and base or their kinetic equivalent such as I - and BH + . 
For this reaction we shall attempt to show that the carban­
ion mechanism of Scheme I is the simplest mechanism ac­
cordant with our results. 

Scheme I 

/WBUi(OH-), VH2O) 

A1XBH+XWH2O)A(H+) 

VBH+XWH2OXAi(H+) 

This mechanism leads to the steady state rate law of eq 9. 

Table V. Calculated Rate Constants for Tertiary Amine and 
Hydroxide Ion Catalyzed Isomerization of 1 -> 2a 

Base 

MM 
EM 
DMEA 
DMIA 
TEA 
OH 

PK3 

7.41 
7.70 
9.13 

10.30 
10.87 
15.57 

^a (*d) 

4.4 
4.1 

44 
213 
146 

(866) 

kb (*e) 

6.8 X 1 0 " 
3.3 X 1 0 " 
1.3 X 10" 
4.3 X 10'° 
7.9 X 10 ' 

(9.3 X 10s) 

kc (kf) 

9.8 X 10' 
4.7 X 10' 
1.9 X 10 ' 
6.1 X 108 

1.1 X 108 

(1.3 X 10") 

"The method of calculation of constants is described in the Dis­
cussion section; bases are those described in Table I; pATa determined 
by the method of fractional neutralization except PA3(OH) = -log 
(ATw/55.5); constants have units of M~l min-1. 

under our reaction conditions; (2) ( / ^ f [ O H - ] [ H 2 O ] + 
kfkg[H20]2 + kdkiKw + * ,* i [H + ] [ H 2 0 ] / ( * b + 
fcc) [BH+]) is significantly small to be negligible. If for the 
moment these assumptions are accepted, then eq 9 reduces 
to the equation 

d[2] / (d / ) [ l ] = A:0bsd = 
JkM[B] 

+ 

• + 

(*b + *c) 
{kckiKy, + Kk(K* [H2O] [OH-

(kb + kc)Kw 

(AxMH2O] + KkjKa) 

(*b + kc) 
(10) 

which has the form of eq 3. For reactions run in dilute po­
tassium hydroxide solutions, B and BH + terms of eq 9 are 
zero, and H + terms are negligible so that for these reactions 
the equation 

d[2] / (d / ) [ l ] = *obsd = M: f [OH - ] / (A: e + * f) + 
(A^ 8 [H 2 O] 2 + kdk{Kw)/(ke + kt) [H2O] ( H ) 

obtains. The second term is not detectable at high pH; how­
ever, evidence for its existence was obtained from results of 
isomerization of 1 to 2 in /V-methylmorpholine and /V-eth-
ylmorpholine solutions at pH 8.0 and 8.3, respectively, 
where hydroxide ion catalysis is negligible. For these reac­
tions, the intercept rate constants represent 10-50% of the 
&obsd values through the serial dilutions of buffer, and we 
believe that, in catalytic amine buffers, these intercept rate 
constants largely represent the third term of eq 10, that 
water is therefore a catalyst for isomerization, and that the 
second term of eq 11 likely exists. If k\ is assumed to have a 
value as great as one associated with a diffusion-controlled 
proton transfer process, or any lesser value, it can be shown 
from estimates of the rate constants of Scheme I (vide infra, 
Table V) that the third term of eq 10 reduces to fcc£.g[H20]/ 
(kb + kc). The value of kg = 3.6 X 10 - 3 M~[ min - 1 was 
obtained by equating intercepts from plots of /c0bsd vs. con­
centration of 7V-methylmorpholine and 7V-ethylmorpholine 
to this latter term, substituting values for kc and kb from 
Table V and dividing the result by 55.5 M. All of the inter­
cept values of this study were accountable on the basis of 
the last two terms of eq 10 and values for the calculated 
constants of Table V. However, by and large, the fraction of 
isomerization catalyzed by water and hydroxide ion in cata­
lytic amine buffers is very small. Given that the spontane-

d r 2 1 / r d / H l l « * - ( M B ] + ^ d [ 0 H ~ J + *g[H2Qj)(£c[BH+] + Af[H2O; 
' ° b s d (kb + ^c)[BH+] + (kt + kr)]H20] + (kh + kO 

(9) 
,OJ+ArifH+]) 

0[H+] 
Two assumptions, based on estimates of the various rate ous rate contributes negligibly to isomerization in dilute po-
constants of eq 9 discussed below (Table V), will be made: tassium hydroxide solutions, it may be seen that kon of eq 
(1) (kb + kc)[BH+] > (ke + /Cf)[H2O] + (kh + ^ i )[H+] 4isequal toM:f/(A:e + f c f ) o f e q l l . 
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Following predictions of the Ingold generalization, we 
sought evidence for the rapid formation of I - from 1 and, 
indeed, found that the rate of hydrogen for deuterium ex­
change of methylene hydrogens in CD3OD catalyzed by tri-
ethylamine exceeds the rate of isomerization. Accepting 
that exchange and isomerization reactions share a common 
pathway, we conclude that /ca is not rate determining in the 
direction 1 -* 2. From the relationship &2(exchange)/fc2-
(isomerization) = kb/kc (Scheme I, eq 10) for the triethyl-
amine-catalyzed reactions in CD3OD, assuming CD3O -

contributions to rate are quite small, a maximum value for 
the partitioning ratio of I - to 1 and 2 can be calculated. If 
&2(exchange) is statistically corrected,23'24 kb/kc

 7O; i.e., 
protonation at the a carbon atom to give 1 is favored over 
protonation at the 7 carbon atom to give 2 by ca. 2.5 kcal 
mol - 1 . 

In order to check the reasonableness of Scheme I and to 
justify our assumptions regarding the limiting form of eq 9, 
we estimated values for fca, kb, ^c, &d, ^e, and kf using the 
relationships A:2 (Table I) = kakc/(kb + kc), kon (Table I) 
= kdk{/(kt + kf), and ka/kb = kd/ke = KSH/K^, where 
KSH is the ionization constant of 1, and K3. is the dissocia­
tion constant for tertiary ammonium ions of this study (or 
Arw/55.5 in the case of hydroxide ion) and the assumption 
that kb/kc (=ke/kf) = 70 throughout. To estimate k^/kb 
we required an estimate of A^SH which we based on an esti­
mate of Ksu for vinylacetone and the similar acidities of ke­
tones (acetylacetone) and thiol esters (7V-acetylcysteaminyl 
acetoacetate).28 Using <r*(H) = 0.49, <x*(Cl) = 0.89, and 
<r*(CH2=CH) = 0.65,26 and using p^S H(acetone) = 20 
and pATsH(chloroacetone) = 16.5,27 we estimate pATsH(vin-
ylacetone) = 18.6 by interpolation and assigned this esti­
mated value of pKsH to 1. From these relationships and as­
sumptions, kz = 71 k2, kb = kzKz/Ksn, kc = kb/10, ka = 
llkoH, ke = kdKw/55.5KSH, and k( = ke/70 (Table V). 
Examination of the calculated constants of Table V reveals 
the following. (1) Values of ka increase with increasing ba­
sicity of the general base catalyst, /3 = 0.52, and are of the 
same order of magnitude as those constants reported for 
elimination reactions of /3-acetoxythiol esters12,29 and /?-oxy 
ketones,25 reactions postulated to occur via EIcB mecha­
nisms where kinetics evidence for carbanion formation was 
obtained. The value for k& for isomerization catalyzed by 
triethylamine is low, compared with fca values for other 
amines; omission of that data point from the Bronsted plot 
gives /3 = 0.62 with a higher correlation coefficient (0.994 
vs. 0.972). Diminished relative reactivity of triethylamine 
as a catalyst may reflect steric hindrance to proton trans­
fer.30 (2) Values of ^b and kc appear to approach the diffu­
sion-controlled limit31 as acidity of ammonium ions in­
creases and rate constants of these magnitudes are expected 
for proton transfer to a highly basic carbanion.27 The 
Bronsted a values for kb (=kc) are 0.48 (0.38 without tri­
ethylamine constants), which could be interpreted to mean 
that proton transfer occurs about midway along the reac­
tion coordinate.32 This interpretation finds support in the 
result that experimental deuterium solvent kinetic isotope 
effects are greater than six, a result we shall address below. 
Although the "data" of Table V are fictitious, they are use­
ful reminders that, for isomerization of 1 to 2, a slow proton 
transfer (ka) coupled by an equilibrium with a quick proton 
transfer (kc) gives rise to a situation wherein the rate-deter­
mining step is the quick proton transfer. As well, the 
Bronsted coefficients are likely correct indicators of the sen­
sitivity of the reactions in qestion to catalyst basicity (acidi­
ty) since their values are dependent on relative rate con­
stants which were derived from those of Table I. Constants 
(Table V) for hydroxide ion catalysis follow trends set for 
amine catalysis, but they were not included with amine con­

stants for purposes of determining Bronsted coefficients be­
cause of the different charge type, solvation characteristics, 
etc. 

From the foregoing discussion, the rate-determining step 
in the isomerization of 1 to 2 is general acid catalyzed con­
version of I - to 2, a process which should be subject to an 
isotope effect. In fact, large deuterium solvent kinetic iso­
tope effects (>6) were experimentally obtained. The isotope 
effect for kc was estimated from assumed values for 
# S H H / # S H D and A:a

D /#a
H and the relationship A:2(H20)/ 

M D 2 O ) <* ( * c H M c D ) ( W 7 * S H D ) ( * a D / * a H ) . This ap­
proximate relationship rests on the assumption that 1 is suf­
ficiently large compared to kc/kb (Table V) (=0.014) so 
that kakc/kb + kc) =* kakc/kb- Inexact as it may be for 
• ^ S H H / ^ S H D for carbon acids, the Rule-La Mer33 plot gave 
6.3 for this ratio; we know of no literature values for carbon 
acids. Values for A r

a
D /Xa

H were similarly estimated to be 
0.2, which may be compared with the experimental value 
0.22 for iV,/V-dimethylethylamine.12 From these estimates 
and the experimentally determined deuterium solvent kinet­
ic isotope effects (Table I), kc

H/kc
D = 4.3 (7V,7V-dimeth-

ylaminoethanol), 5.3 (./V,./V-dimethylisopropylamine), and 
7.5 (triethylamine). The trend in isotope effects suggests a 
progression of proton transfer from BH + to I - in the criti­
cal transition states for the three reactions; proton transfer 
tends toward half-completion as the acidity of BH + de­
creases, i.e., the isotope effect tends toward a maximum.34 

At this point in the discussion we wish to direct attention 
to the isomerization of 1 to 2 in acetonitrile. We studied this 
reaction to see if evidence could be found for a mechanism 
change along the lines of the concerted mechanism. As well, 
the possibility of intramolecular proton transfer from /3 to 7 
carbon through the agency of an ion pair, as described by 
Cram et al.,35,36 in this solvent of lower dielectric was con­
sidered. Evidence for intramolecular proton transfer could 
be pertinent to considerations of isomerase catalyzed isom­
erization in unsaturated thiol esters4'7 and A5-3-ketoste-
roids.37 Isomerization of 1 in acetonitrile solution is appar­
ently general base catalyzed (eq 5) by jV.TV-dimethylisopro-
pylamine, A^TV-dimetnyl-terf-butylamine, and triethyl­
amine (Table II). Isomerization occurs equally well in the 
presence or absence of added proton sources (BH+ ) , and 
the reaction is subject to a deuterium isotope effect which is 
dependent on the concentration of BD + present in the reac­
tion. The result that a proton source other than 1 is unnec­
essary for isomerization, coupled with the result that a con­
centration-dependent isotope effect operates under condi­
tions of relatively high B D + / 1 , suggests to us that in aceto­
nitrile an intramolecular proton transfer from 0 to 7 carbon 
atom occurs through the agency of an ion pair consisting of 
carbanion and BH+ ; in the presence of added BD+ , the ion 
pair experiences a rapid partial concentration-dependent 
hydrogen for deuterium exchange followed by rate-deter­
mining proton transfer to give 2 (Scheme II). This mecha­
nism remains a variant of the Ingold mechanism and as for 
isomerization of 1 to 2 in water solution features general 
acid catalysis as the rate-determining step in the direction 1 
-* 2. Here we note that the results and predictions of Ingold 
on the mechanisms of allyl-propenyl isomerizations are 
sometimes overlooked by the finding experimentally of gen­
eral base catalysis of isomerization in certain of these sys­
tems.21 Certainly, observed general base catalysis in isom­
erization of 2 to 1 would indeed reflect critical transition 
state events, but they surely do not for isomerization of 1 to 
2 and care should be exercised in assuming that proton 
transfer from carbon to general bases, demonstrably slow 
reactions, in chemical transformations of carbon acids will 
always be rate determining. 

Finally we consider some enzyme-catalyzed isomeriza-
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Scheme II 
fast 

1 + B =?=* T - H + B ^ o w 

Jf fast ^ 2 ( 7 - H ( D ) ) 

I - - D + B slow 

tions of olefinic thiol esters similar to 1. pH-rate profiles for 
thioester isomerases implicate general catalysis in isomer-
ization of /V-acetylcysteaminyl but-3-enoate to ./V-acetyl-
cysteaminyl crotonate6 and /3-methylbut-3-enoyl coenzyme 
A to /3-methylcrotonyl coenzyme A.7 For the latter isomer-
ization in tritium oxide, no incorporation of tritium into 
product was detected, suggesting /3H is transferred to y car­
bon without exchanging with solvent; the active site by its 
nature may exclude solvent water, or it may mediate an ef­
ficient intramolecular proton transfer.35 Results of the 
isomerization of 1 to 2 suggest general acid catalyzed pro­
ton transfer to the y carbon of either an ion pair, or a carb-
anion may be rate determining for the enzyme catalyzed re­
actions; apparent general base catalysis may in fact be gen­
eral acid-specific base catalysis. It has been shown for the 
enzyme catalyzed isomerization of A5-3-ketosteroids that a 
large isotope effect in % a s results when 4-deuterio substrate 
is isomerized and that the proton at C-4 is transferred to the 
C-6 position. The favored mechanism was rate-determining 
enolization although proton transfer to y carbon was not 
excluded.37 Similarities of chemistry of ketones and thiol 
esters as carbon acids and the results of this study suggest 
rate-determining intramolecular proton transfer from /3 to y 
carbon be more seriously considered in enzyme catalyzed 
isomerizations. 
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Abstract: 2-Hydroxy-2-(/3-benzoyl-/3-phenylhydrazyl)indan-l,3-dione (1) has been found to undergo thermal dehydration in 
the solid state to indantrione 2-(Ar-benzoyl-Ar-phenylhydrazone) (2). The white crystals of 1 are monoclinic, a = 10.069 (5), 
b = 9.205 (5), c = 24.913 (16) A, and Q = 124.2 (1)°; the space group is P2\/c, and the structure has been refined to an R 
factor of 0.058 on 2589 nonzero reflections. The relationship of the crystal structure to the mechanism of dehydration in the 
solid state is discussed. The structure of 1 appears to be the first example of a structure of the type of intermediate that is 
formed in the reactions of carbonyl compounds with arylhydrazines and related compounds. 

A recent upsurge of interest in organic reactions in the 
solid state3,4 and in reactions between organic crystals and 
gases4 '5 has resulted in studies which have included thermal 
and photochemical intramolecular transformations and 
photochemical dimerizations of unsaturated compounds. 

A particularly interesting type of thermal reaction is that 
in which reactants crystallize together as a complex which 
can then be caused to undergo reaction in the solid state. 
(Such reactions would be somewhat analogous to the well-
known photochemical dimerizations that occur in the crys-
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