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Kinetic isotope effects have been measured for the intramolecular nucleophilic carboxylate-catalyzed hydrolysis,
ks, of mono-p-bromophenyl succinate and mono-p-bromophenyl succinate-d4. The resulting isotope effect, ksh/
k<34, equals 1.035, a normal effect. This is contrary to what is expected for acyl transfer reactions where the transi-
tion-state structure resembles a tetrahedral intermediate. However, the direction of the isotope effect is in agree-
ment with a transition-state structure resembling succinic anhydride. Combining this result with previous kinetic
and structural studies, a detailed transition-state structure for the hydrolysis reaction is proposed.

Intramolecularly catalyzed reactions have been studied
as chemical models for reactions of an enzyme-substrate
complex.? An additional reason to study this class of reactions
is that it represents the simplest reactions in which detailed
pictures of transition-state structures can be developed.
Transition-state structure elucidation is facilitated in these
reactions since the “diffusion complex” is already formed and
thus its structure is defined.

To resolve in great detail the transition-state structure for
succinate half-ester hydrolysis is an important goal for a va-
riety of biochemical reasons. Succinates are a major tool for
the reversible derivitization of bioactive agents for the purpose
of improving their chemical and physical properties as drugs
(thus for the design of prodrugs?). Hydrolytic rate studies of

0022-3263/78/1943-1705$01.00/0

half-esters of succinate and of various succinate derivatives
have been essential in developing theories of catalytic
power.35

Half-esters of succinic acid exhibit large rate accelerations
in the comparison of their intramolecularly catalyzed hy-
drolysis to biomolecular carboxylate-catalyzed ester hydrol-
ysis.® Additional rate enhancements are observed when alkyl
groups are substituted in the succinyl backbone.”® Rate in-
creases brought about by alkyl substitution are well-known
phenomena in other intramolecular reactions.%10

A further essential contribution to the study of these rate
effects would be to examine the transition state. The kinetic
isotope effects method offers a distinct advantage over alkyl
substitution in that substitution of one isotope for another

© 1978 American Chemical Society
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Table I. Observed First-Order Rate Constants for
Hydrolysis of 5 X 10~4 M p-Bromophenyl Succinate and
p-Bromophenyl Succinate-d4 at 25.00 £ 0.02 °C in 50/50
v/v Dioxane/Water, u = 0.65

106k0bsd, st

108k gsg, 871

pH 1,L = H? 1,L=D¢c
4.71 751.3,764.0, 757.6, 754.1, 725.1, 735.5, 724.2,
756.8, 745.6, 767.4, 739.8, 720.9, 724.4,
760.8, 765.8, 764.1 736.0, 732.1, 728.3,
728.6
Mean 7568.7 £ 2.2¢9 7304 £ 1.9
5.10 1686, 1676, 1714, 1689, 1661, 1668, 1649, 1648,
1700, 1717, 1690, 1687 1662, 1635, 1633,
1669
Mean 1695 + 5.1 16563 £ 5
5.84 5313, 5331, 5282, 5370, 5140, 5196, 5223, 5148,
5333, 5296, 5392 5189, 5222, 5210
Mean 5331+ 15 5190 £ 13
6.10 6584, 6687, 6633, 6586, 6448, 6411, 6405, 6373,
6691, 6687, 6621 6381, 6433, 6443
Mean 6641 £ 18 6413 £ 11
6.58 8746, 8735, 8550, 8790, 8245, 8191, 8278, 8133,
8626, 8563 8199, 8196, 8187
Mean 8668 + 42 8204 = 17
6.84 9194, 9149, 9166, 9120, 8857, 8878, 8863, 8852,
9130, 9135, 9153, 9122 8874, 8879, 8889,
8880
Mean 9146 £ 9 8872+ 5
7.05 9475, 9516, 9465, 9523, 9179, 9254, 9247, 9271,
9494, 9549, 9492, 9492 9214, 9182, 9235,
9223
Mean 9501 £ 10 9226 + 12
7.20 9600, 9564, 9513, 9497, 9234, 9294, 9282, 9262,
9481, 9631, 9594, 9595 9351, 9192, 9226,
9314
Mean 9559 + 20 9269 + 18

a Standard error of estimate. ® Registry no. 29493-07-0. ¢ Re-

gistry no. 65150-65-4.

does not change the electronic character of the reaction.!!
Consequently, isotopes are a powerful tool for probing the
structure of a transition state. Development of pictures of the
catalytic transition-state structure for these intramolecular
reactions should greatly aid in uncovering the reasons for such
large accelerations.

Previous kinetic work? on hydrolysis of mono-p-bromo-
phenyl succinate, 1 (L. = H), revealed an intramolecular cat-
alyzed reaction when the carboxyl was ionized (eq A). This
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study firmly established a mechanism proceeding via a rate-
limiting formation of a cyclic anhydride intermediate.

This paper reports the measurement of a 3-secondary ki-
netic isotope effect resulting from the replacement of protium
atoms by deuterium atoms on the succinyl backbone (1, L =
H vs. 1, L = D). The results are used along with data from
previous work”12 to formulate a transition-state structure for
this reaction.

B Secondary Isotope Effects. Shiner!3 and his school have
demonstrated the utility of 3 secondary isotope effects in
studies of nucleophilic substitution. It has been shown in a
number of cases that for Sy1 reactions (the reaction center is
being converted from a tetrahedral carbon to a planar car-
bocation) when the protons adjacent (8) to the reaction center
are replaced with deuterium atoms a decrease in the rate
constant occurs; i.e., a normal kinetic isotope effect is ob-
served. In carbonyl addition, the reverse is occurring (a planar,
somewhat positive reaction center is converted into a more
electrically neutral or negative tetrahedral structure) and an
inverse kinetic isotope effect would be expected. A large
number of examples of additions to carbonyl centers suport
this expectation.!4 Typically, the equilibrium value for KH/KD
in creating a tetrahedral center at a carbonyl carbon is 0.95
(hemiketall#P and ketal'4d formation in acetone) to 0.91
{hemiketal formation in cyclopentanone!* and ketal forma-
tion in acetophenone!*d) per deuterium atom. Most kinetic
isotope effects!4c for addition reactions to carbonyls lie be-
tween these values and 1.0. Vibrational-analysis calculations!®
on the addition of hydroxide ion to acetaldehyde and acetal-
dehyde-d3 suggest a linear dependence of the magnitude of
the inverse isotope effect on the bond order of the forming
carbonyl carbon-hydroxide oxygen bond. These results
suggest that the magnitude of the 3 secondary kinetic isotope
effect in carbonyl addition reactions is a direct measure of the
degree of tetrahedrality about the carbonyl carbon in the
rate-determining transition state of biomolecular reactions.
For intramolecular acyl transfer reactions, as discussed below,
other sources may contribute to the isotope effect.

Experimental Section

Materials. Sodium acetate (NaOAc) and acetic acid (HOAc) were
purified as described previously.1® Potassium chloride (KCl, Baker,
reagent grade) was dried in an oven at 130 °C for 24 h. Dioxane was
distilled from lithium aluminum hydride. Mono-p-bromophenyl
succinate was prepared from p-bromophenol and succinic anhydride
by a method developed for monophenyl succinate.!” Mono-p-bro-
mophenyl succinate-d4 was prepared in a similar manner from p-
bromophenol and succinic anhydride-d .18 This half-ester contained
93 atom % D as determined by mass spectral analysis.

Buffer solutions were prepared by mixing an appropriate amount
of 0.100 M HOAc in 50/50 v/v dioxane/water with 0.650 M KCl solu-
tion and an appropriate amount of 0.100 M NaOAc in 50/50 v/v di-
oxane/water with 0.650 M KCl. The pH was measured with a com-
bination electrode and the value converted to ay.

Instrumentation. Rate measurements were made spectrophoto-
metrically, employing a Cary 16 UV-visible spectrophotometer in-
terfaced to a Hewlett-Packard 2100A minicomputer. Output of the
photomultiplier tube, consisting of a 60-Hz pulse train of alternating
sample and reference pulses, was conveyed to an Analogic 5800N
analogue-to-digital converter through a synchronizer circuit which
identified the pulses. Fifteen measurements of the height of both
reference and sample pulses were averaged across each cycle and
values of the absorbance were calculated from the logarithm of the
ratio of these averages. Run times were divided into 1000 segments
and absorbances were then time-averaged across each segment. Run
times were typically 5 half-lives of the particular reaction being ob-
served. The 1000 data points were analyzed by a nonlinear least-
squares method to give the observed rate constant. The standard error
of estimate for an individual rate constant within a single run was
normally +0.08%.

Kineties Procedure. Experiments were conducted in thermo-
stated cell holders and were initiated after thermal equilibration. A
6 X 1072 M ester solution (25 uL) in dioxane was injected into a cu-
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Table II. Catalytic Constants and Isotope Effects for p-Bromophenyl Succinate-d; Hydrolyses®

108k, s~ 108K, M
h4 d4 ksm/ksd'; h4 d4 I<ah4/l<ad4
Eq1 9982 (+36; 9641 (£47) 1.035 (£0.006) 1.630 (£0.030) 1.628 (+0.040) 1.001 (£0.031)
Eq2 9999 (42} 9650 (£63) 1.036 (£0.008) 1.613 (£0.014) 1.621 (£0.022) 0.995 (£0.016)

@ Standard error of estimate in parentheses.

vette containing 3 mL of buffer. An increase in absorbance was
monitored at 280 mm.

Results

First-order rate constants for the hydrolysis of p-bromo-
phenyl succinate and p-bromophenyl succinate-d 4 are given
in Table L. A careful examination of these data reveals that
for a given pH value, there is no overlap in ranges of the ob-
served rate constants, kqnsd, fOr succinate and succinate-d,.
This indicates that the reliability of our measurements of & ghsd
at a given pH value is excellent. The standard error of estimate
for the mean value of a given set of rate constants ranged from
+0.06% to £0.48% with an average of £0.23%. These results
attest to the reality of the isotope effect and the quality of our
kinetics procedure.

Equation 1 is the rate law for the hydrolysis of the p-bro-
mophenyl succinate esters,” where k. is the rate constant for
spontaneous hydrolysis, K, is the dissociation constant of the
carboxyl group, and ay is the activity of hydrogen ion.

K,

Rohsd = ks =
»hsd SKa +ay

(03]

Values of k. and K, are determined by a nonlinear least-
squares procedurel? and reported in Table II. Since an anal-
ysis of variance among pH levels for an entire data set for each
compound reveals that the variation in pH is 99.99% of the
variation in K gpsd, the small error associated with a mean value
of kobsq is highly insignificant in fitting the curve described
by eq 1. Thus, the values reported in Table 11 are determined
from a fit of the mean values of k,1.q and measured values of
ay. Standard error of estimates for &, and K, reveal that most
of the error occurs in determining K, and that the values for
k, are quite accurate (£0.36% and £0.49%). Estimation of the
error in the isotope effects follows from the standard equation
for propagation of error in a ratio.2® The errors associated with
the isotope effects on k, and K, are £0.6% and +3.1%, re-
spectively.

Alternatively, eq 1 can be rearranged to a linear form, eq 2,
and solved by linear least-squares analysis.

kobsd = kg — L {(kobsaan) (2)
Ka

The values of k¢ and K, reported in Table IT are determined
from a fit of the mean values of kg and measured values of
an. The values obtained for k¢ and K, are essentially identical
to those produced in the fitting of the data to eq 1. Estimates
of error are handled in a similar manner as described above.
The errors associated with the isotope effects on kg and K, are
+0.8% and £1.6%, respectively.

Discussion

The mechanism described by eq A suggests the formation
of an intermediate tetrahedral compound preceding formation
of succinic anhydride. It has previously been suggested?! that
the breakdown of the tetrahedral intermediate to form the
cyclic anhydride is the rate-limiting step. This proposal is
largely based on the sensitivity of the rate on the nature of the
departing aryloxide ion. If this breakdown step is rate limiting,
then a significant amount of bond breaking to the aryloxide
is expected in the transition state. This thought is well-sup-

ported when previous kinetic data for a séries of monoaryl
succinates!? are examined. Regression of log k¢ on pK, of the
leaving group yields a slope of —1.17, which indicates bond
cleavage is well-advanced in the transition state.

Structure-reactivity correlations of this type are normally
utilized for the reverse reaction, nucleophilic attack on a
carbonyl.22 Slopes of plots of log (rate constant) vs. pK, of the
attacking nucleophile are defined as 8,. Values of 3, are ex-
pected to lie between 0 and 1.7.22P For strongly basic nucleo-
philes attacking carbonyl groups, 8, values of 0.3-0.7 are
typical.212 This is interpreted as an indication that bond for-
mation has occurred only to a modest extent, i.e., an “early”
transition state. Large (14 values, 1.4-1.0, would be expected
for the reverse reaction, the departure of a strong basic group
to form a carbonyl. 3 values of this magnitude have only been
observed in intramolecular nucleophilic attack of carboxylate
on ester groups.2! It is concluded then that the rate-limiting
transition state for the hydrolysis of 1 occurs “late” in the
breakdown step.

Isotope Effects. The kinetic isotope effect, kh/kd4, is
1.035 (1.008 per deuterium), a normal isotope effect. This is
in marked contrast to the expected isotope effect for acyl
transfer (vide supra), if the rate-limiting transition-state
structure resembles a tetrahedral intermediate. An explana-
tion of this normal isotope effect is that in the rate-controlling
transition-state structure the backbone hydrogens are in a
“looser” vibrational force field than in the reactant. Another
explanation would be that the small normal isotope effect
arises from contributions of the ratio of imaginary frequen-
cies.23 Possibly, both factors contribute in this case. In any
case the effect is inconsistent with a near-tetrahedral structure
for the transition state.

But how could one account for a “looser” vibrational force
field about the backbone hydrogens? One possible implication
is that a relief of steric interactions has taken place in going
from reactant state to transition state. Such a relief of ground
state strain has been suggested as the driving force behind rate
accelerations observed for ring closing reactions when the
succinyl backbone is substituted with alkyl groups (L. = alkyl),
but this steric relief has been theorized as absent for the un-
substituted case (L. = H).3 In fact, some have proposed that
there is an increase in steric interactions between the back-
bone hydrogens when the anhydride ring is formed.?* The
conclusion from the observation of a normal isotope effect is
that this latter proposal is incorrect. An alternative possibility
is that an increase in hyperconjugation (leading to a decrease
in force constants) arises in an anhydride-like transition state
relative to the reactant. Such an effect would have to outweigh
any increased steric interaction which again suggests that the
steric effect, if adverse, is small.

A relatively “freer” environment of the methylene hydro-
gens in the anhydride form could be supported by experi-
mental structural data on succinic anhydride?* and succinate
dianion?® as well as theoretical structural data on succinic
anhydride and succinic acid.?” All the methods reveal that the
nearest neighbor contact distances are longer in the anhydride
than in an acyclic form. This lengthening of nearest neighbor
interactions is a result of the “fanning out” of the pairs of
methylene hydrogens in the cyclic form relative to the open
chain. Although the hydrogens are eclipsing in the anhydride,
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their nearest neighbor interactions are with two other hy-
drogens and an oxygen, whereas in the open chain structure
(assuming a staggered conformation) the nearest neighbors
are a hydrogen, a carbon, and an oxygen.

Evaluation of contact distances is only suggestive of the
“looser” environment for the backbone hydrogens in the an-
hydride compared to the acyclic form. A better method would
involve a complete vibrational analysis. Vibrational studies?®
on succinic anhydride and succinic-d4 have been performed
as well as similar studies on succinic acid and its deuterated
analogues.2? Unfortunately, missing frequencies preclude a
total vibrational analysis.

The isotope effect of unity on the acid dissociation constant,
K, of 1 is unexpected. The isotope effect on K, for acetic acid
and acetic-ds acid is 1.035.30 However, the uncertainty asso-
ciated with the isotope effect on the K, of 1 (see Table II) is
too great to allow for speculation on the origin of such a re-
sult.

Transition-State Structure. A quantitative way of
looking at the transition-state structure is to compare the
value of 814 to the maximum possible value. This ratio of 8,
values yields the fraction of bond cleavage that has occurred
in the transition state. The bond order of the breaking bond
is equal to 1 — 13},/—1.7). For monoaryl succinate hydrolysis
the bond order of the breaking bond is 0.31. Substitution of
this value in Pauling’s bond order equation,3! eq 3, and util-
izing 1.41 (single bond C-0) for D give a breaking C-O bond
distance of 1.77 A

D, = D1—0.71Alogn (3)

The isotope effect suggests a planar anhydride-like ring
structure, so that the picture of the transition-state structure
that emerges is represented by 2. The planar ring structure

ArQ 5
H H
\ \C /
v
) ;;(:?I—O—A{C——O
?’O"// H H

2

is further supported by calculations?” on a reverse reaction,
addition of ~OH to succinic anhydride, which occurs with no
change in the planarity of the ring atoms.

Summary and Conclusion. The 8 secondary isotope effect
probe of transition-state structure in the hydrolysis of 1
suggests that relief of ground state steric interactions is im-
portant in driving the ring closure when L. = H just as when
L. = alkyl. Consequently, the dominant factor affecting rate
accelerations in reactions described by eq 1 is the equilibrium
driving force for ring closure. Isotope effects are consistent
with the conclusion from structure-reactivity relations that
the transition state is ‘‘late”, resembling an alkoxide ion and
succinic anhydride. Since the isotope effect, which probes
force~constant alterations near the carbonyl, and the struc-
ture-reactivity probe, which measures charge development

Gandour et al.

in the leaving group, yield similar conclusions, these two
processes (force—constant alteration at carbonyl and leaving
group charge development) appear to be highly coupled along
the reaction path.

References and Notes

(1) This work was supported by the National Science Foundation (Grants GP
38515X and MPS 73-08716) and a preliminary account of this work was
presented at the 10th Midwest ACS Regional Meeting, lowa City, lowa, 1A,
1974, Abstract No. 563.

(2) (a) Address inquiries to this author at the Louisiana State University; (b)
Department of Chemistry; (c) Department of Pharmaceutical Chemistry;
(d) Law Center, Louisiana State University.

(3) T. C. Bruice, Enzymes, 2, 217 (1971); A. J. Kirby and A. R. Fersht, Prog.
Bioorg. Chem., 1, 1 (1871).

(4) V. J. Stella, ACS Symp. Ser., No. 14, 66-70 (1975).

(5) M. |. Page and W. P. Jencks, Proc. Natl. Acad. Sci. U.S.A., 68, 1678
(1971).

(6) M. |. Page, Chem. Soc. Rev., 2, 295 (1973).

(7) T. C. Bruice and U. K. Pandit, J. Am. Chem. Soc., 82, 5858 (1960).

(8) L. Eberson and L. A. Svensson, Acta Chem. Scand., 26, 2631 (1972).

(9) R. F. Brown and N. M. van Gulick, J. Org. Chem., 21, 1046 (1956); J. F.
Bunnett and C. F. Hauser, J. Am. Chem. Soc., 87, 2214 (1965); T. C. Bruice
and W. C. Bradbury, ibid., 87, 4846 (1965); T. Higuchi, L. Eberson, and J.
D. McRae, ibid., 89, 3001 (1967); 88, 3805 (1966); V. Stella and T. Higuchi,
J. Org. Chem., 38, 1527 (1973).

(10) S. Milstein and L. A. Cohen, J. Am. Chem. Soc., 94, 9158 (1972); R. |.
Borchardt and L. A. Cohen, ibid., 94, 9166 (1972).

) E. K. Thornton and E. R. Thornton, ACS Monogr., No. 187, 213 (1970).

) E. Gaetjens and H. Morawetz, J. Am. Chem. Soc., 82, 5328 (1960).

) V. J. Shiner, Jr., ACS Monogr., No. 167, 137-150 (1970).

) {a) J. L. Hogg in ""Transition States for Biochemical Processes”’, R. D.
Gandour and R. L. Schowen, Ed., Plenum Press, New York, N.Y., 1978; (b)
J. M. Jones and M. L. Bender, J. Am. Chem. Soc., 82, 6322 (1960); (c) P.
Geneste, G. Lamaty, and J. P. Roque, Tetrahedron, 27, 5539 (1971); (d)
V. A. Stoute and M. A. Winnik, Can. J. Chem., 23, 3503 (1975).

(15) J. L. Hogg, Ph.D. Dissertation, University of Kansas, 1974.

(16) D. D. Perrin, W. L. F. Armarego, and D. R. Perrin, "‘Purification of Laboratory

Chemicals'’, Pergammon Press, Oxford, 1966.

(17) C. A. Bischoff and A. von Hedenstrém, Ber. Dtsch. Chem. Ges., 35, 4073
(1902),

(18) V. J. Stella, J. Pharm. Sci., 62, 634 (1973).

(19) A.J.Barr, J. H. Goodnight, J. P. Sall, and J. T. Heiwig, *‘A User's Guide to
SAS 76", Sparks Press, Raleigh, N.C., 1976. The data were analyzed under
release 76.5 of SAS at the Systems Network Computer Center, Louisiana
State University.

(20) M. G. Kendall and A. Stuart, “The Advanced Theory of Statistics: Volume
|. Distribution Theory"', Hefner Publishing Co., New York, N.Y., 1963,
Chapter 10,

(21) M. F. Aldersley, A. J. Kirby, and P. W. Lancaster, J. Chem. Soc., Perkin
Trans. 2, 1504 (1974).

(22) (a) M. Gilchrist and W. P. Jencks, J. Am. Chem. Soc., 90, 2622 (1968); (b)
J. Gerstein and W. P. Jencks, ibid., 86, 4655 (1964),

(23) Theoretically, the ratio of imaginary frequencies is expected to lie between
unity and the square root of reduced mass ratio of the decomposition mode
(see: W. A, Van Hook, ACS Monogr., No. 187, 18 (1970)). In our case, the
decomposition mode is the formation of p-bromophenoxide (mol wt =
172.0) and succinic anhydride (mol wt = 100.1 and 104.1 for da) from
breakdown of the tetrahedral intermediate. Consequently, the maximum
isotope effect expected from the imaginary frequency ratio is:

(172 + 100 1)/(172 X 100.)v2 _ , )
(172 + 104.1)/(172 + 104.1) '

We thank referee two for pointing this out.

(24) T.C. Bruice, Ann. Rev. Biochem., 45, 331 (1976); W. P. Jencks, Adv. En-
zymol. Relat. Subj. Biochem., 43, 219 (1875).

(25) K. Brenhaugen, Acta Chem. Scand., 27, 1101 (1973).

(26) H. Klopper and H. Kuppers, Acta Crystallogr., Sect. B, 29, 21 (1973).

(27) R.D. Gandour and R. L. Thomas, Abstracts, 32nd Southwest ACS Meeting,
Ft. Worth, Texas, 1976, ORGN 38.

(28) G. Adembri, G. Sbrana, and S. Califano, Ric. Sci., Parte 1, Sez. A, 3, 431
(1963).

(29) M. Suzuki and T. Shimanouchi, J. Mol. Spectrosc., 28, 394 (1968).

(30) A. Streitweiser, Jr., and H. S. Klein, J. Am. Chem. Soc., 85, 2758
(1963).

(31) L. Pauling, “The Nature of the Chemical Bond'", 3rd ed, Cornell University
Press, ithaca, N.Y., 1960, p 239.

(11
(12
(13
(14




