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were recorded for the same pulse duration 8(s), by varying the anodic step
potential by 10-mV increments siarting from the potential corresponding
to EP + 100 mV where EP was the peak potential of wave O, (corre-
spondingly O5) at a scan rate ¢(V-s™') = 1/(406).°'® The values of Ry,
(correspondingly Rg3) shown in Figures 4 and 6 were selected so that,
after correction from the background current, they were independent of
the step potcntial 4!

General Procedure for Preparative Scale Electrochemistry. THF (40
mL) and n-Bu,NBF, (2.7 g) were introduced in each compartment of
the cell under argon atmosphere. To be consistent with the results of
transient elcctrochemistry, electrolyses were done on solutions 2 mM in
Pd"'Cl,(PPh;),. Thus 0.08 mmol (56 mg) of PdUCly(PPh,), and 1,2-
dichloroethylcne (10 equiv) were introduced in the cathodic compart-
ment. Electrolysis was then performed at -1.4 V vs SCE and was in-
terrupted after the current dropped to ca. 5% of its initial value. Charge
integration showed that this corresponded to ca. 2 faradays per mol of
Pd!Cl,(PPh;),. For *'P NMR studics, an NMR tube filled with argon
and equipped with a septum was filled with this solution using a cannula
according to standard Schlenk procedures.

Product Identification. For the (Z)- or the (E)-1,2-dichloroethylene,
the rcaction products observed within the time scale of transient elec-
trochemistry were too unstable to be isolated and characterized (except
by their P NMR). In each case they rearranged to their thcrmody-

(41) Amatore, C.; Lexa, D.; Savéant, J. M. J. Electroanal. Chem. 1980,
111, 81.

namically more stable trans isomer®® which was isolated as the final
product of the reaction. For example, after elecirolysis, in the case of
the (E)-1,2-dichloroethylene, the *!P NMR spectrum consisted of a broad
signal (A 420 Hz) at 19.77 ppm and of a sharp peak at 23.91 ppm. The
peak at 19.77 ppm totally disappeared within 2.5 h while the peak at
23.91 increased concomitantly. This latter was identical with that ob-
tained (23.73 ppm) for an authentic sample of the corresponding trans-
o~ E)-vinylpalladium complex.®

Reactlon of Trichloroethylene with Pd°(PPh,),. Trichloroethylene and
Pd9(PPh;), were reacted according to a published procedure.®® However,
in contradiction with ref 8a, which reports only one product, i.e.
trans-[Cl,C=CHPA!(PPh,),Cl], after workup 'H NMR (250 MHz in
CDCl, relative to TMS) showed the presence of two major constituents:
trans-[Cl,C=CHPd!{(PPh,),Cl] (80%; 5.10 ppm, t, Jyp = 0.75 Hz) and
(Z)-trans-[CICH=CCIPd"(PPh,),Cl] (20%: 5.95 ppm, t, Jyp = 6 Hz),
with a poorly resolved signal at 5.28 ppm tentatively attributable to traces
of the third isomer, i.e. (E)-trans-[CICH=CCIPd!(PPh,),ClI].
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Abstract: Rate consianis and siructure—reactivity coefficients for the breakdown of acetaldehyde and acetaldehyde-d, hemiacetals
were determined in water and deuterium oxide by trapping the acetaldehyde formed with a-effect nucleophiles. General-base
catalysis by substituted acetate and cacodylate ion catalysts represents equilibrium ionization of the hemiacetal CL;CL(OL)OR
(L = H or D) 10 form the hemiacetal anion, CL;CL(O")OR followed by rale-determining general-acid catalysis of 1he cleavage
of the hemiacetal anion to form acetaldehyde and ROL. Solvent isotope effects for the catalytically active proton kBH/k BP
= 0.9-2.5 do not change significantly with changes in the pK of the catalyst or the leaving group alcohol. The increase in
the secondary «,8-deuterium isotope effects k*H/k* = 1.21-1.30 with decreases in the pK of the leaving group alcohol can
be described by the interaction coefficient p,,, = 3p,/-0pKj, = —0.069. The increase in Brensted 8 = 0.48-0.72 with decreases
in the pK of the leaving group alcohol in water can be described by 1he interaction coefficient p,,, = d8/-dpK;, = 0.090 and
in D,0 by p,,» = 0.078. The interaction coefficients and the obscrvation of both solvent and secondary deuterium isotope
effects arc consistent with a coupling between proton 1ransfer to the leaving group oxygen and changes in hybridization about
the central carbon in the transition state for cleavage of the hemiacetal anion. The results are discussed in the context of

proposals for stable hydrogen-bonded protons in conceried acid- and base-catalyzed reactions in water.

Introduction

Reaction progress or bond order in the transition state is usually
estimated from kinetic isotope effects or observed structure—re-
activity coefficients.> For example, an empirical approach is

(1) For reviews see: (a) Bell, R. P. The Proton in Chemistry, st ed.;
Cornell University Press: Ithaca, NY, 1959 (2nd ed.; Chapman and Hall:
London, 1973). (b) Cleland, W. W., O’Leary, M. H., Northrop, D. B., Eds.
Isotope Effects on Enzyme-Catalyzed Reactions; University Park Press:
Baltimore, MD, 1977. (¢) Gandour, R. D., Schowen, R. L., Eds. Transition
States of Biochemical Processes; Plenum Press: New York, 1978. (d) Me-
lander, L.; Saunders, W. H., Jr. Reaction Rates of Isotopic Molecules, Wiley:
New York, 1980.

(2) Jencks, W. P, Chem. Rev. 1985, 85, 511.
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based on changes in Brensted coefficients with changes in structure
that can be described by interaction coefficients. The relative
contributions of bond-making and bond-breaking processes in the
transition state can be calculated from these interaction coeffi-
cients.>  This approach has been used to characterize the
mechanisms of the addition of nucleophiles to electrophilic car-
bonyl compounds as illustrated in eq | for the formation of
hemiacetal anions.

An aliernative strategy is to substitute heavy isotopes for the
atoms undergoing changes in bonding. In that case, the magnitude
of 1he kinetic isotope effect reflects the differences in vibrational

(3) Jencks, D. A.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 7948.
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frequencies, and hence the differences in bond orders, between
the transition state and the reactant and product states.! In this
and the following paper, we are concerned with the extent to which
these two approaches can give self-consistent pictures of transi-
tion-state structure in reactions involving multiple bond-mak-
ing/breaking processes (multibond reactions).

An understanding of these multibond reactions requires an
understanding of the differing degrees of coupling between the
reorganization of heavy atoms and proton transfer to or from an
acceptor or donor.”®  For example, it has been suggested that
some multibond reactions occur with complete coupling of
heavy-atom motion and proton transfer in a transition state with
no restoring force for motion of the proton.»*1¢12 This coupling
is consistent with the observed changes in Brensted coefficients
with changes in the pK of the alcohol ROH shown in eq 1.!012
These changes describe an interaction or coupling between the
amount of proton transfer to the catalyst with the amount of
charge on the central oxygen in the transition state. Vibrational
analysis calculations show that this coupling can also account for
the generally small kinetic isotope effects observed for reactions
involving rate-determining proton transfer between electronegative
atoms if the reaction-coordinate motion is dominated by heavy-
atom motion.!* However, proton transfers to and from carbon
also occur with substantial heavy-atom motion, with changes in
bond lengths and bond angles due to resonance interactions, but
these reactions show substantial kinetic isotope effects.!*

An alternative description of proton transfer between electro-
negative atoms was proposed by Cordes, who suggested that
motion of a proton in a stable potential may be coupled with
heavy-atom motion in a single transition state.5 A corresponding
proposal by Swain et al. suggested that the proton “should lie in
an entirely stable potential in the transition state and should not
form reacting bonds nor give rise to a primary isotope effect”.!
The origin of this “solvation” or hydrogen-bonding rule appears
to rest upon the assumption that proton transfer to oxygen or
nitrogen is fundamentally different from proton transfers to
carbon.”!4

It has been suggested that the strength of a hydrogen bond in
the transition state may be larger than in the ground state, perhaps
by shortening the distance across the B++H-+O bond in eq | in
a single potential well or rapidly equilibrating double well.%!¢ For
example, the solvent kinetic isotope effects ky,o/kp,0 = 1.6-4
observed for enzymic hydrolysis of small ester or amide substrates
are consistent with compression of the hydrogen bonds across the

(4) The definition of multibond reactons is somewhat elusive; see: Jencks,
W. P. Chem. Soc. Rev. 1981, 10, 345, for an extensive discussion of this
problem. We restrict our discussion here to reactions that are concerted (both
coupled and uncoupled) or ones that follow stepwise preassociation mecha-
nisms. Stepwise trapping mechanisms are multibond reactions, but the two
processes occur in separate steps and are therefore not coupled.

(5) Lienhard, G. E.; Jencks, W. P. J. Am. Chem. Soc. 1966, 88, 3982.

(6) (a) Cordes, E. H. Prog. Phys. Org. Chem. 1967, 4, 1. (b) Cordes, E.
H.; Bull, H. G. Chem. Rev. 1974, 74, 581.

(7) Schowen, R. L. Prog. Phys. Org. Chem. 1972, 9, 275.

(8) Hegazi, M, F.; Quinn, D. M.; Schowen, R. L. In ref l¢, pp 355-423.

(9) Schowen, R. L. In Principles of Enzyme Activity; Liebman, J. F.,
Greenberg, A., Eds.; VCH Publishers: Deerfield Beach, FL, 1988.

(10) Funderburk, L. H.; Aldwin, L.; Jencks, W. P, J. Am. Chem. Soc.
1978, 100, 5444.

(11) Palmer, J. L.; Jencks, W. P. J. Am. Chem. Soc. 1980, 102, 6472.

(12) Serenson, P. E.; Jencks, W. P. J. Am. Chem. Soc. 1987, 109, 4675.

(13) (a) Reference 1d, p 43; pp 152-154. (b) Engdahl, K-A.; Bivehed, H.;
Ahlberg, P.; Saunders, W. H., Jr. J. Am. Chem. Soc. 1983, 105, 4767.

(14) Kresge, A. J. Pure Appl. Chem. 1981, 53, 189,

. (lg) Swain, C. G.; Kuhn, D. A.; Schowen, R. L. J. Am. Chem. Soc. 1965,

, 1553.

(16) Eliason, R.; Kreevoy, M. M. J. Am. Chem. Soc. 1978, 100, 7037.
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Asp-His-Ser catalytic triad of serine proteases.” The observation
of relatively strong hydrogen bonds with fractionation factors ¢
= 0.5-0.3 in acetonitrile!® provides indirect evidence for proton-
stable transition states.’®!’ However, it is not known if inter-
molecular hydrogen bonds between solutes in water can give rise
to significant solvent isotope effects. Furthermore, hydrogen bond
stabilization is expected to be quite small if the properties of
hydrogen-bonded transition states are like hydrogen-bonded
ground states in water.®1519

We report here a systematic study of solvent and secondary
deuterium isotope effects in the general-base-catalyzed breakdown
of acetaldehyde hemiacetals that is kinetically equivalent to
general-acid catalysis of the cleavage of the hemiacetal anions.
In the reverse direction, these reactions are particularly simple
examples of the nucleophilic addition of alcohols on electrophilic
centers as shown in eq 1. The mechanisms have been characterized
through structure—reactivity relationships,'%'? and estimates of
the secondary solvent isotope effects for the equilibrium ionization
of hemiacetals make interpretation of the observed isotope effects
relatively straightforward.?°

The results show that the solvent isolope effects for the cata-
Iytically active proton k,BH/k BP = 0.8-2.5 are essentially inde-
pendent of the pK of the catalyst and leaving group alcohol. The
small magnitude of the solvent isotope effects and the changes
in the secondary «,3-deuterium isotope effects and Brensted
coefficients with changes in the acidity of the leaving group alcohol
do not require a hydrogen-bonded proton in the concerted cleavage
of hemiacetal anions.

Experimental Section

Materials. Materials were generally as described in ref 12. Acet-
aldehyde-dy (99 atom % D) was purchased from Cambridge Isotope
Laboratories (Woburn, MA) and distilled fresh daily. Deuterium oxide
(D,0, 99.9 atom % D) was from Isotec, Inc., and deuterium chloride, 12
M in D,0 (99 atom % D), was from Aldrich. Propargyl alcohol was
distilled under reduced pressure. KOD solutions were prepared by dis-
solving KOH in D,0. Isotope dilution from protium buffers in D,0
always amounted to less than 2%.

Metheds. Reactions were carried out at 25 °C with the ionic strength
maintained at 1.0 with potassium chloride as previously described.!?
Solution pH and pD were measured with an Orion Model 701 A pH
meter and a Radiometer GK2321C combination electrode thermostated
at 25 °C. The value of pD was obtained by adding 0.40 to the observed
pH of solutions in D,0.2 The pK, values of substituted acetic acids and
cacodylic acid in D,0O were determined potentiometrically.?® Experi-
ments with acetaldehyde hemiacetals in H,O and D,O at the same buffer
ratios were normally carried out on the same day. Experiments with the
hemiacetals of acetaldehyde and acetaldehyde-d, were carried out in the
same buffer solutions on the same day.

Hemiacetals were generated by injecting 10 uL of cooled, freshly
distilled acetaldehyde into 100 uL of each alcohol. The solutions were
kept at =20 °C for no more than 8 h; 1-2 uL was injected into 3 mL of
buffer solution containing 0.005-0.02 M trapping reagent (semicarbazide
or hydrazine, depending upon the pH).

Kinetics, Reciprocal relaxation times, 7!, were determined by mon-
itoring the increase in absorbance of the semicarbazone or hydrazone at

(17) (a) Schowen, K. B.; Schowen, R. L. Methods Enzymol. 1982, 87, 551.
(b) Venkatasubban, K. S.; Schowen, R. L. CRC Crit. Rev. Biochem. 1984,
17, 1-44,

(18) Kreevoy, M. M.; Liang, T. M. J. Am. Chem. Soc. 1980, 102, 3315.

(19) Hine, J. J. Am. Chem. Soc. 1972, 94, 5766.

(20) There are several reports of solvent kinetic isotope effects in the
related reactions of 1he mularotation of glucose derivatives,”'321-2 1he hy-
dration/dehydration of acetaldehyde,?® and the hydration of 1,3-dichloro-
acetone in mixed dioxane/water solutions.2¢

(21) Hamill, W. M.; LaMer, V. K. J. Phys. Chem. 1936, 40, 395.

(22) Schowen, K. B. Ph.D. thesis in chemistry, Massachusetts Institute of
Technology, 1964.

(23) Huang, H. H.; Robinson, R. R.; Long, F. A. J. Am. Chem. Soc. 1966,
88, 1866.

(24) Laughton, P. M.; Robertson, R. E. In Solute-Solvent Interactions;
Coetzee, J. F., Ritchie, C. D., Eds.; Dekker: New York, 1969.

(25) (a) Pocker, Y. Proc. Chem. Soc. London 1960, 17. (b) Pocker, Y.;
Meany, J. E. J. Phys. Chem. 1967, 71, 2113.

(26) Bell, R. P.; Critchlow, J. E. Proc. R. Soc. London 1971, 325, 35,

(27) Glasoe, P. K.; Long, F. A. J. Phys. Chem. 1960, 64, 188.

(28) Albert, A.; Serjeant, E. P. In The Determination of lonization Con-
stants, 3rd ed.; Chapman and Hall: London, 1984; pp 22-35.
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Table I. Rate Constants for General-Base-Catalyzed Breakdown of Acetaldehyde Hemiacetals CH;CH(OL)OR in Water and Deuterium Oxide

pK,Bt kg, Mt st
calalyst H,0 D,0 H,0 D,0 kgH/kgP kB /kBDa
ROH = CH,CH,0H (pK, = 16;% 3 = 0.48)°
CH,0CH,C0O0- 3.40 3.87 6.2 X 1073 5.3 x 1072 1.2 0.
CICH,CH,CO0" 3.93 4.40 1.36 x 1072 6.35 X 1073 2.14 1.4
CH,C00" 4.65 5.17 2.17 % 1072 7.89 x 1073 2.75 2.0
(CH;),As0," 6.16 6.68 1.45 % 107 6.31 X 1072 2.30 1.6
ROH = CICH,CH,0H (pK, = 14.31;% 8 = 0.57)
CICH,C00" 2,70 2% 1072
CH,0CH,C00" 3.40 3.87 5.7 x 107} 3.3 % 1072 1.7 1.1
CICH,CH,CO0" 3.93 4.40 1.09 X 1072 5.96 x 1073 1.83 1.2
CH,CO0O0- 4.65 5.17 2.05 x 102 1.00 x 102 2.05 1.5
(CH;),As0," 6.16 6.68 2.15 x 107 1.02 x 10! 2.11 1.5
ROH = HC=CCH,0H (pk, = 13.55:* 3 = 0.72)°
CH;0CH,C00" 3.40 3.87 6.6 X 107 5.0 x 1072 1.3 0.8
CICH,CH,CO0" 3.93 4.40 1.77 X 1072 7.3 X 1072 2.42 1.5
CH,C00" 4.65 5.17 3.55 X 1072 1.48 x 1072 2.40 1.7
(CH,),As0," 6.16 6.68 6.95 x 107! 1.92 x 107! 3.62 2.5

4Calculated from kgH/kgP by using eq 8 as described under Results. ? Ballinger, P.; Long, F. A. J. Am. Chem. Soc. 1959, 81, 1050; 1960, 82, 795.
“The Bronsted slopes were calculated for the data in H,O and are statistically corrected as described in ref la.

240 nm, or at 250 nm in methoxyacetic acid buffers, using a Hitachi
U-2000 spcctrophotometer. The absorbance of the buffer solution was
initialized at zcro, and data collection was started immediately upon
injection of the hemiacetals into the buffer solution. Biphasic plots of
absorbance against time were observed for all hemiacetals except for the
acetaldehyde ethyl hemiacetal. The fast phase, 7y, is due to trapping of
free acetaldehyde that is initially present upon mixing, and the slower
phasc, 7, is due to the breakdown of the hemiacetal. The two kinetic
processes were widely separated except for the acetaldehyde propargyl
hemiacetal (7,/7, < 20).

Plots of absorbance against time were fit to eq 22° by a nonlinear
least-squarcs fitting routine based on the Marquardt algorithm.* Ineq
2 A, is the absorbance at time 1, AA4; and AA, refer to the fractional

A = A, — AAjen™ — AAd,ettim )

amplitudes of the fast and slow phases, respectively, A, is the final
absorbance reading, and 7, and , refer to the relaxation times for the
fast and slow phases, respectively. For ethanol hemiacetals, A4; was set
equal to zero. Data were collected over a time period >3.57,. The
diffcrences between the observed and calculated values for 4., were found
to vary randomly by lcss than £0.002A4.

All catalytic constants, Bronsted slopes, and interaction coefficients
were calculated by the method of least squares. Bronsted slopes were
statistically corrected as described by Bell.!* Isotope effects were cal-
culated by propagating the errors in the second-order rate constants
according to

(A£a)/(Bxb)=A/B% [(4/B)[(a/A} + (b/B])'7? (3)

in which 4 and B are the rate constants and @ and b are the standard
deviations.

Results

The breakdown of acetaldehyde hemiacetals is catalyzed by
both general acids and general bases.!? The mechanisms of ca-
talysis are altogether different, and only the experimental results
for the general-base catalysis will be described in this paper.

The obscrved kinetic data are consistent with

/73 = kg[B7] + kig[BL] + ko 4)
where kg and k; g are the second-order rate constants for gen-
eral-base and general-acid catalysis, respectively, B~ is the basic

component of the buffer, BL is the acidic component of the buffer,
and kg is defined by

ko = kL[L¥] + (koL/KW[L*]) + k., (%)

(29) Bernasconi, C. F. Relaxation Kinetics; Academic Press: New York,
1976; pp 142-143.

(30) Compuicr programs for the nonlinear least-squares fit to the data
were kindly provided by Dr. Niel Stahl. The minimization of the residual
deviations was performed by a program similar to that described by: Beech,
G. Fortran IV in Chemistry: An Introduction to Computer-Assisted Methods;
Wiley: New York, 1975; pp 41-47.

Table II. Buffer-Independent Rate Constants for the Breakdown of
Acetaldehydc Hemiacetals CH;CH(OL)OR in Water and Deuterium
Oxide

k, M-t g7t
catalyst H,0 D,0 KH/kD ke H /K Pe
ROH = CH,CH,0H
L,O 3 X109/555 | x 107/555 ~3 -
oL- 1.66 x 104 2.90 x 104 0.57 0.8

L,O 1 X 1073/55.5 0.5 X 103/55.5 ~2 -
OL-  8.03 x 10 9.73 X 10 0.82 1.2

ROH = HC==CCH,0H
L,O 2.5 X 1073/55.5 0.4 X 103/55.5 ~6 -
OL" 491 X [0 7.28 X 10 067 1.0

4 1sotope effect for decomposition of the tetrahedral intermediate T~
in Scheme | “catalyzed” by water.

Scheme I
H _
Ks ko
CHy—CH === CH;—CH ==
H']
R R
7o T
oL t

CHy——CHoeseOQevoHoooB 1—_-_ CHyCH=0 + HO—R + B~
P

in which K, is the ion product of water or deuterium oxide.
Figure 1 shows plots of 1/, against total buffer concentration
ai different fractions of free base for the breakdown of acet-
aldehyde propargyl hemiacetals catalyzed by acetic acid in water
and deuterium oxide. The inset in the figure is a plot of the slopes
vs fp, the fraction of the buffer in the basic form. Values of the
second-order rate constants, kg, for general-base catalysis were
obtained from the intercept of these plots at fz = 1 and are
summarized in Table I along with the Brensted coefficients in
water calculated as described under Experimental Section.
The buffer-independent rate constants k, were obtained from
the intercepts of the plots in Figure | and were fitted to eq 5 by
a nonlinear least-squares fitting routine. Standard estimates of
the errors in k. and kg were less than £5% and £10%, re-
spectively. The values for k,, were uncertain by £50%. The
calalytic coefficients kq. and k, for the solvent-catalyzed
breakdown of acetaldehyde hemiacetals are summarized in Table
11. Values of kg, kg, and k, for the breakdown of acetaldehyde
hemiacetals with ethanol, chloroethanol, and propargyl alcohol
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Figure 1. Dependence of 1/, on the concentration of acetic acid in H,O
(®) and D,0 (O) for the breakdown of the propargyl hemiacetals of
acetaldehydc. (Insct) Plots of the slopes vs the fractional amount of
acetate ion, fg. Values of the general-base catalytic coefficient, kg, are
oblained from the intercepts at f5 = 1.0.

leaving groups in water and deuterium oxide are summarized in
supplementary Tables S1-S3.3!  The observed catalytic data for
acetaldehyde ethyl hemiacetal show good agreement with pre-
viously reported second-order rate constants in H,0.!%32

The observed general-base catalysis represents specific base
general-acid catalysis as outlined in Scheme I. In Scheme I, an
initial fast equilibrium ionization of the hemiacetal, TC, to form
the hemiacetal anion T~ is followed by a slow proton-transfer step
that involves concerted leaving group expulsion that is stabilized
by proton donation to the leaving group oxygen. This step is the
microscopic reverse of eq 1.12 The acid dissociation constant of
the acetaldehyde hemiacetal, T?, to form the hemiacetal anion,
T, is defined by K,.33 The rate constant k, for proton transfer
to the leaving group oxygen can be described by

ko = k,10 + k,L[L*] + k,BL[BL] (6)

The observed general-base catalytic coefficient kg is related to
the second-order rate constant kBt according to

kg[B] = (Ki/[L*DkPH[BL] = (Ko/ K BHkBH[B] (7)

where K,BL is the acid dissociation constant of the catalyst.
Solvent Isotope Effects: General-Base Catalysis. Solvent isotope
effects for general-base catalysis of the breakdown of acetaldehyde
hemiacetals, kgH/kgP, are summarized in Table I and have errors
of <10% calculated as described under Experimental Section. The
solvent deuterium isotope effect includes both the solvent isotope
effect on the rate constant for proton transfer to the leaving group,
k. BL, and the equilibrium isotope effects on the ionization constants
of the hemiacetal. K, and the buffer, K,BL. The isotope effects
for breakdown of the hemiacetal anion catalyzed by buffer acids,
k,BH/k B2, were calculated from eq 8 by assuming that the solvent

kpBH/kPBD = kBHKaBHK4D/kBDKaBDK4H (8)

isotope effect on the ionization of acetaldehyde hemiacetals ApK,
= pK,P - pk," = 0.67 is the same as the solvent isotope effect
on the ionization of aliphatic alcohols of pK = 12-14.243¢ A similar
estimate!” is obtained from the equation proposed by Bell,!* ApK,

(31) See note concerning supplementary material at the end of the paper.
(32) Chiang, Y.; Kresge, A, J. J. Org. Chem. 1985, 50, 5038.
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Figure 2. Dependence of 1/7, on the concentration of acetic acid (fs =
0.85) for the breakdown of the propargyl hemiacetals of acetaldehyde
(®) and acetaldehyde-d, (@) in H,O. The secondary a,3-deuterium
isotope effect on the second-order rate constant kg is obtained from the
ratio of slopes.

Table III. Secondary «,3-Deuterium Isotope Effects for
Decomposition of Acetaldehyde-d, Hemiacetals CL,CL(OH)OR®

fractional 10%p, M”57
%base,fy L=H L=D
ROH = CH,CH,0H

kg8H /o j@8D .
Pn

0.85 2.32 1.86 1.25 £ 0.038 .21 £0.021° 0.65
0.93 2.56 213 1.20 £ 0.021

ROH = HC=CCH,0H
0.81 3.15 246  1.28 £ 0.068
0.85 3.19 247 129 £0.086 1.30 £ 0.018° 0.48
0.91 3.33 2,52 1.32 £0.045

4 Determined in acetic acid buffers in H,0 at 25 °C, 1.0 M (KCI).
b Fractional amount of change in the C—O bond order in the reverse,
addition direction calculated from p, = | - i using eq 9 as described
under Results. “Calculated from the weighted mean of the secondary
a,3-deuterium isotope effects as described in ref 11.

= 0.017pK, + 0.44, using the estimated values of pK, = 13.9 for
the acetaldehyde ethyl hemiacetal'? and pK, = 13.4 for ionization
of acetaldehyde propargyl hemiacetal.* Values of k,BH/kBP
are summarized in Table I.

Secondary a,3-Deuterium Isotope Effects. Figure 2 shows
typical determinations of the second-order rate constants kg for
breakdown of acetaldehyde and acetaldehyde-d, hemiacetals
catalyzed by acetic acid buffers according to eq 4. In these
experiments, the ratio of the base to acid components of the buffers
was chosen to given >88% general-base catalysis and the slopes
in Figure 2 where used directly to calculate kg as summarized
in Table [11. ' The secondary C-L isotope effects kyH /kg?#D
are summarized in Table 111 for the propargyl and ethyl acet-
aldehyde hemiacetals.

An estimate of the relative change, /, in the bond order about
the central carbon atom in going from the hemiacetal anion T~
10 the transition state shown in Scheme I can be made from

kpm?H/kpm?D = (KaﬁH/KmiD)i (9)

where K#H /K9P is the equilibrium «,8-deuterium isotope effect
on kB and i varies from 0 to ].!'3637

(33) To facilitate comparison with the data of Serenson and Jencks,!? the
equilibrium constants K4 in Scheme | and K; in eq 10 are defined as in ref
12. The method for derivation of these equilibrium constants is described in
detail by Funderburk et al."

(34) The fractionation factors ¢roL = 1.25 for the hydroxyl proton of
hemiacetals determined by ‘H NMR spectroscopy (Mata-Segreda, J. F.;
Wint, SJ Schowen, R. L. J. Am. Chem. Soc. 1974, 96, 5604) are apparently
in error.

(35) Bone, R. L.; Wolfenden, R. J. Am. Chem. Soc. 1985, 107, 4772.

(36) Hogg, J. L.; Rodgers, J.; Kovach, 1.; Schowen, R. L. J. Am. Chem.
Soc. 1980, 102, 79.

(37) Gajewski, J. J. In Isotopes in Organic Chemistry; Buncel, E., Lee, C.
C., Eds.; Elsevier: Amsterdam, 1987; Vol. 7, pp 115-176.
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Figure 3. Dependence of the Brensted 8 coefficient on the pK of the
leaving group alcohol for general-base catalysis of the breakdown of
acetaldehyde hemiacetals in H,O (@) and in D,0 (O). The pK of the
alcohols in D,O were calculated from the estimated solvent isotope ef-
fect:'™ ApK = 0.017pK,, + 0.44 using literature values for the pK, of
the leaving group alcohols: Ballinger, P.; Long, F. A. J. Am. Chem. Soc.
1959, 81, 1050: Ballinger, P.; Long, F. A.J. Am. Chem. Soc. 1960, 82,
795.

The value of K*H/K*0 = 1.60/1.04 was taken as the product
of the inverse equilibrium isotope effects for the nucleophilic
addition of hydroxide ion to acetaldehyde, K°H/KP = 1/0.72 and
KPH/K#P = 1/0.87% divided by the equilibrium isotope effect
K, /K,*® = 1.04 for ionization of the hemiacetal anion, K, in
Scheme 1.3 The latter correction is assumed to be the same as
the equilibrium isotope effects on the dissociation constants of
protonated amines.* The values of i are related to p,, the
normalized measure of the amount of C—OR bond formation in
the reverse direction by i = | — p,.!' Table I1I summarizes values
of p,.

Discussion

General-Base Catalysis: Structure—Reactivity Behavior. Table
1 summarizes values of the Brensted 8 coefficients for catalysis
by substituted acetate and cacodylate ions for breakdown of ac-
etaldehyde hemiacetals with ethanol, chloroethanol, and propargyl
alcohol leaving groups in water. The observed Brensted coefficents
B = 0.48-0.72 for general-base catalysis correspond to « values
of 1 — 8 = 0.52-0.38 for general-acid catalysis of the breakdown
of the hemiacetal anion, T-, as illustrated in Scheme 1. The
Broensted coefficients are consistent with concerted breakdown
of the hemiacetal anion with a transition state involving partial
C-0 bond cleavage that is stabilized by proton transfer or hy-
drogen bonding to the leaving group oxygen.

Concerted cleavage of the hemiacetal anion is expected because
the estimated second-order rate constant kg ~ 107 M~! 57! for
a stepwise mechanism involving rate-determining formation of
the tetrahedral intermediate T* as shown in eq 10 is some 2 orders

OH -
Ks Ky
B™ + CHy—CH === BH CH,—CH ==
KM kar
—R —R
B~ + CH;—CH (10)
HO—R
+
Tt

of magnitude smaller than the observed second-order rate constant
kg = 6.6 X 107> M1 57! for the breakdown of the propargyl alcohol
hemiacetal catalyzed by methoxyacetate ion (Table I). The es-
timated second-order rate constant for rate-determining formation
of T* from the hemiacetal shown in eq 10 can be calculated from
the observed rate constants and estimated ionization constants.

(38) The $8-D equilibrium isotope effect on the ionization constant K, is
assumed to be unity on the basis of the chuilibrium isotope effect K, /K,
= 1.01 for the ionization of acetic acid.

(39) Paabo, M.; Bates, R. G.; Robinson, R. A. J. Phys. Chem. 1966, 70,

40.
(40) Northeott, D.; Robertson, R. E. J. Phys. Chen. 1969, 73, 1559.
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According to eq 10, kg is given by kg = k_3Ky/K,B" = k3K /K,
=~ (1010 M1 s1)107139/102 =~ 10°® M~! 571, ky; for the depro-
tonation of T* by acetate ion in the reverse direction is assumed
to be diffusion controlled,* and the acidity constant for ionization
of the protonated ether T* is estimated to be K3 =~ 10233

Figure 3 shows that there is a linear correlation between the
Bronsted 8 coefficient and the pK of the leaving alcohol for the
breakdown of acetaldehyde hemiacetals catalyzed by substituted
acetate ions and cacodylate ion in H,O and D,0. The increase
in the Brensted 8 coefficient with a decrease in the pK of the
leaving group alcohol can be described by the interaction coef-
ficients p,, = 88/-6pK;, = 0.090 in H,O and p,, = 0.078 in D,0
that describe the slopes of the lines in Figure 3. These interaction
coefficients do not differ significantly from p,, = 0.07 determined
by Serenson and Jencks!? with a more extensive set of leaving
group alcohols in water.

Secondary a,(-Deuterium Isotope Effects. Table III shows that
there is an increase in the secondary o,8-deuterium isotope effect
as the pK of the leaving group alcohol is decreased for the
breakdown of acetaldehyde hemiacetals catalyzed by acetate ion.
The secondary a- and (-deuterium isotope effects arise from
changes in the vibrational frequencies of the C-L bonds (L = H
or D) between reactant and transition states. These two isotope
effects have fundamentally different origins. The a-deuterium
isotope effect is expected to be normal (k" > k2P), due largely
to the decrease in the bending frequency of the a-C-L bond to
the central carbon that reflects the change in hybridization from
sp? to sp-like in the transition state.?63” The 8-deuterium isotope
effect originates from an increase in hyperconjugation of the three
B-C-L bonds with the newly forming carbon—-oxygen double bond
that “loosens” the 3-C-L bonds and gives rise to a normal kinetic
isotope effect.374?

The changes in hybridization about the central carbon atom
that influence the magnitude of the secondary deuterium isotope
effects are assumed to reflect the changes in C-O bond order
between the central carbon and the developing carbonyl and
leaving group oxygens. This assumption requires that the rule
of the geometric mean*? hold for these reactions, and force con-
stants vary smoothly between the limiting force constants for
reactants and products.** If these assumptions are correct, the
changes in the a,3-deuterium isotope effect with structure can
be interpreted according to eq 9 as changes in bond order about
the central carbon atom.

Indirect support for these assumptions comes from secondary
a-D and 8-D; isotope effects for the mechanistically similar hy-
drolysis of aryl formates and acetates that show good agreement
between measures of transition-state structure calculated from
a-D and 8-Dj; isotope effects by using equations analogous to eq
9.46-4%  Semiempirical calculations of secondary «-D and $8-D;
isotope effects for the nucleophilic addition of hydroxide ion to
acetaldehyde show a monotonic change in the secondary isotope
effects with changes in transition-state bond orders, although the
assumption of linear changes in force constants with changes in
bond order is inherent in the calculations.?

We conclude that the secondary «,3-deuterium isotope effects
reflect changes in bond order about the central carbon and show
that heavy-atom motion is part of the reaction coordinate. If there
is a monotonic change in the secondary isotope effects with changes
in C-O bond order between the central carbon atom and the

(41) Eigen, M. Angew. Chem., Int. Ed. Engl. 1964, 3, 1.

(42) Shiner, V. J., Jr.; Cross, S. J. Am. Chem. Soc. 1957, 79, 3599.

(43) The rule of the geometric mean states that the isotope effect for the
a,8-deuterium-labeled substrates, k*8H/ k60, is &i’vcn by the product of the
a-deuterium, k*H/ kP, and 8-deuterium, kfH / kP, effects.

(44) Bigeleisen, J. J. Chem. Phys. 1955, 23, 2264.

(45) Burton, G. W.; Sims, L. B.; McLennan, D. J. J. Chem. Soc., Perkin
Trans. 2 1977, 1763.

(46) do Amaral, L.; Bastos, M. P.; Bull, H. C; Ortiz, J. J.; Cordes, E. H.
J. Am. Chem. Soc. 1979, 101, 169.

(47) Kovach, 1. M.; Elrod, J. P.; Schowen, R. L. J. Am. Chem. Soc. 1980,
102, 7530.

(48) Stein, R. L.; Elrod, J. P.; Schowen, R. L. J. Am. Chem. Soc. 1983,
105, 2446.
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leaving group oxygen, the C—L isotope effects suggest that the
C-O leaving group bond has been approximately 50% cleaved as
measured by / = | — p, (Table III).

The change in the secondary «,8-deuterium isotope effect with
changes in the pX of the leaving group can be described quan-
titatively by the interaction coefficient p,, according to

py)/ = apn/_apKIg (1 1)

where p, is a measure of the amount of bond rehybridization at
the carbonyl carbon as described under Results. A negative value
of p,,» = —0.069 is derived from the data in Table III. A less
negative value of the coefficient p,, = —0.05 was determined from
(a) increases in the secondary o-deuterium isotope effects with
decreasing pK of the leaving group alcohol for the general-
base-catalyzed breakdown of formaldehyde-d, hemiacetals!! and
(b) increases in the rate constant ratios with decreasing pK of the
leaving group alcohol for the breakdown of acetaldehyde and
formaldehyde hemiacetals.!?

Solvent Isotope Effects. Table I shows that the solvent isotope
effects kBH/k BP for general-acid-catalyzed cleavage of the
hemiacetal anion are small and essentially independent of the pK
of the leaving group alcohol. The isotope effects correspond to
isotopic fractionation factors®® ¢T = ¢g k,BP/k BH = 0.40-1.2.

Mechanistic deductions from solvent isotope etEfects for proton
transfers between electronegative atoms are sometimes hampered
by the uncertainty in the corrections for small secondary equi-
librium isotope effects.”? However, the isotope effects that we
assign to the catalytically active proton are unlikely to represent
secondary isotope effects since the correction for these effects is
small. The largest uncertainty associated with the isotope effect
for the transferred proton is due to the uncertainty in the estimate
for the equilibrium solvent isotope effect for the ionization of the
hemiacetal K,H/K,P. Although this equilibrium isotope effect
is an estimated value, it is unlikely to vary significantly with
changes in the pK of the leaving group alcohol. Comparison of
the relative isotope effects with changes in the pK of the catalyst
or the leaving group alcohol have less uncertainty. We conclude
that the solvent isotope effects kB /k BP = 0.8-2.5 summarized
in Table I are primary isotope effects due to the catalytically active
proton shown in the transition state of Scheme I.

Although there is a small tendency for the solvent isotope effect
k,BH /k BP to decrease for the stronger acid catalysts for a given
hemiacetal, the absence of a significant isotope effect maximum
provides further evidence for a concerted reaction mechanism.
A maximum isotope effect kBH/k BP = 3-5 would be expected
for the stepwise mechanism that involves rate-determining proton
transfer to form the tetrahedral intermediate T* as shown in eq
10 when ApK = pK,Bt - pK; = 0. According to the simple
three-center model for proton transfer proposed by Westheimer??
and Melander>? the zero-point energy of the B-H bond may be
retained in the transition state in the symmetric vibration or-
thogonal to the reaction coordinate. The contribution of this
symmetric stretching vibration to the zero-point energy of the
transition state will be smallest for thermoneutral proton transfers
which are expected to show the maximum isotope effect. Esti-
mates’? of the pK of the protonated ether intermediate T* shown
in eq 10 range from pK; = 0.4 to -2, so the isotope effect should
increase for the stronger acid catalysts as the proton transfer
becomes more thermodynamically favorable. However, the data

(49) lsotopic fractionation factors are an alternative way to express ob-
served solvent isotope effects in terms of ground-state and transition-stale
effects for the individual hydrogenic sites.'d This analysis neglects medium
effects and assumes that (a) the proton-transfer step as shown in Scheme 1
is direct and (b) ¢ = 1.00 for substituled acelic acids and cacodylic acid."’
This latter assumption is undoubtedly an oversimplification since the hydrogen
bond sirength of RCOOH-OH, depends upon the pK of RCOOH.® However,
the fractionation factor ¢p_ = 0.87 for maleic and succinic acid that have
strong intermolecular hydrogen bonds®! suggests that the fractionation factors
for substiluted acetic acids should not vary subsiantially with pK.

(50) Murray, C. J; Jencks, W, P, J. Am. Chem. Soc. 1988, 110, 7561.

(51) Jarret, R. M,; Saunders, M. J. Am. Chem. Soc. 1988, 107, 2648.

(52) Wcesthcimer, F. H. Chem. Rev. 1961, 61, 265.

(53) Reference 1d, pp 130-140.

Coleman and Murray

in Table I show that the isotope effect kpBH/k BP approaches 1.0
& 0.2 for the stronger acid catalysts thai correspond to ApK ~
3-s.

There is evidence for a maximum in the solvent isotope effects
near ApK ~ 0 for proton transfer between electronegative atoms
involving the stepwise trapping mechanisms of the transamination
of hydroxylamine and benzhydrylidenedimethylammonium ion
catalyzed by general bases,’* the general-acid-catalyzed addition
of methoxyamine to p-methoxybenzaldehyde® and phenyl ace-
tate,*® and the general-base-catalyzed aminolysis of methyl formate
by aniline.’”. Such isotope effect maxima require a significant
difference in curvature in the Brensted plots for acid or base
catalysis in H,O and D,0 which is not observed in the reactions
of hemiacetal anions (data not shown). The isotope effect maxima
have generally been interpreted in terms of the three-step Eigen
mechanism for proton transfer between electronegative atoms,*!
although so-called Melander-Westheimer effect may also be
consistent with the experimental data in some cases.®

There is evidence for small solvent isotope effects that are
independent of the pK of the catalyst for concerted general-
base-catalyzed addition of water?6°* and amines®® to stable
electrophiles. The addition of pyrazole to substituted phenyl
acetates®® is catalyzed by general bases and shows small solvent
isotope effects kgH/kg® = 1.8 £ 0.2.° The addition of water
to benzhydrylidenedimethylammonium ion** and to 1,3-dichlor-
acetone® catalyzed by substituted acetate ions shows small isotope
effects kgH/kg® = 1.9 £ 0.2 and kgh'/kgP = 2.8 % 0.2, respectively.
It is difficult to interpret these isotope effects because of the
uncertainty in the secondary solvent isotope effects due to the
second proton of the attacking water molecule. However, the
absence of any significant change in the solvent isotope effects
with changes in the pK of the catalyst is consistent with our
observations for the microscopic reverse decomposition of hem-
iacetal anions. Taken together, these data suggest that the absence
of a significant change in the solvent isotope effect for proton
transfer in multibond reactions is consistent with a reaction co-
ordinate that is dominated by heavy-atom motion that increases
the effective mass of the transferred proton and lowers the isotope
effect.!?

Solvent-Catalyzed Pathways. Table II summarizes the sec-
ond-order rate coefficients and isotope effects for the solvent species
OL- and L,O. The solvent isotope effects for protonation of T~
by L,0, k,H:0/k >0 = 1 £ 0.2, are derived from the lyoxide ion
catalytic coefficients, ko, = k,"0K,/K,"°. They are consistent
with stepwise expulsion from the hemiacetal anion of the alkoxide
ion that is hydrogen bonded to water, as previously suggested on
the basis of the large values of 8y, = —0.7 to —1.1 for hydroxide
ion catalysis.!?

Concerted Breakdown of the Hemiacetal Anion. The change
in the secondary «,8-deuterium isotope effects and Bronsted
coefficients with reactant structure are consistent with a coupling
between the amount of proton transfer from the catalyst with the
change in bond order or charge on the central oxygen in a con-
certed transition state for breakdown of the hemiacetal anion.
These changes can be described by the More O’Ferrall-Jencks
diagram shown in Figure 4> The x axis is defined by the Brensted
@ coefficient representing proton transfer and the y axis is p, for
C-0 bond cleavage/formation. The values of p, and 3 define the
range of movement of the transition state with changes in sub-
stituent. The diagram provides a convenient way to visualize
changes in transition-state structure in terms of experimentally

(54) Fischer, H.; DeCandis, F. X.; Ogden, S. D.; Jencks, W. P. J. Am.
Chem. Soc. 1980, 102, 1340,

(55) Bergman, N.-A.; Chiang, Y. Kresge, A. J. J. Am. Chem. Soc. 1978,
100, 5954.

(56) Cox, M. M.; Jencks, W. P. J. Am. Chem. Soc. 1981, 103, 572.

(57) Yang, C. C.; Jencks, W. P. J. Am. Chem. Soc. 1988, /10, 2972.

(58) Fishbein, J. C.; Baum, H.; Cox, M. M.; Jencks, W. P. J. Am. Chem.
Soc. 1987, 109, 5790.

(59) However, somewhat surprisingly the large change in the Bronsted 8
coefficient with changes in catalyst pK that can be described by p, = 88/-9pK
= 0.1 is consisten1 with a reaction coordinate that consists almost entirely of
proton motion. %
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Figure 4. More O'Ferrall-Jencks diagram that is defined by the struc-
ture—reactivity parameters. The x axis refers to proton transfer as de-
fined by 8, and the y axis refers to C—O bond breaking/formation, as
defincd by the normalized p value calculated from the secondary a,3-
deuterium isotope effects as described under Results. The solid lines
describe the rclative contributions of changes in proton transfer and
heavy-atom reorganization to the reaction coordinate that corresponds
to the decomposition mode of the transition state to reactants or products.
The dashed lines show the effect of introducing an electron-withdrawing
group on the alcohol on the position of the transition state for diagonal
(proton transfer and heavy-atom reorganization coupled) and vertical
(proton transfer and heavy-atom reorganization uncoupled; hydrogen
bonding) reaction coordinates.

observed parameters such as isotope effects and structure-re-
activity correlations.®®

For example, for a diagonal reaction coordinate through the
center of the diagram, a change to a more electron withdrawing
group on the alcohol will destabilize the hypothetical protonated
intermediate T* in the upper left hand corner of the diagram and
stabilize the alkoxide ion in the lower right. This will shift the
transition state largely perpendicular to the reaction coordinate
as illustrated by the dashed line in Figure 4.5 This shift will
result in an increase in the amount of proton transfer, as measured
by 8 (Table I) and a decrease in the amount of C-O bond for-
mation, as measured by p, (Table III).

The observed changes in structure—reactivity coefficients are
inconsistent with a reaction coordinate that involves predominantly
heavy-atom motion with the proton in a potential well. This
reaction coordinate would correspond to the largely vertical re-
action coordinate shown in Figure 4. A more electron withdrawing
group on the leaving alcohol would result in a shift in transi-
tion-state structure that is largely parallel (Hammond effect) to
the reaction coordinate with an increase in the amount of C-O
bond formation as measured by p, and little or no change in the
amount of proton transfer as measured by 3.

Hydrogen-Bonded Transition States in Multibond Reactions.
The structure—reactivity coefficients, S and i = | — p,, estimates
of second-order rate constant for stepwise breakdown of the
hemiacetal anion, the small solvent isotope effects for the cata-
lytically active proton, and the changes in the structure-reactivity
coefficients with changes in the acidity of the leaving group alcohol,
provide evidence for a concerted reaction mechanism for the
breakdown of the hemiacetal anion (&, step in Scheme I). In the
reverse direction, this corresponds to general-base-catalyzed attack
of alcohols on aldehydes as shown in eq 1. These results confirm
the conclusion that the general-acid catalysis of the breakdown
of the hemiacetal anions involves concerted leaving group expulsion

(60) Jencks, W. P. Bull. Soc. Chim. Fr. 1988, 218.

(61) Perpendicular, or “anti-Hammond™, effects represent movement to-
ward the more stable intermediate and parallel, or “Hammond”, effects rep-
resent movement away from the more stable intermediate. The amount of
the movements depend upon the magnitude and sign of the curvatures per-
pendicular and parallel to the reaction coordinate.
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that is stabilized by proton donation to the leaving group in a
coupled, concerted transition state.!0"!2

The results do not require a hydrogen-bonded proton in these
simple reactions and suggest that hydrogen-bonding catalysis may
not be required in mechanistically similar reactions such as the
hydrolysis of acetals, ketals, and ortho esters catalyzed by general
acids or ester or amide hydrolysis catalyzed by hydrolytic enzymes.
The evidence in support of these conclusions can be summarized
as follows:

(1) Changes in structure—reactivity relationships with catalyst
and leaving group pK can be described by a diagonal reaction
coordinate on structure-reactivity diagrams such as Figure 4,10-12
Mos! notably, a negative value for the coefficient p,,, = dp,/-9pKi,
is consistent with a diagonal reaction coordinate with significant
coupling between the amount of proton transfer and heavy-atom
motion in the transition state. The changes are incompatible with
a proton in a poiential well where a positive value for the p,,
coefficient is expected.!!:62

(2) For hydrogen bonding between a catalyst AH and the
leaving group alcohol to compete with the solvent in the transition
state for the breakdown of hemiacetal anions (eq 12), there must

H JWHA,.p KA \ - *
O o..\c'_"oé- 8 [A-’W A~ O"'C"'Oa
(12)

be a change in the strength of the hydrogen bond interaction
described by K ,g with changes in the pKpgy of the transition state
and changes in the pKyy of the catalyst. These changes represent
an electrostatic interaction between the catalyst and the leaving
group oxygen in the transition state and should follow the rela-
tionship proposed by Hine:"?

3% log Kap
T 3 log Kay 0 log Ky

(13)

A value for the hydrogen bond interaction coefficient = 2 0.028
is required to account for the observed catalysis by a hydrogen-
bonding mechanism.%* This is substantially larger than values
of 7 = 0.013 for hydrogen bond interactions between stable
molecules in water.5

The distance across the A~-H—O hydrogen bond in the transition
state of eq 12 might be compressed, relative to the ground state,
such that there is little, if any, barrier for motion of the proton
across the hydrogen bond.>!1¢ This would be consistent with both
an increase in the value of 7 and Hine's estimate of 7 = 0.054
for a symmetrically hydrogen bonded proton with no barrier for
motion of the proton that corresponds to the maximum value of
7 in water.!® However, the concept of solvation catalysis, as
originally described by Swain et al.,'® requires that “transition-state
OH bonds...be of intermediate character” between the reactant
and product OH bonds. This assumption, implicit within the
framework of transition-state theory, is based on the hypothesis
of a quasi-equilibrium between ground states and transition states
that suggests that electrostatic interactions of polar groups can
be treated in a similar way for ground states and transition states.%
It suggests that solvation catalysis as originally defined is in-

(62) There is evidence based on the positive p,,. interaction coefficien1 for
a hydrogen-bonded Iransition state in the general-base-catalyzed addition of
alcohols to unstable carbocations: Ta-Shma, R.; Jencks, W. P. J. Am. Chem.
Soc. 1986, 108, 8040.

(63) This estimate is based on a modified form of the Hine equation:%* r
= (log Knp + 2.04)/[(pKan — PKi,0)(PKi,0+ — PKpy)]. The value of 1 was
calculated by using the upper limit for the pKgy = 16 of the transition stale
assuming full negative charge buildup on the leaving group oxygen and a value
of KHAB calculated from the ratio of rate constants (kg/koy)(K,BH/ K H20) =
k,BH/ (k20 §5) = K, = 2.6] X 10* M"! for breakdown of the anion of
acctaldehyde cthyl hemiacetal calalyzed by acetic acid, pK,y = 4.7. This
represcnts a lower limil for the value of 7 because the pKpy of 1he transition
state will be smaller due to partial bonding between the central carbon and
the leaving group oxygen in the transition state that decreases the amount of
negative charge on the leaving group oxygen and lowers the pKpgy.

(64) Stahl, N.; Jencks, W. P. J. Am. Chem. Soc. 1986, 108, 4196.
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consdistent with compression of reacting groups across a hydrogen
bond.

(3) The solvent kinetic isotope effects in the range k2H/k BP
= 0.8-2.5 for proton transfer to the leaving group oxygen in the
breakdown of acetaldehyde hemiacetals anions are consistent with
similar relative contributions of proton transfer and heavy-atom
motion along the reaction coordinate that increases the effective
mass of the transferred proton and decreases the isotope effect.!
This effect can be modeled by using vibrational analysis calcu-
lations as described in detail in the following paper.

The results show that the small magnitude of solvent kinetic
isotope effects in multibond reactions cannot, in and of themselves,
be used as a criteria for solvation catalysis via hydrogen-bonded
transition states. We suggest that the solvent isotope effects
ku,0/kp,0 = 1.6-4 for ester and amide hydrolysis catalyzed by
hydrolytic enzymes!? can be interpreted within the framework of

a fully coupled, concerted mechanism without the requirement
for compression of hydrogen-bonded groups on the enzyme.
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Abstract: General-base catalysis of the breakdown of acetaldehyde hemiacetals represents equilibrium ionization of the hemiacetal
CH;CH(OH)OR to form the hemiacetal anion, CH;CH(O")OR, followed by rate-determining general-acid catalysis of the
cleavage of the hemiacetal anion to form acetaldehyde and ROH as described in the previous paper. Solvent deuterium isotope
effecis for 1he kinetically equivalent reverse reaction, general-base-catalyzed addition of alcohols ROH to acetaldehyde, have
been modeled by using vibrational analysis calculations. Two independent weighting parameters that describe the bond orders
for 1he catalyst O—H bond (Wyy) and the C—O bond between the ceniral carbon and oxygen atoms (Wcg) were allowed 10
vary independently between 0 and 1 to generate isotopic maps as a function of transition-siate structure. The effect of coupling
of proton iransfer to heavy-atom motion on the magnitude of the solvent kinetic isotope effect ky,o0/kp,0 was investigated
by varying the relative raiios of several interaciion force constants fj; that couple 1wo internal stretching coordinates. This
process generates models of the reaction-coordinate motion for decomposition of the transition state to reactants and products.
11 is concluded 1hat a reaction coordinate with essentially equal contributions of proton and heavy-atom motion is most consistent
with the experimental isotope effects (k_,®)u,0/(k-,P)p,0 = 1.7 £ 0.5 for general-base catalysis of the addition of alcohols

to acctaldchyde.

Introduction

The preceding paper! describes experimental evidence using
kinetic isotope effects that confirms and extends evidence based
on changes in structure-reactivity coefficients for a fully coupled,
concerted reaction mechanism for the breakdown of acetaldehyde
hemiaceials anions. In the reverse direction, this reaction cor-
responds to a class n reaction involving the general-base-catalyzed
artack of alcohols on acetaldehyde.

HaC

k.
B” H—Cl) >c=o -_
A H
t
CH, ?H:
B...H...lo...cl;mo!s— ‘_kp—— BH O—C—0" (1)
Ao v

(1) Colcman, C. A.; Murray, C. J. J. Am. Chem. Soc. 1991, previous paper
in this issue.
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In this paper we describe a method of characterizing the
transition-state structure in eq | using model vibrational analysis
calculations of the solvent isotope effects.** An important
sireamlining of the modeling process has been developed by
Schowen and his co-workers,*® who suggested that the properties

(2) For details on vibrational analysis calculations of isotope effects see:
(a) Van Hook, W. A. In Isotope Effects in Chemical Reactions; Collins, C.
J., Bowman, N. S., Eds.; Van Nostrand-Reinhold: Princeton, NJ, 1970; pp
1-89. (b) Melander, L.; Saunders, W. H., Jr. Reaction Rates of Isotopic
Molecules; Wiley: New York, 1980. (¢) Sims, L. B.; Lewis, D. E. In Isotopes
in Organic Chemistry; Buncel, E., Lee, C. C., Eds.; Elsevier: New York, 1980;
pp 161-259. (d) McClennan, D. J. In Isotopes in Organic Chemistry;, Buncel,
E., Lee, C. C., Eds.; Elsevier: New York, 1987; pp 393-480.

(3) Buddenbaum, W. E.; Shiner, V. J., Jr. In Isotope Effects on En-
zyme-Catalyzed Reactions; Cleland, W. W, O'Leary, M. H., Northrop, D.
B., Eds.; University Park Press: Baltimore, MD, 1977; pp 1-36.

(4) Hogg, J. L.; Rodgers, J.; Kovach, 1.; Schowen, R. L. J. Am. Chem. Soc.
1980, /02, 79.

(5) Rodgers, J.; Femac, D. A.; Schowen, R. L. J. Am. Chem. Soc. 1982,
104, 3263.

(6) Huskey, W. P, Ph.D. Thesis, University of Kansas, 1985.
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