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Abstract: Secondary- andS-deuterium isotope effects for enolization reactions and equilibria have been determined
by ab initio calculations!H NMR spectroscopy, and triton exchange kinetics. Kinetic and equilibotgeuterium

isotope effects for hydroxide ion-catalyzed enolization of acetaldehyde calculated by ab initio methods are normal
and depend on the orientation of the secondary hydrogen with respect to the carbonyl group. The computed transition
state structure indicates a small degree of bond rehybridization at the transition state. Experimentally measured
secondary isotope effects on the deuteroxide ion-catalyzed proton exchange of acetophekti® arel .08 +

0.07 for o-CH3 exchange andt/kP = 0.96 & 0.08 for a-CH,D exchange. Fou-CH,T exchange in water, the
corresponding secondary isotope effecktitk® = 1.06 4+ 0.02, assuming the rule of the geometric mean is valid.
These effects are smaller than the calculated equilibrium isotope effect for formation of the enotamaten
complex: KH/KP = 1.11-1.22 at the MP2 level. The normal kinetic isotope effects are smaller than might be
expected due to a loss in hyperconjugation of the out-of-plankl Gond and a lag in structural reorganization that
contributes to the intrinsic barrier for proton transfer from carbon. lonization of protonated acetone gives rise to an
inverse secondary isotope effect of 0.97/D for thelCbond adjacent to the carbonyl group and is consistent with

a loss in hyperconjugation upon formation of the neutral ketone.

Introduction Such kineti€ and equilibriuni effects have been measured,
Proton transfers from carbon acids activated by the carbonyl but |nts_ortr_1e cases !nEe(rjpre_iﬁtlt%n of the_datatlsl td|ff;]cﬁult£due to
group generate enolate or enol intermediates in enzyme reac-‘lilrl‘\;gr an "?[S associate .V(;" € ex]!otlanmetﬂ ad fec Ique.
tions! Estimates of the lifetimes of enzyme-bound enolate Spectroscopy provides a usetul method Tor measuring

intermediates suggest that enzymes stabilize these intermediate§tr.UCtéJ_rg reactivity effects In proton trans_fer reactions (.)f carbon
acids®10 and if separate signals of the isotopic species (CHH

or avoid their formation through concerted reactiénSecond- CHD b d simult v in th |
ary isotope effects can provide useful probes of the intermediacyvS ) can be measured simultaneously In the same sampig
secondary deuterium isotope effects can be meastitéd.

of enol(ate)s in enzyme reactioh$but in order to interpret tati f Kinetic isot ffect . ibrational

these effects accurate measures of the magnitude of secondar?ompu ations O Kinetic 1Sotop€ €flects using -vibrationa

kinetic (KIE) and equilibrium (EIE) isotope effects for simple requencies obtgmed fro_m ab |n|t|0_calculat|ons can also provide
useful insights into the interpretation of secondary KIEs.

enolization reactions in solution are required. T
g We report here secondasy andf-deuterium isotope effects
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Scheme 1 ammonium ion as an internal standard and recording the spectrun
8-D EIE o-D KIE immediately after mixing with suppression of the water peak. The
apparent spiftlattice relaxation times for the-CHs protons Ty =
H o - 4.5 s), then-CH,D protons 1 = 6 s), and thex-CHD, protons {1 =
*or Ka N lc! K 12 s) of acetophenone were measured by the inversion recovery methc
L\ng\ LN —— L\?ac\ (180°—7—90°)!2 at 1.0 M ionic strength (KCI) in ED.
N : . ) X .
L H+ H/ L Experimental data were fit to eqs—B using SigmaPlot (Jandel
H

Scientific) or GraFit (Erithacus Software Ltd.).

. . Acetophenone Triton Exchange in HO. First-order rate constants
where L=H or D, using'H NMR spectroscopy, triton exchange  for 4-C—3H exchange were determined in®} ionic strength 1 M
kinetics, and ab initio calculatiort8. The inversg-secondary  maintained with KCI by monitoring the decrease in the ratidttto
isotope effect of 0.97/D for the €L bond adjacentto the 14C in acetophenone in basic solution. Experiments wittfH]-
carbonyl group in the ionization of protonated acetone is acetophenone and PH,1-2H;Jacetophenone were generally carried out
consistent with a decrease in hyperconjugation upon ioniza- on the same day. Radiolabeled substrate{#%3H/*“C ratio~ 1.15)
tion.1516 Hyperconjugation is unchanged for the in-plane CH was added in a volume of 10 mL containing 1.0 M KCI and varying
bond of the ketone in Scheme 1, but it is further lost in the amounts of KOH. Samples were quenched with HCI and frozen until
out-of-plane CH in the enolization reaction. This gives rise to HPLC separation. TOH and radiolabeled acetophenone were separate

a normal secondany-deuterium KIE= 1.064+ 0.02. Ab initio

calculations suggest that the magnitude of the isotope effect is
dependent on the position of the secondary CH bond relative

to the carbonyl group, consistent with opposing effects &fsp
sp? rehybridization of the OPL CH bonds and loss of hyper-
conjugation of the CH bonds with the carbonyl in the transition
state.

Experimental Section

Materials. Acetophenonek (99.9 atom % D), acetonds (99.9
atom % D), and deuterium oxide £{D, 99.9 atom % D) were from
Isotec, Inc. [1¥*C]Acetophenone was from Amersham, Inc. Acetophe-
none and Acetophenortg-were distilled under vacuum and stored at
—20 °C in sealed vials. Tritiated water (TOH; 5 Ci/mL) was from
ICN Biomedicals, Inc. (Costa Mesa, CA). TOH was diluted to a
specific activity of 0.1 Ci/mL in HO or D,O. [1-*H]Acetophenone
was synthesized by tritium exchange in TOH, giving a final specific
activity of 0.273uCi/mmol. [1-H,1-H,]Acetophenone was synthe-
sized from acetophenorig-in TOD (containing less than 1% HOD)
to give a final specific activity of 0.123 mCi/mmol. Trimethylammo-
nium sulfate was prepared by titrating trimethylamine with sulfuric acid,
removing the water under vacuum, and drying in a vacuum oven at 40
°C overnight. Sulfuric acigtwater mixtures were prepared by dilution
of commercial 98% acid and titrated with standard NaOH. All other
chemicals were reagent grade and used without further purification.

Methods. Reactions were carried out at 26. Solution pH and
pD were measured with an Orion Model 701A pH meter and a
Radiometer GK2321C combination electrode. The value of pD was
obtained by adding 0.4 to the observed pH of solutions 8.8 The
optimal pD for the acetophenoreCH exchange experiments was
dictated within fairly narrow limits by the buffering capacity at low

by reverse phase chromatography using a Shimadzu LC-610 syster
on a Shimadzu 4« 250 mm C-18 column. Samples were eluted at a
flow rate of 1 mL/min with a 55:45 methaneivater mobile
phase. One-milliliter fractions were collected directly into 7-mL
scintillation vials, and after adding 5 mL of Opti Phase HiSafe 3
scintillation cocktail (Wallac Scintillation Products), radioactivity was
determined by liquid scintillation counting on a Wallac 1410 liquid
scintillation counter.

Acetophenone Proton Exchange in BD. Rate constants fax-CH-
exchange were determined in® at 25°C and ionic strength 1 M
maintained with KCI. Acetophenone (1L) was added to 35&L
of deuterium oxide in a 5-mm NMR tube and sonicated followed
by the addition of 37%L of 2.0 M KCI. The final concentration
of acetophenone (ca. 10 mM) was below the limit of solubility
(ca. 20 mM) in 1.0 M KCI. The magnet was carefully shimmed prior
to the addition of 3-5 uL of 0.1 M KOD to the NMR tube and
reinsertion into the probe. Spectra were recorded with a digital
resolution of 0.05 Hz/point and acquisition parameters were set so tha
the steady state magnetization between pulses wa®5% of the
equilibrium magnetization of the-CHD, signal corresponding to the
longestT;.®

Data Analysis. For the equilibrium data, the chemical shift
differences of the methyl singlet of acetone and the methyl quintet of
acetoneds, relative to trimethylammonium ion, were fit to the equations
derived by Bagno et &P that describe the equilibria in Scheme 2. The
method requires estimates of limiting values of the chemical shifts
Avgcnt, and Avgy+ corresponding to the free base, hydrogen-bonded
complex, and protonated base, respectively, as well as value, of
m*, pKecnt, and Kgy+ that define the protonation equilibria in Scheme
2. The chemical shifts are nonlinearly related so they were optimized
first by minimizing the sum of the squares of the errors, thennthe

deuteroxide concentrations and signal-to-noise considerations at highe2"d B values, which are linearly related, were optimized. The fitting

base concentrations that lead to faster rates of exchange. Only solution

where the pD did not change by more than 0.02 unit were used in
analysis of the data.

Proton NMR spectra were recorded on a Varian VXR-500S
spectrometer in sulfuric acid#® mixtures for equilibrium studies and
in D-O, 1 M ionic strength (KCI) for kinetic studies. The chemical
shift of acetone and acetorg-n sulfuric acid-water mixtures was
determined by adding-12 uL of acetone and 5@L of acetoneds in
600 uL of sulfuric acid/water mixtures containing 0.01 M trimethyl-

(14) The term “hydron” refers to the hydrogen catiortwithout regard
to nuclear mass. The specific names “protoHi,(H), “deuteron”, ¢H,
D), and “triton” GH, T) refer to specific isotopes (Bunnett, J. F.; Jones, R.
A. Y. Pure Appl Chem 1988 60, 1115-1116).
(15) Hogg, J. L. InTransition States of Biochemical Processgandour,
R. D., Schowen, R. L., Eds.; Plenum Press: New York; 1978; Chapter 5.

Jprocedure used the acidity function summarized in Bagno €al

For the kinetic data, the experimental data were fit to Lorentizian
line shapes using the spectrum deconvolution subroutines of VRIMR.
The statistically corrected integrated areas of ¢th€Hs singlet @),
the a-CH,D triplet (Q), and thea-CHD, quintet R®) were simulta-
neously fit to eqs +3 that describe three consecutive first-order
processest

(18) Derome, W.Modern NMR Techniques for Chemistry Research
Pergamon Press: Oxford, 1987; pp 1880.

(19) (a) Bagno, A.; Lucchini, V.; Scorrano, 8ull. Soc Chim Fr. 1987,
563-572. (b) Bagno, A.; Lucchini, V.; Scorrano, G.Phys Chem 1991,
95, 345-352. Bagno et al. have shown that tH&,pf protonated acetone
can be obtained with a precision af0.03 K units. The excellent
agreement between values of the fitting parameters obtained independent
provides strong support for the approach of Bagno et al. We note that the

(16) Several workers, most notably Schowen, and his colleagues, haveobservation that\v for acetoneds is less than for acetone at all values of

used the magnitude @Fdeuterium isotope effects as a probe of transition
state structure in nucleophilic acyl substitution reactions. (a) Kovach, I.
M.; Hogg, J. L.; Raben, T.; Halbert, K.; Rodgers, J.; Schowen, RI.L.
Am Chem Soc 1980 102 1991-1999. (b) Harrison, R. K.; Stein, R. L.
Biochemistry199Q 29, 1684-1689.

(17) Glasoe, P. K.; Long, F. Al. Phys Chem 196Q 64, 188-191.

Ho examinedrequires that (K¢ > pKMh6, (c) Bagno, A.; Lovato, G.;
Scorrano, GJ. Chem Soc, Perkin Trans2 1993 1091-1098. (d) Bagno,
A.; Scorrano, G.; More O'Ferrall, R. ARev. Chem Intermed 1987, 7,
313-352.
(20) Weiss, G. H.; Ferretti, J. Al. Magn Reson 1983 55, 397-407.
(21) Bateman, HProc. Cambridge Phil Soc 191Q 15, 423-427.
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In egs 3, Py, Qo, andR, correspond to the initial peak areas, and
A2, andZz are the pseudo-first-order rate constants for deuteroxide ion BCH+

catalyzed exchange of the-CHs;, a-CH.D, and a-CHD; protons,

respectively. The triplet and quintet were not completely resolved at ., yihtions from vibrational excited states (EXC), and a tunneling
this field strength as shown in Figure 2, especially for early percent ., .oxtion Q). v vo, v and v are the (real) vibrational

exchange. The integral for the quintet was adjusted for this effect by frequencies for the hydrogen isotopomer in the reactant, the deuteriun

multiplying the area of the peak at20.2 Hz by 2.
Ab Initio Calculations. In order to provide a context for interpreta-
tion of the experimentally measured kinetic isotope effects, ab initio

isotopomer in the reactant, the hydrogen isotopomer in the transitior
state, and the deuterium isotopomer in the transition state, respectivel
viy and vip are the imaginary frequencies for the hydrogen and

calculations were carried out on a simple model reaction of acetaldehyde o \tarium isotopomers in the transition state

with hydroxide ion. Structures relevant to the aldehyde-to-hydroxide

ion hydron transfer reaction that lead to enolate formation include

acetaldehyde, hydroxide ion, the aldehytigydroxide ion complex, the
transition state, the enolatevater complex, the enolate ion, and the

Equilibrium isotope effects were calculated in a similar mariher,
with the vibrational frequencies of the product taking the place of the
transition state; in addition, of course, the tunneling correction (eq 8)
is not applicable.

enol isomer of acetaldehyde. Numerous attempts to explore the reverse Frequencies from both RHF/6-3G(d) and MP2/6-3+G(d) cal-

proton transfer from water to the enolate to form the efigldroxide

culations were used. For the KIE calculations the RHF frequencies

ion complex were unsuccessful, suggesting that the enol-to-hydroxideWere scaled by 0.9135, the MP2 frequencies by 0.984Bhe effects

proton transfer is a very favorable process that proceeds without a

barrier. Additional calculations were also performed relating to the
nucleophilic addition reaction of hydroxide to acetaldehyde.
Initial calculations were performed at the RHF/643%(d) level??

of substitution of deuterium for hydrogen at both positions of the methyl
group of acetaldehyde were calculated separately (the third position i
occupied by the proton being transferred, so it affects the primary, not
secondary, kinetic isotope effect). The effects of a second deuterium

Complete geometry optimizations were performed on all the structures. for-hydrogen substitution were also calculated

Transition states were located, and the intrinsic reaction coordinate
method® was used to ensure that they properly connect the reactants

Equilibrium isotope effects were also calculated for the protonation
of acetone, using frequencies obtained from RHF/6-G{d) and MP2/

and products; in fact, the reactant and product complexes were actuallyg 314 G(q) calculations. The effect of a single deuterium substitution

located as end points of the IRC. The stationary points were then

reoptimized at the MP2/6-31G(d) level?? Single point calculations
at higher levels, up to MP4(SDTQ)/6-31#G(d,p), were then

performed at the MP2-optimized geometries. The calculations were

performed using the Gaussian-92 progtamn a Silicon Graphics
Indigo R-4000 workstation at the University of Arkansas.
Secondary KIEs for the reaction of hydroxide ion with acetaldehyde

and the substitution of five deuteriums were calculated.

Results

B-Deuterium Equilibrium Isotope Effects. Bagno et al®
have shown that a complete description of the protonation
equilibria of a weak base such as acetone (B, in Scheme 2) i

were computed from isotopic frequencies and calculated using the well- srong acid solutions must include the formation of a hydrogen-

known formulag:3b.25

KIE = MMI x ZPE x EXC x Q )
where

MMI = [T 0o [0 ©)

ZPE=exp{ (VKDL (' — o) = T 0Fy =70} (6)

EXC= |‘|{[1 — exph /KDL — exphv o /KT)] x
|‘|{[1 — exphv /KDL — exp(—hv* /kT)] (7)

Q=[1+ (' /KT)24]/[1 + (' 5/kT)%24] (8)

Thus, the kinetic isotope effect can be decomposed into effects due to
the mass and moments of inertia (MMI), the zero point energies (ZPE),

(22) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAA.jnitio
Molecular Orbital Theory Wiley Intersciences: New York, 1986.

(23) (a) Gonzalez, C.; Schlegel, H. B.Chem Phys 1989 90, 2154-
2161. (b) Gonzalez, C.; Schlegel, H. B.Phys Chem 199Q 94, 5523—
5527.

(24) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. Baussian 92Rev. B; Gaussian, Inc.: Pittsburgh,
PA, 1992.

bonded complex, BCH as well as the fully protonated base,
BH*. Because the equilibria in Scheme 2 are established rapidl
on the NMR time scale, changes in the chemical shift of the
o-CH resonance can be used to determikgp and Kgcu+,

as well as the associated* parameters that measure the
sensitivity of the protonated species to hydrogen-bonding
solvation effects.

The dependence of the chemical shift of acetbyend
acetoneds on theHy acidity functiod®® is shown in Figure 1.
The raw data are summarized in Table?5and the fitting
parameters are summarized in Table 1 along with the corre:
sponding values determined by Bagno et®alfor acetone.
Taken together, these data yield a best estimate Kerp=
—3.09 + 0.03 for acetone andKgy+ = —3.15 + 0.005 for
acetoneds, corresponding to an isotope effectl(ﬁ*fH/KgsH+ =
0.87+ 0.04.

o-Deuterium Kinetic Isotope Effects. Second-order rate
constants for-C—L exchange from acetophenone catalyzed
by lyoxide ion in aqueous solution were determined by
detritiatior?® or 'H NMR1C at 25°C and ionic strength 1.0 M

(25) (a) Bigeleisen, J.; Mayer, M. Q. Chem Phys 1947, 15, 261~
267. (b) Wigner, E. ZPhys Chem 1932 19, 203-216.

(26) Pople, J. A,; Scott, A. P.; Wong, M. W.; Radom, l&r. J. Chem
1993 33, 345-350.

(27) See note concerning supporting information at the end of this paper
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Table 1. Summary of Fitting Parameters for Equilibrium Protonation of Acetone and Acelgne-

J. Am. Chem. Soc., Vol. 118, No. 28,658%6

chemical shift difference, Hz

hydrogen bonded complex, BCH

protonated base, BH

substrate Avg Avgcrt Avey+ me pKecHt m* pKen*

acetonehs® 339 284 —29.4 0.40 —1.65 0.35 —3.06

acetonehs 342 283 —21.7 0.42 —1.59 0.35 -3.11

acetonehs 341 283 —25.3 0.42 —1.59 0.35 —3.09
—3.09+ 0.03

acetoneds 358 286 —20.0 0.40 —1.63 0.34 —-3.15

acetoneds 358 286 —-17.8 0.40 —1.68 0.34 -3.14
—3.15+ 0.00%

a Determined at 23C in concentratred sulfuric acid/water mixtures %y NMR spectroscopy? Positive values represent upfield shifts (in Hz)
fro the trimethylammonium ion, at 500 MHZReference 19a. Determined at 60 MHz. Chemical shift values are corrected for the difference
field strengthsd Final values are the average tandard deviation) of replicate measurements.

50 ¢ 350
50 }
]
o 250 |
> 150
<
250 | ]
g 150 |
<
350
2 0 2 -4 -6 -8 -10 -12 50 |
Figure 1. Dependence of théH chemical shift difference between
trimethylammonium ion and acetoitig{O) or acetoneds (®) on Ho. 50 N S S T SR SISO U S

The theoretical curves are the best fit of the data to the model of Scheme
2 with values of gy = —3.09, m* = 0.35, Kgc+ = —1.59, and

m¢ = 0.42 for acetondss and Ksy = —3.14, m* = 0.34, Kech+ =
—1.68, andm = 0.40 for acetonek.

-20 50 120 190 260
Time, min

Figure 3. Statistically corrected areas of theCH; (O), a-CH.D (®),
anda-CHD; (A) signals as a function of time for the deuteroxide ion
catalyzed exchange of acetophenone i®@t pD= 11.70 and 25C,
ionic strengh 1 M (KCI). The data were fit to the integrated rate
equations describing consecutive first-order processes (Scheme 3) wit
rate constantsk§"[OD ] = 4.20 x 104 s, 2kIP[OD ] = 2.52 x

104 s7%, andkE°[OD] = 1.25 x 1074 s7* with the corresponding
secondary isotope effecks /k> = 1.11 andk[>/k5° = 1.01.

330 400

a-CHzD
o-CHz3

Scheme 3
o-CHDg

—

|
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!
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Figure 2. Partial 500-MHzH NMR spectrum of the partially
exchanged methyl protons of acetophenonej® DThe top spectrum

L e
I —

2K [OD]
 ———
Ph CH,D

2 K 10D]
M, —
Ph CHD, Ph CD,

fit of the integrated areas as a function of time according to the
mechanism of Scheme 3. The second-order rate constants f

(o}

corresponds to the experimental data, the center spectrum is the fullhydron exchange are defined W where L refers to the

fit, and the botto_m spectr_um shows the_ ind_ividual component signals. primary hydron that is cleaved andndj refer to the remaining
The data were fit assuming a Lorentizian line shape. secondary hydron sites. The raw data are summarized in Table
(KCI) under pseudo-first-order conditions. Figure 2 shows S2 and S3 and the second-order rate constants and secondz
representative data for-C—'H exchange monitored bjH KIEs calculated from the fit of the exchange data are sum-
NMR at 500 MHz indicating incomplete resolution of the marized in Table 2.

multiplets for thea-CH,D (3Jyp = 2.2 Hz) ando-CHD, (2Jnp Because the isotope effects are small, it is important to asses
= 2.2 Hz) signals. The coupling constants and isotopic shifts possible sources of error. The errors quoted represent replicat
are similar to values reported for acetone and ethylthioacate. errors and may be subject to systematic errors. The following
In order to account for incomplete resolution, the peaks were points suggest that the observed isotope effects are reliable. (1
deconvoluted assuming a Lorentizian line shape as describedThe second-order rate constant for triton exchange catalyze
in the Experimental Section. Figure 3 shows a representativeby hydroxide ionki" = 4.74+ 0.08 x 103 M1 s1is in
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Table 2. Second-Order Rate Constants and Secondary Deuterium
Isotope Effects for Lyoxide lon CatalyzedC—L Exchange from
Acetophenone

a-C—L/OL™ 10%, M 1st  KHAHP KHP/KEP KNP
CH3/OD~ 208+ 10

1.08+ 0.07 P
CH,D/OD- 193+ 9 ~2.151
0.96+ 0.08 f
CHD,/OD~ 201415
CH,T/OH~ 4,744 0.08 1
1.12+0.04 . - _
CD,T/OH- 4924 0.12 Figure 4. MP2-optimized structures of acetaldehyd@H~ complex

_ - (2), transition state for proton transfe)( and enolate H,O complex
aA 25 °C in L0, ionic strendt 1 M (KCI). ® Values represent the  (3). Numbers shown are the-€H or C—H nonbonded distances (in
average+ propogated error) of the ratio of second-order rate constants. angstroms) and, f@, the bond angles of the methyl group (in degrees).

The corresponding averages and standard errors based on the individual

isotope effect measurements &&/KI° = 1.08 + 0.03 andk["/k° T hybigdroxi
=0.96+ 0.06. The smaller errors represent cancellation of systematic for the proton transfer reaction: the acetalde roxide

errors when data are determined at the same time in the samelON complex, the transition state, and the enclatater

instrument. complex. Secondary KIEs for the enolate forming reaction are
CUHH 3 A1 el summarized in Table 4. We emphasize that these calculation
good agreement witthy'” = 4.7 — 5.4 x 107 M~ s do not take into account solvent effects, which undoubtedly have
reported previously® (2) Fora-C—!H exchange, uncertainties o important role in experimental situations. Nevertheless,

in the pseudo-first-order rate constants arise largely from rengs in the experimental isotope effects are well reproducec
variations in resolution set by shimming the magnet. For by the calculations.

individual kinetic runs, the line widths did not change by more For ground state complexes qualitatively similar results are

than a few hundredths of a hertz during the course of the yiyen by computations at the various levels. For example, the

experiments. .This is consistent with the fapt that the errors complexation energy is about 20 kcal/mol between the aldehyd:
estimated statistically from the goodness of fit are too small to 4.4 hydroxide ion and is slightly smaller between the enolate

contribute to the overall observed error in the isotope effects. 5,4 water (note, however, that these values are not correcte
(3) Thesimultaneousitting of all three data sets places severe o, pasis set su’perpositio,n errdds The enol tautomer of

restrictions on the quality of the data required for the fit to acetaldehyde is less stable than the keto tautomer by abeut 12
converge?® No restrictions on the amplitude or rate terms in 1t \cal/mol. as found previousH.

eqs -3 were required for the fits to converge rapidly. (4)  The calculated activation energy for the proton transfer
Systematic errors due to saturation effects caused by incompletgqaction depends significantly on the computational level. The
relaxation between pulses were ruled out by showing there wasygaction has a significant energy barrier at the RHF level, but

no change in the isotope effect when the relaxation delay times e parrier height is drastically reduced when electron correlatior

were varied from 6 to 10, for thea-CH,D peak and 3 to @ is taken into account. In fact, at the highest computational level
for the a-CHD, peak. (5) We examined several methods of o relative energy of the transition state is negative, i.e., the

accounting for the lack of complete resolution of the multiplets reaction does not have a barrier. It should be noted, however
including adding 0.1 Hz of line broadening, Gaussian weighting ¢4t calculations at the MP3 and MP4(SDQ) level (results not
of the FIDs, and using peak heights instead of intedfalBhese gnon) predict small but positive energy barriers. Overall we
had no effect on the isotope effects, within the overall cqncjyde that the energy barrier for proton transfer from
experimental error. (6) We examined the e_ffect of dissolving acetaldehyde to hydroxide ion is quite small in the gas phase
the acetophenone inzD, followed by the addition of KCl and For the competing nucleophilic addition reaction the calcula-
doubly distilling the deuterium oxide under nitrogen to reduce (jons show that the tetrahedral adduct formed is less stable tha
dissolved carbon dioxid€. There was no change in the isotope - e enolate-water complex by about 5 kcal/mol and the reaction
effect, within experimental error. Flnal_ly, we note that the o 4 small energy barrier (Table 3). In this case the dependenc
second-order rate constjmt for deuteroxide catalyzed exchangg,, ihe computational level is not as great. This is consisten
of the first a-proton, kii" = kop = 0.208 M* s™%, when  yiith many other examples of computations dealing with
combined with a valuéon = 0.249x 0.6= 0.149 Mt st in nucleophilic addition to carbonyl compoun#s.It is notable
H20 % gives a solvent isotopesp/kon = 1.4, in good agreement  that the IRC calculation from this transition state resulted in an
with solvent isotope effects for enolization reactions catalyzed aldehyde-hydroxide ion complex of identical structure to the
by Iyoxide_ion.32 ) _ _ one obtained in the proton transfer reaction. Also, both proton
Calculations. Computed energies of the stationary points transfer and nucleophilic addition reactions have small barriers
for the reactions between acgtaldehyde and hydroxide ion areThys at least for this particular system, there does not appez
summarized in Table 3, and Figure 4 shows relevant structuresyq pe a large intrinsic preference for one reaction over the other

(28) (a) Jones, J. R.; Marks, R. E.; Subba Rao, STi@ns Faraday For the protonation of acetone, the computed equilibrium
Soc 1967, 63, 111-119. (b) Jones, J. Rirans Faraday Soc1968 64, isotope effects are summarized in Table 5. The optimized
440-444.

(29) Ashwell, M.; Guo, X.; Sinnott, M. LJ. Am Chem Soc 1992 114, (33) Scheiner, S. IRReviews in Computational Chemistry.ipkowitz,
10158-10166. K. B., Boyd, D. B., Eds.; VCH: New York, 1991; Vol. 2, pp 17#479.

(30) Jencks, W. P.; Altura, R. Al. Chem Ed. 1988 65, 770-771. (34) Wiberg, K. B.; Breneman, C. M.; LePage, TJJAm Chem Soc

(31) (a) Chiang, Y.; Kresge, A. J.; Wirz, J. Am Chem Soc 1984 199Q 112 61.

106, 6392-6395. (b) Calculated by correcting for the difference in the (35) (a) Weiner, S. J.; Singh, U. C.; Kollman, P. A Am Chem Soc
activity coefficient of hydroxide ion with ionic strength using the Debye 1985 107, 2219-2229. (b) Madura, J. D.; Jorgensen, WJLAmM Chem

Hiickel equation:—log f» = 0.516%%/(1 4+ 1.19%2) atl = 1.0 M. Lange’s Soc 1986 108 2517-2527. (c) Blake, J. F.; Jorgensen, W. L.Am

Handbook of Chemistryl4th ed.; McGraw-Hill: New York, 1992, pp 8.4 Chem Soc 1987, 109, 3856-3861. (d) Krug, J. P.; Popelier, P. L. A;;

and 8.5. Bader, R. W. FJ. Phys Chem 1992 96, 7604-7616. (e) Francisco, J.
(32) Casamissina, T. E.; Huskey, W. R.Am Chem Soc 1993 115 S.; Williams, I. H.J. Am Chem Soc 1993 115 3746-3751. (f) Pranata,

14-20. J.J. Phys Chem 1994 98, 1180-1184.
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Table 3. Relative Energies of Stationary Points along the Reaction Coordiantes for Reaction of Hydroxide lon with Acetaldehyde

aldehyde aldehyde-OH~ transition enolate-H,O enolate enol  nucleophilic nucleophilic

+ OH~ complex state complex +H,O +OH" addition TS addition product
RHF/6-31G(d) 18.7 0 7.3 —-18.1 -1.3 34.7 2.7 —-13.4
MP2/6-31G(d) 19.9 0 12 -17.7 2.2 35.5 1.3 —15.0
MP2/6-31H+G(d,p) 19.6 0 —0.6 —22.0 -2.9 31.6 1.2 —15.0
MP4(SDTQ)/6-31%++G(d,p) 20.0 0 -0.3 —20.7 -1.6 33.0 0.6 -14.7

a Energies are in kcal/mol relative to the aldehyd®@H complex, whose total energyi228.35632-228.97806,-229.12074, or-229.17690
au at the various computational levels listed in the table.

Table 4. Calculated Secondary Deuterium KIEs for Enolate Formation

] T i 7
H\¢C/C\H ﬂ» H\C4C\H H\\C/C\H kDH H\céc\H
N I sk |
H H H D
i T i 4
D\\,C /C\H kHD D\C 4C\H D\¢C /C\H kDD D\C ¢C\H
Y | sk |
H H H D
MMI ZPE EXC Q overall KIE EIE2 EIEP
RHF Frequencies
kHH/KHD 1.006 1.053 1.042 1.001 1.105 1.279 1.200
kHH/KPH 0.987 0.981 1.088 1.005 1.057 1.179 1.099
kHD/KPD 0.987 0.992 1.077 1.005 1.060 1.187 1.106
kPH/KPD 1.006 1.065 1.032 1.001 1.107 1.288 1.208
MP2 Frequencies
KHH/KHD 0.986 1.024 1.036 1.004 1.050 1.324 1.214
kHH/KPH 0.970 0.960 1.071 1.004 1.002 1.224 1.103
kHD/KPD 0.970 0.971 1.062 1.004 1.005 1.231 1.111
kPH/KPD 0.986 1.036 1.027 1.003 1.053 1.332 1.222

2 Calculated from frequencies of isolated acetaldehyde and enbl@gdculated from frequencies of the aldehydeydroxide ion and enolate
water complexes.

of CHH and CHD are not significantly different from one
another. In the case of triton exchange, the effect of a single
deuterium substitution may be given by the rule of the geometric
mean: K'/KHP = (1H/PP)H2 = 1.06 4+ 0.02. Combined with
1.092(-15.0) the_ corresponding_values for proton (_exchange _this gives ¢
1.100(105.5) weighted average isotope effect of a singleleuterium sub-
stitution on the rate of ionization of a CH bon#/k® = 1.06
+ 0.0137 We must however be cautious in applying the rule
Figure 5. MP2-optimized structure of protonated acetone. Numbers of the geometric mean since it implies that the effect of isotopic
displayed are the €H bond lengths (in angstroms) and the-B- substitution is completely localized to the bond being substituted
C~O dihedral angles (in degrees). Indeed, the calculated isotope effects (Table 4) indicate a mucl
. — larger effect when the deuterium is syn to the carbonyl group.
structure of protonated acetone is shown in Figure 5. Proto- |, oy event the calculated equilibrium isotope effects in Table
nation causes an _apprQX|m.aterﬂm° rotation of both methyl 4 ranging from 1.10 to 1.32 are larger than this value.
groups in qpposlte directions, t'hus each (,)f the six methyl  there js extensive evidence for a substantial degree of protol
hydrogens is unique. Table 5 displays the isotope effects for yanster to the base catalyst (Scheme 4) in the transition stat
substitution at each of these six positions. Acetone its€gis o englization reactions as measured by Brangtedefficients
symmetric at the RHF level; however, optimization at the MP2 of ~0.538 In addition, values okop/kon that are intermediate
level resulted in a structure witB, symmetry, with the methyl between 1 and the equilibrium solvent isotope effect for the
groups rotated by abouf'6 ionization of water are consistent with a proton that is half-
transferred? If rehybridization of thex-carbon is synchronous
with the degree of proton transfer to the base catalyst, the
The Nature of the Transition State for Base-Catalyzed o-secondary KIE should be intermediate between 1.0 and the
Enolization. The rate constants summarized in Table 2 lead average equilibrium isotope effect of 1:20.32 (Table 4) as is
to three. separatg d.eterminations Of. th.e e:ffeCt of a single (37) Bevington, P. R.; Robinson, D. K. IData Reduction and Error
a-deuterium substitution on the rate of ionization of a CH bond. analysis for the Physical Scienc@nd ed.; McGraw-Hill: New York, 1092

The isotope effects determined Hy NMR for proton exchange  pp 58-60.
(38) (a) Bell, R. P. InThe Proton in Chemistry2nd ed.; Cornell
(36) (a) Defrees, D. J.; Taagepera, M.; Levie, B. A.; Pollack, S. K.; University Press; Ithaca, New York, 1973; Chapter 10. (b) Bell, R. P.;

1.090(~17.9)
1.101(101.2)

1.093(-142.8) 1.095(-139.0)

Discussion

Summerhas, K. D.; Taft, R. W.; Wolfsberg, M.; Hehre, WJ.JAm Chem Grainger, SJ. Chem Soc, Perkin Trans2 1976 1367-1370. (c) Chiang,
Soc 1979 101, 5532-5536. (b) Pross, A.; Radom, L.; Riggs, N. V. Y.; Kresge, A. J.; Santabella, Wirz,J.Am Chem Soc 1988 110, 5506—
Am Chem Soc 198Q 102 2253-2259. (c) Saunders, M.; Cline, G. \W. 5510. (d) Stefanidis, D.; Bunting, J. W. Am Chem Soc 1991, 113

Am Chem Soc 199Q 112, 3955-3963. 991-995.
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Table 5. Calculated Equilibrium Isotope Effects for the Protonation of Acetone

~ o
|
HQ /(l+\ wH Kho H\C/é\C/H
A Wil T
£ H
H H
o o oM o]
D (|:+ K1h5 D. ICL H C!* K4h5 H g D
N \C“\\\H —_— \IC/ \Q: H \C“‘\\D \7(3/ ~c”
" £ H H PG Y H} TH
bood H f Voo o
H H
o~ o o~ 0]
H L. Khs lé H é Kshs g H
\ ’C\C““H — ¢ ¢ H\C/ \C““‘H = N7 ¢~
R T ENW Y ™ T ™ W PyT
i D H H B H D
o i o i
L+ .
H\\C/C\C‘“‘H ihs; H\\\C/J:\ :/H H\C /é\C“‘“H Kﬁhs_ H\\\C/CL\Q/H
ol FH oy gro Wl o i D
MMI ZPE EXC overal EIE MMI ZPE EXC overall EIE
RHF Frequencies
Khe/KhS 1.026 1.026 1.000 1.020 Khe/K s 0.993 1.034 0.973 1.000
Khs/Kg5 0.999 1.089 0.979 1.066 KhGIKgS 0.987 0.980 0.991 0.958
Kheykhs 0.999 0.936 1.006 0.940 Khe/Kds 0.988 1.132 0.969 1.084
KK 0.994 1.013 0.998 1.005 Khe/Ks 0.992 1.049 0.974 1.014
KK 0.999 1.061 0.983 1.042 Khe/Ks 0.987 1.004 0.987 0.979
KK 0.999 0.955 1.001 0.955 Khe/Ks 0.987 1.110 0.973 1.067
MP2 Frequencies
KhG/K'I5 0.999 1.033 0.990 1.022 KhG/K?_S 0.994 0.974 0.969 0.939
Kh6/K25 0.999 1.059 0.983 1.040 Khleg5 0.994 0.952 0.975 0.923
KheyKhS 0.998 0.932 1.004 0.933 Khe/KS 0.995 1.077 0.959 1.027
Kheyhs 1.001 1.011 0.990 1.001 KoK 0.993 0.996 0.969 0.958
KK 0.999 1.039 0.985 1.022 Khe/Ks 0.995 0.970 0.973 0.938
K7k 0.998 0.951 1.000 0.949 Khe/KdS 0.995 1.055 0.962 1.010

a Kﬂs is the equilibrium constant for the reaction shown K’)‘f’ in the figures with replacement of D with H and vice versa.

Scheme 4 magnitude of these isotope effects in enolization reactions. Th
% computed KIEs are normal, qualitatively consistent with ex-
] pectations for a reaction where a CH out-of-plane bending mode
changes from high frequency to low as thé-kpbridized carbon
is converted to sh As shown in Figure 4, in the transition
state, the three remaining substituents orotfearbon have bond
angles of about 1T2with each other, consistent with a largely
tetrahedral splike structure. In addition, the MP2-optimized
] structure suggests an early transition state: the distance fror
the hydrogen atom being transferred is 1.22 A to the carbor
? atom of the aldehyde and 1.52 A to the oxygen of the hydroxide
(the RHF optimized structure suggests a somewhat latel
? R transition state, the distances being 1.30 and 1.35 A, respectivel,
H but this would still be considered early). The computed

. . . structures provide support for the conclusion that a lag in
observed. However, there is also extensive evidence for a laggyciural reorganization is partially responsible for the large
in structural and solvational reorganization associated with these;trinsic barriers for proton transfers to and from carBn.

reactions, such that rehybridization at taearbon is expected The data in Table 4 show that deuterium substitution in the

to lag behind proton transfé?. " :
The computed transition state structures and KIEs :summarized'c'os't'onSynto the carbonyl oxygen (corresponding to the_rate
constantk'®) leads to larger overall KIEs than for deuterium

in Table 4 provide some insight into the origins of the small substitution in the out-of-plane position (correspondinkPtd).
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(39) (a) Bernasconi, C. FAdv. Phys Org. Chem 1992, 27, 116-238. In the optimized structure of acetaldehyde, the-HC bond
(b) Bernasconi, C. F.; Wentzel, .11 Am Chem Soc 1994 116 5405~ lengths are 1.0916 A for the in-plangy() position and 1.0962
(40) Streitwieser, A., Jr.; Jagow, R. H.; Fahey, R. C.; Suzuki, 8m A for the out-of-plane position (these are MP2-optimized values;

Chem Soc 1958 80, 2326-2332. the RHF values are 1.0818 and 1.0868 A). Bgaposition is
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not affected by hyperconjugation with the carbonyl group and are observed when deuterium is substituted for hydrogen at th
has a correspondingly shorter CH bond. Acetaldehyde is a position syn to the carbonyl oxygen. Protonation causes rotatior
textbook case of hyperconjugation: electron donation from the of both methyl groups by about £20°, so that one hydrogen

CH orbital of the methyl group to the* orbital of the carbonyl on each methyl group is in a nearly perpendicular position.

strengthens the €€C bond and weakens the—®& bonds. These hydrogens are most subject to hyperconjugation effect:
However, due to symmetry the in-plane-8 bond is not and are observed to have the longest bonds to carbon (Figur
affected. 5). In unprotonated acetone, these hydrogens are out of plan

The in-plane and out-of-plane CH bond lengths become more still affected by hyperconjugation, but not as much. Thus,
nearly equal in the transition state with MP2 values of 1.0936 deuterium substitution at these position leads to an increas
and 1.0956 A and RHF values of 1.0863 and 1.0885 A, isotope effectK"/K5> andK"/K ). The in-plane hydrogen in
respectively. This is consistent with the notion that hypercon- acetone ends up only slightly out of plane upon protonation,
jugation decreases in the transition state compared to theresulting in no significant change in the hyperconjugation
reactants. Decreased hyperconjugation means that the out-ofeffects, and the expected isotope effect is minimel%K}®
plane CH bond is relatively stronger in the transition state, which gand KhleQS). The remaining hydrogen is subject to greater
causes a tendency toward an inverse KIE. The net effect is ahyperconjugation effects in the unprotonated species, resultin
smaller normal KIEJorD(HjeEterlum at the out-of-plane positions j g normal isotope .effec.tKPG/K25 and K"/K!®). Thus, the
(calculated to bek™/k°" = 1.057 (RHF) or 1.002 (MP2)).  changes in hyperconjugation that lead to the computed isotop:
Deuterium substitution at the syn position leads to a slightly effects can be attributed primarly to geometric changes, rathe
larger KIE: KHH/KHD = 1.105 (RHF) or 1.050 (MP2). An  than any inherent electronic effects. The results shown in Table
analogous argument regarding the compensating effects ofy are consistent with this analysis. The actual observed isotop:
hyperconjugation and $psp’ rehybridization has been made  effect would presumably be some weighted average of these
to explain the small magnitude of secondary kinetic isotope since substitution at different sites results in different effects,
effects observed in the ketonization of endis. predicting the effects of multiple deuterium substitution is not

Unfortunately, there are still ambiguities in the calculations: straightforward. For thes isotopomer, MP2 calculations appear
in the aldehyde-hydroxide ioncomplexthe corresponding MP2 o predict an overall small, inverse isotope effect, qualitatively
bond lengths are 1.0950 and 1.0976 A, and their difference is i agreement with the experimental results.
intermediate between that for isolated acetaldehyde and the Conclusions. The effect of secondany-deuterium substitu-
transition state; however, the RHF bond lengths are 1.0864 andtion on the rate of ionization of a CH bond is small for
1.0873 A, the difference beingmallerthan in the transition  enolization reactions, consistent with a loss in hyperconjugatior

state. . . as well as a lag in structural reorganization at thearbon,
p-Deuterium Isotope Effects. Protonation of Acetone. which gives rise to a large intrinsic barrier for proton transfer
The -deuterium equilibrium isotope effe&ty,./KS,, = 0.87 from carbon. The equilibrium isotope effect of 0.97/D on the

+ 0.04 for ionization of protonated acetone is consistent with acidity constant of protonated acetone is consistent with a smal
a loss of hyperconjugation upon going from protonated acetoneincrease in hyperconjugation between t€H bond and the

to acetone in concentrated acid solutions. The observed isotopepositively charged carbonyl group upon protonation. These
effect corresponds to an equilibrium isotope effect of (087) isotope effects serve as limiting models for interpretation of
= 0.97 per deuterium, if the effects of deuterium substitution corresponding secondary isotope effects in enzyme reaction
are additive. This value is similar to the calculafedeuterium which will be reported in further communications.

isotope effects in Table 5 (averaf&%Kd9> = 0.99 at the MP2 ,
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