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Abstract: Second-order rate constants for carbon deprotonation of glycine zwitterion, N-protonated glycine
methyl ester, betaine methyl ester, and betaine by deuterioxide iogOrhBve been determined by following
deuterium exchange into these carbon acids in buffered solutions & 26dl = 1.0 (KCI) by 'H NMR
spectroscopy. The data were used to calculate the following carbon acidities for glycine zwitterion and its
derivatives in aqueous solution:HsNCH,CO,~, pKy = 28.9 + 0.5; "THsNCH,COMe, pKy = 21.0+ 1.0;
TMesNCH,COMe, pKa = 18.04= 1.0; "MesNCH,CO; ™, pKa = 27.34 1.2. The rate constants for deprotonation

of glycine methyl ester by Brgnsted base catalysts are correlat¢gd=by0.92. Two important differences
between structurereactivity relationships for deprotonation of neuteatarbonyl carbon acids and cationic

esters are attributed to the presence of the positively charged ammonium substituent at the latter carbon acids:
(1) The smaller negative deviation of légo from the Bransted correlation for deprotonation¢fsNCH,-

CO;Me than for deprotonation of ethyl acetate is attributed to stabilization of the transition state for enolization
by electrostatic interactions between D@nd the positively charged ammonium substituent. (2) The positive
deviation of logkno for deprotonation of cationic esters from the ragguilibrium correlation for deprotonation

of neutrala-carbonyl carbon acids is attributed to both transition-state stabilization by these same electrostatic
interactions and movement of negative charge at the product enolate away from oxygen and @tartioa.

This maximizes the stabilizing interaction of this negative charge with the positively charged ammonium
substituent and leads to a reduction in the Marcus intrinsic barrier to proton transfer, as a result of the decreased
resonance stabilization of the enolate. The implications of these results for enzymatic catalysis of racemization
of amino acids is discussed.

Proteins show a high stereochemical integrity, because theScheme 1

a-protons.o.f the repeating-amino aci_d monomers are _onIy +H;N-1-CO,H +H,N-1-CO,- H,N-1-CO5"
weakly acidic. For example, the half-time for epimerization of y y
i ; ; i ; 0 K, =2.3 0 K, =9.6 0
|soI_eucme_ in bones is~100 (_)00 year_é,whlle the_aspart_yl +H3N_C:_C: Pk, .HSN_C:_C:_ _PRa=96_ HZN_(:;_C\
residues in several mammalian proteins present in dentin, the o OH H O H
ocular lens nucleus, and myelin have been shown to undergo
racemization at a rate 0f0.1%/year* The known rate constants

- o . : L(Ka)caﬁon u(Ka)neutral 1L(Ka)anion
for these slow posttranslational modifications of proteins allow

for the estimation of ages that are otherwise poorly docu- «, N o HoN .
mentec® 7 Studies of the racemization of amino acids in water ,C=CiOH >c=c:o_ ‘,C=Cio_
have been carried out under harsh conditions at temperatures " H "

of more than 100C, because these reactions were presumed +g.n.;.co,n +H;N-2-COy” H,N-2-CO,"

to be too slow to study conveniently at room temperatuté.
On the other hand, significant racemization of amino acids is
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the overall rate of specific-base-catalyzed enolization because(TH3N-1-CQ,™) and the derivatives betainéNlesN-1-CQ,™)
there is a compensating decrease in the concentration ofand betaine methyl estetNlesN-1-CO,Me). These data give

hydroxide ion. However, amino acid derivatives where the
charge at the substrate is held constant by “fixing” the ionization
state, either by methylation of the carboxyl group of glycine to
give glycine methyl esterftsN-1-CO,Me) and/or by perm-

H

H
@1 0 @ | 0 ® 1 0
H3N—(|:—C\ MeaN—Cf—C\ ° Me3N—(|)—C\
H OMe H [o) H OMe

+H3N-1-CO,Me +Me3N-1-CO,° +Me3N-1-COsMe

ethylation of the amino group to give betaindesN-1-CO,")
and betaine methyl ester'NlesN-1-CO,Me) are excellent
models for the corresponding charged forms of glycine. We have
developed methods to determine th&, pf weak carbon acids
in water{>-18 and we were interested in their application to
determination of the carbon acidity of the simple amino acid
glycine *H3N-1-CO;~ and its derivatives™H3N-1-COMe,
*tMegN-1-CO;, and*MesN-1-CO;Me. This work was under-
taken for the following reasons:

(1) There are no good estimates of the carbon acidity of amino

acids in water under physiological conditions. These data are

essential for characterization of the chemical reactivity of this
important class of biological compounds.

(2) The origin of the rate acceleration for enzyme-catalyzed
racemization of amino acids through highly unstable enolate
intermediates is not well understood. Deprotonation of the amino
acid is the first step of many such racemization reactiér?,
and we would like to know how the rate constant for this

reliable values of theky,’s for glycine and its derivatives which
provide insight into the effects of cationic ammonium and
trimethylammonium substituents on carbon acidity and Brgnsted
base catalysis of enolization. The relevance of these results to
the mechanism for enzymatic catalysis of deprotonation of
amino acids is discussed.

Experimental Section

Materials. Glycine methyl ester hydrochloride, betaine hydrochlo-
ride, methyl chloroacetate, 3-quinuclidinone hydrochloride, 3-chloro-
quinuclidine hydrochloride, quinuclidine hydrochloride, 3-quinuclidinol,
cacodylic acid, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), 2,2,2-trif-
luoroethanolds (99.5% D), and potassium acetate were purchased from
Aldrich. Glycine was purchased from Fluka, and methoxyacetic acid
was purchased from Acros. Deuterium oxide (99.9% D) and deuterium
chloride (35% w/w, 99.5% D) were from Cambridge Isotope Labora-
tories. KOD (40 wt %, 98% D) was from Aldrich. All other organic
and inorganic chemicals were reagent grade and were used without
further purification.

The 3-substituted quinuclidines were purified by recrystallization
as described previousk.The potassium salt of methoxyacetic acid
was prepared by neutralization of an aqueous solution of the acid with
1 equiv of KOH. The water was removed under reduced pressure, and
the salt was recrystallized from 10/1 ethanol/water. (Methoxycarbon-
ylmethyl)trimethylammonium chloride (betaine methyl ester chloride)
was synthesized by bubbling trimethylamine through a solution of
methyl chloroacetate in toluene atl0 °C:?»° 'H NMR (D20) 6 ppm
4.36 (s, 2H, CH), 3.84 (s, 3H, OCH), 3.34 (s, 9H, N(Ch)3).

Preparation of Solutions. As described previoushp, the acidic
protons of substrates and buffer components were generally exchanged

reaction might depend on the protonation state of the enzyme-for deuterium before preparation of solutions of these compounds in

bound amino acid.

(3) We are interested in understanding the effects of simple
a-substituents on the rate and equilibrium constants for ioniza-
tion of weak carbon acids in aqueous solutldn827 A
comparison of the carbon acidity of glycine and its derivatives
with data for simpler carbon acids such as ethyl acttated
acetate ioP? will provide insight into the effect of cationic
substituents on carbanion stability and on the Marcus intrinsic
barriers to proton transfer at carbon.

We have reported that deprotonation of thecarbon of
glycine methyl ester'{HsN-1-CO,Me) by deuterioxide ion and
Brgnsted bases in O can beeasily followed at 25°C and
neutral pD; the data provide an estimate &%= 21 for this
carbon acid? We report here the full details of our earlier
communication and new data for the carbon acidity of glycine
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10302.
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3141.
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1999 121, 4763-4770.
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1983 105,2475-2477.

(22) Tanner, M. E.; Gallo, K. A.; Knowles, J. RBiochemistry1993
32, 3998-4006.

(23) Gallo, K. A.; Tanner, M. E.; Knowles, J. Biochemistry1993
32, 3991-3997.

(24) Albery, W. J.; Knowles, J. RBiochemistryl986 25, 2572-2577.

(25) Cirilli, M.; Zheng, R.; Scapin, G.; Blanchard, J. Biochemistry
1998 37, 16452-16458.

(26) Koo, C. W.; Blanchard, J. ®iochemistryl999 38, 4416-4422.

(27) Rios, A.; Richard, J. Rl. Am. Chem. S0d.997, 119, 8375-8376.

(28) Williams, G. Ph.D. Thesis, University at Buffalo, SUNY, 1998.

D,O. Cacodylic acid, HFIP, 3-quinuclidinol, and €FO,0OH were
dissolved directly in RO (99.9% D), which resulted ic1 atom %
increases in the protium content of this solvent.

Phosphate buffers were prepared by mixing stock solutions,of K
DPO, and KD,POy in DO (I = 1.0, KCI) to give the desired acid/base
ratio. 3-Quinuclidinol and carboxylate buffers were prepared by
dissolving their basic forms and KCI in;D followed by addition of
DCI to give the desired acid/base ratiol at 1.0 (KCI). Quinuclidine,
3-quinuclidinone, cacodylate, trifluoroethoxide, and glycine buffers were
prepared by dissolving their acidic forms and KCI isfollowed by
addition of KOD to give the desired acid/base ratid at 1.0 (KCI).
Solutions of quinuclidine, 3-quinuclidinol, 3-chloroquinuclidine, and
HFIP buffered by phosphate at pD #4%.6 were prepared by dilution
of solutions of their acidic formd & 1.0, KCI) with phosphate buffer
(I = 1.0, KCIl) ad 1 M KCI to give a final phosphate buffer
concentration of 80 mM.

Solution pH or pD was determined at 26 using an Orion model
720A pH meter equipped with a Radiometer GK2321C combination
electrode. Values of pD were obtained by adding 0.40 to the observed
reading of the pH metéf. The concentration of deuterioxide ion at
any pD was calculated from eq 1, whétg = 10-14%7is the ion product

@

of D,O at 25°C 3t andyo. = 0.79 is the apparent activity coefficient
of lyoxide ion under our experimental conditiotfs.

The apparentlg,’s of the oxygen catalysts ind® at 25°C andl =
1.0 (KCI), given by Kep = pD — log([B)/[BD *]), were determined
as the observed pD of gravimetrically prepared buffer solutions for
which [B] = [BD*] and the total buffer concentration was 0.05 M.
Apparent [Kys of pKegp = 10.35 for glycine zwitterion andKxp =
8.48 for glycine methyl ester in @ at 25°C andl = 1.0 (KCI) were

(29) Renshaw, R. R.; Hotchkiss, H. 7. Am. Chem. Socl92§ 48,
2698-2702.

(30) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188-190.

(31) Covington, A. K.; Robinson, R. A.; Bates, R. G. Phys. Chem.
1966 70, 3820-3824.

[DO] = 107 Pyg,
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determined by potentiometric titration of a 10 mM solution of the
substrate with KOD?

IH NMR Spectroscopy.*H NMR spectra at 500 MHz were recorded
in D,O at 25°C on a Varian Unity Inova 500 spectrometer. Relaxation
times T, were determined using 10 mM solutions of substrate at
1.0 (KCI). Spectra were recorded with a sweep width of 2600 Hz, a
90° pulse angle, an acquisition time of 6 s, and zero-filling of the data
to 64 K. The relaxation delay between pulses was 2@-fold greater
than the longest; for the protons of interest. Chemical shifts are

reported relative to HOD at 4.67 ppm. Baselines were subjected to a
first-order drift correction before determination of integrated peak areas.

Kinetic Studies. All reactions were carried out in O at 25°C

and a constant ionic strength of 1.0 maintained with potassium chloride.

J. Am. Chem. Soc., Vol. 122, No. 39, ZBXb

of the a-CH, group of the substrat82 The values ofkypsg Were
reproducible to within 10%.

The ester hydrolysis reactions of glycine methyl ester were followed
by 'H NMR by monitoring the loss and appearance, respectively, of
the singlets due to the GHyroup of the methyl ester substrate and the
methanol product. The progress of hydroly§ig, was calculated using
eq 4, whereAveor and Aveon are the integrated areas of the signals

fhyd = AMeOR/(AMeOR + AMeOH) (4)

due to the CHgroup of glycine methyl ester and methanol, respectively.
There was significant overlap of the signals for the ;Giotons of
methanol and protons of the 3-substituted quinuclidines. In these cases,

Reactions were initiated by mixing solutions of the substrate and buffer f,_, was calculated using eq 5, wheke is the integrated area for a

at the same pD and ionic strength (1.0, KCI) to give a final substrate
concentration of 1615 mM for glycine methyl ester, betaine methyl

ester, and betaine. A concentration of 20 or 40 mM glycine was used

for experiments in which glycine also served as the solution buffer.
A slow downward drift in the solution pD was observed during the

deuterium exchange reactions of glycine methyl ester and betaine methyintérmnal standard, and\jeodAsido

ester, due to formation of O* as a product of the competing hydrolysis
of the methyl estet® The pD of these solutions was monitored closely
and was maintained within 0.05 unit of the initial value by the addition
of small aliquots of 2.9 M KOD.

The exchange for deuterium of theprotons of glycine and of
glycine derivatives was followed by monitoring the disappearance of
the singlet due to the-CH; group of the substrate and the appearance
of the triplet due to thex--CHD group of the monodeuterated product
by 'H NMR spectroscopy at 500 MHz (see above). The latter signals
exhibit an upfield shift of 0.014 (glycine and glycine methyl ester) or
0.016 ppm (betaine and betaine methyl ester) from the sifigiet”
and coupling between the remainiagproton and thex-deuterium Jup
= 2.5 Hz). These deuterium perturbations®sf chemical shifts and

H—D coupling constants are similar to those observed in previous
Work'15718,33a,34

At timed intervals an aliquot was withdrawn from the reaction
mixture and, in most cases, was prepared forNMR analysis by
adjusting the pD ta=6 with concentrated DCI, to quench the deuterium
exchange reaction. Values Bf which is a measure of the progress of
deuterium exchang®;!®3%awere calculated according to eq 2, where

R= ACHZ/(ACH2 + Acrp) @)

Ach, andAchp are the integrated areas of the singlet due tootfeH,
group of the substrate and the triplet due to ¢hR€HD group of the

fhyd = [AMeOR/Astd]/[AMeORlAstd]o (5)
set of signals due to the 3-substituted quinuclidine, which acts as an
is the initial ratio of the integrated
areas of the signals for the Glrotons of glycine methyl ester and
the internal standard. Observed first-order rate constants for hydrolysis
of glycine methyl esterkq (s°%), were obtained as the negative slope
of semilogarithmic plots ofnyg against time, which were linear for at
least three half-times for ester hydrolysis. The valudgafdetermined
in different experiments were reproducible to within 10%.

The deuterium enrichment of glycine obtained afti0 half-times
for hydrolysis of glycine methyl ester in O was determined bjH
NMR analysis. The fraction of deuterated glycirfig, was calculated
using eq 6, wherécn, andAcrp are the integrated areas of the singlet

fo = 2Achp/(Ackz + 2Ackp) (6)
and the upfield-shifted triplet due to the-CH, group of unlabeled
glycine and thex-CHD group of monodeuterated glycine, respectively.
There was overlap of the signals for theCH, protons of glycine and
those for 3-chloroquinuclidinium cation. Therefore, prior to NMR
analysis, the latter component was removed from the reaction mixture
by adjusting to pD~ 13 with concentrated KOD followed by rapid
extraction of the tertiary amine into CLCIThe remaining aqueous
solution was then readjusted to p&¥ with concentrated DCI. A control
study showed that there was no deuterium exchange into glycine during
this extraction procedure.

Equation 6 was derived with the assumption that there is essentially
no formation of dideuterated glycine labeled with arCD, group
during the hydrolysis of glycine methyl ester in@ The rate constants

monodeuterated product, respectively. At early reaction times, the ka4 (s ™) for hydrolysis of glycine methyl ester arel0—20-fold larger

upfield 1°C satellite of the signal due to tlkeCH, group of the substrate
was not completely resolved from the most downfield peak of the triplet
due to then-CHD group of the produc€ Therefore, the total integrated
area of the triplet due to the-CHD group @crp, €q 2) was obtained
by multiplying the integrated area of the most upfield peak of this triplet
by three. The area for the singlet due to t€H, group Ack,) was

than the rate constantsy (s™) for deuterium exchange to give
monodeuterated glycine methyl ester (see Results), so that little ester
will survive long enough for two exchange events to occur. The good
agreement£10%) between the rate constants for exchange determined
directly by monitoring the incorporation of deuterium into glycine
methyl ester, and indirectly from the valueskgfy andfp (see Results),

then calculated as the difference between the total integrated area ofshows that there would be no significant improvement using a more

all signals due to ther-protons and the calculated value Afp.

The reactions of glycine methyl ester, glycine, betaine methyl ester,
and betaine were followed during exchange for deuterium ef3%s,
1-3%, up to 90%, and 3090%, respectively, of the first proton of
the o-CH; group of the substrate. Semilogarithmic plots of reaction
progressR, against time were linear with negative slopes equéliQ
(s™%, eq 3), which is the rate constant for exchange sirale proton

InR= _kost 3

(32) Albert, A.; Serjeant, E. Athe Determination of lonization Constants,
3rd ed.; Chapman and Hall: London, 1984.

(33) (a) Halkides, C. J.; Frey, P. A,; Tobin, J. B. Am. Chem. Soc.
1993 115, 3332-3333. (b) Tobin, J. B.; Frey, P. Al. Am. Chem. Soc.
1996 118 12253-12260.

(34) Alston, W. C.; Haley, K.; Kanski, R.; Murray, C. J.; Pranata].J.
Am. Chem. Socdl996 118 6562-6569.

complicated treatment of these data that explicitly accounts for the
formation of glycine containing an-CD; group.

Results

Glycine Methyl Ester and Glycine. The exchange for
deuterium of the firsti-proton of glycine methyl ester and of
glycine in D,O at 25°C andl = 1.0 (KCI) was followed byH
NMR spectroscopy at 500 MH2:16 Representative partidH
NMR spectra of glycine methyl ester obtained during exchange
of the first a-proton for deuterium in the presence of 80 mM
phosphate buffer (pD 7.4) inJ® at 25°C andl = 1.0 (KCI)
were shown in a preliminary report of this wotkDeuterium
exchange results in decay of the singlet at 3.921 ppm due to
the a-CH, group of the substrate and appearance of an upfield
triplet at 3.907 ppm due to the-CHD group of the monodeu-



9376 J. Am. Chem. Soc., Vol. 122, No. 39, 2000 Rios et al.

Scheme 2
i-, 0 kex = 2kgbsd El) 0
+, Z4 + v
DyN—C—C{ ————> "DyN—C—C’ T=8hrs
H OMe H  OMe
l khyd l knya
H ° b T=32hrs
+ I 7 1 /O
DaN—C—C, +D3N—(17—C\’
H O H O
teriated product, in which the remainingproton is coupled to Tossh
= rs

the a-deuterium Jyp = 2.5 Hz).

First-order rate constants for exchange for deuterium of the
first a-proton of glycine methyl estekex (s%), were determined
by two different methods.

(1) Method A. The deuterium exchange reactions of glycine T ' j ' ) T "
methyl ester were followed for exchange of-280% of the 4.36 4.34 4.32 ppm
first a-proton of the substrate, during which time there was Figure 1. Representative partidH NMR spectra at 500 MHz of
relatively rapid loss of both the substrate and the monodeuteratecP®t@ine methyl ester obtained during exchange ofathgrotons for
product due to the competing ester hydrolysis reaction (Schemegf;geggrgrig Ith_e Ergs&ngs Oéggtg?Sngh::fhh;rfgebl:g;:|§§I:i)n7d(()e)éqahyDc) .
f2). Va:]ues oR, a rr(]jeasure Off rﬁactllon pl)rodgress, v*;/;_r'e calculated the singlet at 4.340 ppm du_e to theCH, group of the substrate and
rom the integrated areas of the signals due took 2 group appearance of an upfield triplelo = 2.5 Hz) at 4.324 ppm due to
of substrate and the-CHD group of product accordlng t0 €0 the a-CHD group of monodeuterated product.
2,17.18.333gnd rate constantgpsq (s1) for exchange of aingle
o-proton were determined according to eq 3. However, the
reaction of substrate to give monodeuterated product occurs at NoO attempt was made to correct the data for the estimated
twice the rate of exchange of a single proton ofdh€H, group, 4% inverse secondary deuterium isotope effedtgaresulting
S0 thatkex = 2kopsg Whereke (s71) is the first-order rate constant ~ from incorporation of a single-deuterium into glycine methyl
for exchange of the first proton of the-CH, group of the esters® because this isotope effect is too small to be detected
substrate. Table S1 of the Supporting Information gives values in these experiments. It was shown in earlier work that this small
of kex (s73) for the deuterium exchange reactions of glycine isotope effect does not affect the rate constants for deuterium
methyl ester in the presence of phosphate buffers (pb-7.0 €xchange into ethyl acetate determined by monitoring the
8.1) and HFIP, 3-quinuclidinol, and quinuclidine at pD 7.4  incorporation of deuterium into the substrate against the
7.5 (buffered by 80 mM phosphate) in©® at 25°C andl = background of ester hydrolysis.
1.0 (KCI). Deuterium exchange into glycine zwitterion results in decay

(2) Method B. Rate constants for hydrolysis of glycine methyl  Of the singlet due to the-CH, group of the substrate and
ester knya (S%), were determined by following the disappearance appearance of an upfield tripledip = 2.5 Hz) due to the
of the CH; group of the substrate and the appearance of the @-CHD group of monodeuterated product. Thesgy slow
CHs group of the methanol product Bl NMR spectroscopy, ~ '€actions ke ~ 107° s™*) were followed during exchange of
as described in the Experimental Section. After at least 10 half- only ~1—3% of the firsto-proton, and rate constants were
times for ester hydrolysis, the fraction of the glycine product determined using egs 2 and 3, as described above for glycine
that contains deuteriumfp, was determined byH NMR methyl ester. Table S3 of the Supporting Information gives

analysis. The values df,4 andf, were substituted into eq 7,  Values ofke (s*) for the deuterium exchange reactions of
glycine (self-buffered, pD 9:910.9) in D,O at 25°C andl =

— _ 1.0 (KCI).
ke khyde/(l fo) % Betaine Methyl Ester and Betaine Figure 1 shows repre-
sentative partialH NMR spectra of betaine methyl ester
obtained during exchange of theprotons for deuterium in the
presence of 50 mM phosphate buffer (pD 7.0) yOat 25°C
andl = 1.0 (KCI). Deuterium exchange results in decay of the
singlet at 4.340 ppm due to tleCH, group of the substrate
and appearance of an upfield triplei,y = 2.5 Hz) at 4.324
) o : T ppm due to thex-CHD group of monodeuterated product. The
g%quus/lljcllr:jlnehand 3_-qumuc||2c\irj|ggl at SIID—HlVOS (Iggflfered by much slower deuterium exchange reactions of betaine result in

mM phosphate) in £ gt and = 1.0 (KCI). . decay of the singlet at 3.902 ppm due to thk€€H, group of

In many cases, deuterium exchange and hydrolysis wereg pstrate and appearance of an upfield triplgs & 2.5 Hz) at

monitored concurrently in order to compare the rate constants 3 ggg ppm due to the-CHD group of monodeuterated product.
for exchange obtained by methods A and B. The valuds,of

determined by these two methods agreettt0% (Tables S1 (35) A secondary-deuterium isotope effect on deuterioxide-catalyzed

; ; - ; idini hydrolysis of monodeuterated ethyl acetate lgfdn/(knydo = 0.96 was
ano_l S2). For reactions in the presence of 3-chloroquinuclidinium estimated® from (ko (kdao = 0.90 for the isotope effect on the
cation, the values o, could be obtained only by method B pyqroxide-catalyzed hydrolysis of trideuterated ethyl acetate in water:

(Table S2). Bender, M. L.; Feng, M. SJ. Am. Chem. Sod.96Q 82, 6318-6321.

derived for Scheme 2, to give rate constarks, (s™1), for
exchange of the firsti-proton of glycine methyl ester. Table
S2 of the Supporting Information gives valueskgfy (s™4), fo,

and the derived rate constarits (s™%) for the hydrolysis and
deuterium exchange reactions of glycine methyl ester in the
presence of phosphate buffers (pD-781) and HFIP, 3-chlo-
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Table 1. Second-Order Rate Constants for Carbon Deprotonation
of Glycine and Glycine Derivatives by Deuterioxide lon and
Brgnsted Bases in 0?

base catalyst Kep® carbon acid ke (M~1s™)
DO~ 16.6 "H3NCH,CO.Me 6.0+0.2
*HsNCH,CO,~  (8.9+0.3)x 10°5
*MesNCH,CO,Me 570+ 40
*MesNCH,CO,~  (6.6£0.1)x 104
quinuclidine 12.4 *H3NCH,COMe (1.440.3)x 1072
3-quinuclidinol 10.¥ *H:NCH,CO,Me (6.8 1.0)x 10*
+*MesNCH,CO,Me (3.8+ 0.3) x 102
3-chloroquinuclidine 9% *+H3NCH,CO,Me (7.04+ 1.0) x 10°°
(CFs),CHO™ 9.9 *+HsNCH,CO,Me (6.0 0.6)x 1075
DPQO2~ 7.0 THNCH,COMe (5.6+0.8)x 107/

aAt 25 °C andl = 1.0 (KCI). ® Apparent |iX, of the conjugate acid
of the base catalyst inJ® at 25°C andl = 1.0 (KCI) given by fXgp
= pD — log([B)/[BD "), determined as described in the Experimental
Section, unless noted otherwiseSecond-order rate constant for

deprotonation of the carbon acid by the base catalyst, determined from
the effect of increasing concentrations of the catalyst on the rate constan

kex (s71) for exchange of the firsti-proton of the carbon acid in
(see text). For deuterioxide ion as the bdges kpo. ¢ Data from ref
16.

The deuterium exchange reactions of betaine methyl este
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Figure 2. pD—rate profiles of key)o/fn* (s72) for the buffer-independent
exchange for deuterium of the first-proton of glycine and glycine
derivatives in DO at 25°C andl = 1.0 (KCI). The solid lines through
t'(he data were calculated frokso (M1 s™%) using the logarithmic form

of eq 8, withky = 0 ork, = 2.1 x 107° s7* for betaine methyl ester.
(®) Data for betaine methyl estefy{ = 1). The dashed line was
calculated fronmkpo (M~ s71) using the logarithmic form of eq 8 with
ks = 0. () Data for glycine methyl ester. Valuesfaf. were calculated

I'from the solution pD and Ksp = 8.48 for "DsNCH,CO,Me in D,O

are~6-fold faster than the competing ester hydrolysis and were (25 °C, | = 1.0, KCI). (a) Data for betainef(. = 1). (¢) Data for

generally followed for two or three half-times for exchange.

glycine zwitterion. Values offy+ were calculated from the solution pD

The slower exchange reactions of this substrate in acetate buffergind Kep = 10.35 for*DsNCH,CO;™ in DO (25°C, | = 1.0, KClI).

(pD 5.2) and methoxyacetate buffers (pD -3420) were
followed during exchange of about 50 and 5%, respectively,
of the first a-proton. The exchange reactions of betaine were
following during exchange of up to 90% of the firgtproton.

Rate constants for exchange were determined using egs 2 and
3, as described above for glycine methyl ester. Table S4 of the
Supporting Information gives values d&x (s%) for the
deuterium exchange reactions of betaine methyl ester in the
presence of 3-quinuclidinone (pD 8.3), phosphate (pD 7.0),
cacodylate (pD 6.5), acetate (pD 5.2), and methoxyacetate (pD
3.2—4.0) buffers and 3-quinuclidinol buffered by phosphate (pD
7.6) in D,O at 25°C and|l = 1.0 (KCI). Table S5 of the
Supporting Information gives values d&yx (s™1) for the
deuterium exchange reactions of betaine in the presence of
3-quinuclidinol (pD 9.711.2), quinuclidine (pD 11.9), and
trifluoroethoxide (pD 12.6) buffers in D at 25°C andl =

1.0 (KCI).

Catalysis by Lyoxide lon and General Bases. (1) Glycine
Methyl Ester. The first-order rate constantgy (s™1) for the
exchange for deuterium of the firgtproton of glycine methyl
ester in the presence of 20 mM phosphate buffer (pB-8.Q)
in D,O at 25°C andl = 1.0 (KCI) (Tables S1 and S2) are
essentially equal to the rate constanksy)§ for exchange
catalyzed by solvent species only (eq 8), because there is n

0.5

0.0
0.0

04

0.2
[3-Chloroquinuclidine] /M

0.6

Figure 3. Dependence of the normalized rate constaqdsfor the
deuterium exchange and hydrolysis reactions of glycine methyl ester,
and the fraction of the glycine hydrolysis product that contains
deuterium, on the total concentration of 3-chloroquinuclidine at pD
7.4 (buffered by 80 mM phosphate) inO at 25°C andl = 1.0 (KClI).
O(0) kiel = kexl(Kex)o for exchange for deuterium of the firatproton of
glycine methyl ester.k&)o (s72) was determined as the intercept of a
plot of kex against [3-chloroquinucliding] (M) ket = Knyd/(Knyd)o for

(Koo T+ = ks =K, + kpo[DO ] (8) hydrolysis of glycine methyl esterkdq), (s™2) was determined as the
intercept of a plot okayq against [3-chloroquinucliding] (a) Fraction
Kex fo of glycine hydrolysis product that contains deuterium.
£ =k, + kg[B] )
N+

deuterium exchange reaction of glycine methyl ester. The solid
significant general base catalysis of exchange by phosphate atine through the data was calculated from the valuksgfusing

this low buffer concentratiorky > kg[B], eq 9). The plot (not
shown) ofk, = (kex)o/fnt (s71) against [DO] (pD 7.0—-8.1)
according to eq 8, wherk+, the fraction of substrate in the
reactive NR™ cationic form (fKgp = 8.48), changes by30%,

the logarithmic form of eq 8 witlk, = O.

Figure 3 shows the effect of increasing concentrations of
3-chloroquinuclidine at pD 7.4 (buffered by 80 mM phosphate)
on the fraction/p, of the glycine obtained from hydrolysis of

is linear. The slope gives the second-order rate constant forglycine methyl ester that contains deuterium and on the

exchange catalyzed by deuterioxide idgp = 6.0 M1 s71
(Table 1). Figure 2 M) shows the pbrate profile for the

normalized rate constanksyd/(knya)o for ester hydrolysis and
kex/(kex)o for exchange for deuterium of the first-proton of
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Figure 4. Dependence dfe/fn+ (S72) for exchange for deuterium of 0 2 4 6
the first a-proton of glycine methyl ester on the concentration of 10'6[DPO42']/D0']

Brgnsted base catalysts at pD 725 (buffered by 80 mM phosphate)

in D,O at 25°C andl = 1.0 (KCI). The slopes of these plots give the
second-order rate constarks (M1 s71) for general base catalysis of
exchange (Table 1). (A) Data for HFIP aniorkgs = 9.9). (B) Data

for 3-quinuclidinol (Kgp = 10.7). (C) Data for quinuclidine fsp =
12.1). @) Values ofke (s71) determined by monitoring deuterium
exchange into glycine methyl ester directlp)(Values ofkex (s79)
determined from analysis of the deuterium enrichment of the glycine
hydrolysis product, according to eq 7.

Figure 5. Dependence of the normalized rate conskant= kex/fn+Koo-
[DO™] for exchange for deuterium of the first-proton of glycine
methyl ester on ([DPE~]/[DO)) in phosphate buffers (pD 7-68.1)
in D,O at 25°C andl = 1.0 (KCI). (@) Values ofke, (s72) determined
by monitoring deuterium exchange into glycine methyl ester directly.
(O) Values ofke (s™1) determined from analysis of the deuterium
enrichment of the glycine hydrolysis product, according to eq 7. The
solid line shows the fit of the data to eq 10; the slope gikggkoo =
9.3 x 1078 as the ratio of second-order rate constants for exchange
catalyzed by phosphate dianion and deuterioxide ion.
glycine methyl ester, in BD at 25°C andl = 1.0 (KCI). Table
1 gives the second-order rate constan(M— s™1) for general (2) Glycine. The exchange for deuterium of the fitstproton
base catalysis of exchange by 3-chloroquinuclidine that was of glycine zwitterion was studied inJO® at 25°C andl = 1.0
determined as the slope of the plot (not shownkgffn* (s%) (KCI) in solutions where glycine (fsp = 10.35) also served
against the concentration of the basic form of 3-chloroquinu- as the buffer to maintain constant pD (pD 9X0.9). An
clidine, according to eq 9. increase in the total concentration of glycine from 20 to 40 mM
Figure 4 shows the effect of increasing concentrations of the (fn* = 0.5) does not result in a significant increasédn(s ™),
basic forms of HFIP, 3-quinuclidinol, and quinuclidine at pD which shows that there is no general base catalysis of exchange
7.4-7.5 (buffered by 80 mM phosphate) da/fy+ (s71) for at these low concentrations of glycine ¢ kg[B], eq 9). The
exchange for deuterium of the firatproton of glycine methyl  plot (not shown) ok, = (ke))o/fn+ (s72) against [DO] according
ester in DO at 25°C andl = 1.0 (KCI). The solid circles to eq 8 is linear; the slope gives the second-order rate constant
represent values dfe, determined by monitoring deuterium  for exchange catalyzed by deuterioxide igo = 8.9 x 1075
incorporation into glycine methyl ester directly, and the open M~1s™!(Table 1). Figure 24) shows the pB-rate profile for
circles represent values kf, determined from analysis of the the deuterium exchange reaction of glycine. The solid line
deuterium enrichment of the glycine hydrolysis product, ac- through the data was calculated from the valuekgd using
cording to eq 7. Table 1 gives the second-order rate constantsthe logarithmic form of eq 8 wittk, = 0.
ks (M~1 s7Y) for general base catalysis of exchange by these (3) Betaine Methyl Ester. Table S4 of the Supporting
bases, determined as the slopes of the plots in Figure 4 (eq 9)Information gives rate constarks (s™%, eq 8,fy+ = 1) for the
An increase in the total concentration of phosphate buffer buffer-independent solvent-catalyzed exchange for deuterium
from 0.02 to 0.38 M ([DP@]/D,PO,"] = 7/3) results in a of the first o-proton of betaine methyl ester in,D at 25°C
~0.1 unit increase in solution pD which complicates determi- andl = 1.0 (KCI) that were obtained as tlgentercepts of plots
nation of the second-order rate constant for exchange catalyzednot shown) ofkex (s™1) against the total buffer concentration
by phosphate dianion. (pD 3.2-8.3). The plot (not shown) df, (s™1) against [DO]
Figure 5 shows the plot of the normalized rate conskant according to eq 8 is linear; the slope gives the second-order
= kedfnikoo[DO™] for exchange for deuterium of the first rate constant for exchange catalyzed by deuterioxidekiss,
a-proton of glycine methyl ester against [DFEQ/[DO] =570 M1 s71(Table 1). The fit of these data to the logarithmic
according to eq 10 (B= DPO2"). We attribute the scatter in  form of eq 8, withkpo = 570 M~1 572, givesk, = (2.1 0.7)
x 107° s71 as the pD-independent rate constant for exchange

Kex ks[B] catalyzed by DO acting as a base. Figure @)(shows the pbB-
kreI:f —=1 - (10) rate profile for the deuterium exchange reaction of betaine
n+kpo[DO ] KoolDO '] methyl ester. The solid line through the data was calculated

from the values okpo andk,, using the logarithmic form of eq
these data to propagation of the errorskin (+5%) and in 8.

[DO7] (£5%). The solid line shows the fit of the experimental  |ncreasing the concentration of buffers at5andl = 1.0
data to eq 10; the slope givis/kpo = 9.3 x 1078 as the ratio (KCI) results in small 16-30% increases irkex (1) for
of second-order rate constants for exchange catalyzed by

phosphate dianion and deuterioxide ion. This was combined with  (36) There is no significant general base catalysis of exchange by

— -1 o1 ; _ phosphate monoanion because it~§ units less basic than phosphate
kDofl Eil.O M™ s™ to give the second-order rate constépt dianion and the value g8 = 0.92 (vide infra) for deprotonation ofHsN-
(M™% s™) for general base catalysis of exchange by phosphate 1_co,me shows that there is a sharp falloffkg with decreasing catalyst

dianion (Table 1§ basicity.
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exchange of the firsti-proton of betaine methyl ester, along Scheme 3
with small (=0.07 unit) changes in solution pD (Table S4). The H oo Ky + kpolDO"] + kglB]

+ - o]
plot (not shown) ok.el = ke/koo[DO™] against [3-quinuclidinol]/ A6 i S L ‘%N—é—(o
[DO~] at pD 7.6 (buffered by 80 mM phosphate) according to nooe oo Hoome
eq 10 (B= 3-quinuclidinol, fy+ = 1) is linear with slopeka/ RaN-2-CO:Me
kpo = 6.6 x 107>, This was combined witlkpo = 570 M1 . ) . ] b
s ! to give the second-order rate const&st(M~! s™1) for *RSN—Z:—(O_ b ooPO7 ML -, 'RGN-¢—(°_
general base catalysis of exchange by 3-quinuclidinol (Table WO Lo WO
1)37 R,N-2-CO,

(4) Betaine. There is no significant change with changing scheme 4

buffer concentration ikex (s71) for exchange for deuterium of ®
the firsta-proton of betaine in BD at 25°C andl = 1.0 (KCI) ol o ky MesN o O .
(Table S5), s0 thdtex = ko (€q 9,fx* = 1). The plot (not shown) A Mes““% " ~——’—k_‘ =+ HO
of k, against [DO] according to eq 8 is linear; the slope gives H o OMe H H  OMe
the second-order rate constant for exchange catalyzed by
deuterioxide ionkpo = 6.6 x 1074 M~1s™1 (Table 1). Figure oM o ko R o
2 (a) shows the pBrate profile for the deuterium exchange B HO'+ RsN—l—‘( _— “N-& + H0
reaction of betaine. The solid line through the data was H OMe kron H  OMe

calculated from the value dbo using the logarithmic form of
eq 8 withk, = 0.

H k @
. ® 0 HO Ryl 00
C HO+ HaN—|—< S + H0

. . ©
Discussion H O kron H oe

Reactive Species and Reaction Mechanism3here have  ho gyygen of the product enolate, which hask, pf less
been several studies of the racemization of amino acids in waterihan 742 If there is no stabilization of the enolate by complete
at elevated temperatures 1.00 OC)'1W13_'38'39An observed rate proton transfer from a general acid catalyd{gp > 7) to form
constant for the racemization of alanine at pH 7.6 and@5 the enol (fKa < 7.0), then there can be no stabilization of the

= —12 o1 wvati
krac = 1.5 1077 s%, can be calculated from the activation  yangition state for enolization by concerted proton transfer
E?rr? meters for raéc§em|zatlon c_)btalned 1;rom ra_te const?lnts altrom a general acid catalyst to the substrate carbonyl oxygen.
1% er temperaturesBy comparison, a vajue & = 2 x 10 We conclude that the rate constants for exchange of the first
s 1 (tio = 1100 years!) for conversion of glycine zwitterion to a-proton of "RsN-1-COMe and"RsN-1-CO,~ represent rate
the enolate at pH 7.6 and 26 can be calculated fromkbo = constants for deprotonation of these carbon acids to give

8.9 x 1075 M1 s 1 determined in this work (Table 1) and an the free enolate$RsN-2-COMe and RsN-2-COy~ (Scheme
estimated secondary solvent deuterium isotope effedbef 3).

ko = 2.40

We have shown previously that Brgnsted catalysis of
exchange for deuterium of the-protons of ethyl acetate
proceeds by direct deprotonation of the ester by general base
to give the free ester enolatéThis provides strong evidence
that catalysis of the deuterium exchange reactions of glycine
methyl ester by Brgnsted catalysts ¢fgp > 7 (Figures 3-5)
also occurs by direct deprotonation tfisN-1-CO,Me by the
basic form of these catalysts give the free encltiteN-2-CO,-
Me (Scheme 3). The alternative mechanism, general acid
catalysis with protonation of the carbonyl oxygen of the
substrate, is forbidden by the libido rule of JenékJhis is
because there is no thermodynamic driving force for proton
transfer from the acidic form of these catalyst&#p = 7) to

Rate and Equilibrium Constants. (1) Betaine Methyl
Ester. The rate constant for deprotonation dflesN-1-CO,-
Me by solvent QO acting as a bask, = 2 x 1072 s™! (Results)
s ~4-fold larger thark, = 5 x 1019 s~ for deprotonation of
acetone by KO, *32for which a near-limiting value dfy = 6.7
x 10° M~1 s71 has been determined for the reverse protonation
of the enolate by kD*.430 A similar rate constant is expected
for protonation of the enolatéMesN-2-COMe (ky, Scheme
4A) for the following reasons: (1) The transition state for proton
transfer from the strongly acidic4@* to these strongly basic
enolates is “early**@so that there are relatively small changes
in ky with changing enolate stability. (2) The similar values of
kw for deprotonation of acetone ard/lesN-1-CO,Me to give
the corresponding enolates are consistent with similar stabilities
(37) This value okg was calculated with the assumption that the observed of these enolates relative to the neutral carbon acids.
small dependence ¢« (s1) on [3-quinuclidinol] is due to general base

catalysis of enolization rather than a specific salt or medium effect. We (42) Values of K5 = 7.3 (Gao, JTheochem1996 370,203—-208) and
consider it to be tentative, because we have no data for specific salt andpK,~ 7 (ref 16) have been estimated for the oxygen acidities of the enols

medium effects on the deprotonation of these glycine derivatives. of acetic acid and ethyl acetate, respectively. TheNgtoup should result
(38) Smith, G. G.; Sivakua, T. Org. Chem1983 48, 627—-634. in at least a 2-unit decrease in thes@/'p, because this substituent results
(39) Bada, J. LJ. Am. Chem. S0d.972 94, 1371-1373. in a 2 (K unit increase in the oxygen acidity of acetic a&id.
(40) The secondary solvent deuterium isotope effects for lyoxide- (43) (a) Bell, R. PThe Proton in Chemistry2nd ed.; Cornell University
catalyzed formation of the unstable enolatéesN-2-CO,~ and *HzN-2- Press: Ithaca, NY, 1973; p 150. (b) Keeffe, J. R.; Kresge, A. JHe

CO,~ are expected to be larger thipo/kio = 1.46 for deprotonation of Chemistry of EnolsRappoport, Z., Ed.; John Wiley and Sons: Chichester,

acetone’S However, we have no evidence that they are close to the 1990; pp 399-480. (c) Carey, A. R. E.; Al-Quatami, S.; More O'Ferrall,

maximum value okpo/kio = 2.4 for formation of very unstable carbanions, R. A.; Murray, B. A.J. Chem. Soc., Chem. Commu®88 1097-1098.

for which lyoxide-catalyzed exchange is limited by solvent reorganization (d) Chiang, Y.; Kresge, A. J.; Morimoto, H.; Williams, P. G.Am. Chem.

that exchanges the hydron of substrate with a labeled hydron from solvent: Soc.1992 114, 3981-3982.

Gold, V.; Grist, S.J. Chem. Soc., Perkin Trans.1®72 89-95. Kresge, (44) (a) For example, there is only a 5-fold difference in the values of

A. J.; OFerrall, R. A. M.; Powell, M. F. Insotopes in Organic Chemistry ky for protonation of the enolates of acetolg € 6.7 x 10° M~1s7%) and

Buncel, E., Lee, C. C., Eds.; Elsevier: New York, 1987; Vol. 7. Therefore, acetaldehydek(y = 1.3 x 10° M~1s™1), whose statistically correctedgs

we use the average of the these values as the estimated secondary solvewliffer by 3 units (see Tables 13 and 14 of ref 43b). (b) The chosen near-

deuterium isotope effect. limiting value forky is marginally smaller than that for protonation of the
(41) Jencks, W. PJ. Am. Chem. S0d.972 94, 4731-4732. slightly more unstable enolate of acetone.
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Table 2. Rate and Equilibrium Constants for Carbon Deprotonation of Ketones, Esters, and Amino Acid Derivatives ih Water

carbon acid kno® (M~1s7Y) Knore (s71) pKd ke® (M~1s7) ka/kno'
49 0.10 5x 10 19.6 0.021 0.21
CH;COEt 1.2x 1073 5x 10 25.6 1.3x 1076 1.1x 1073
*TH3NCH,COMe 4.1 4 x 107k 21.0+1.0 6.8x 10741 1.7x 10
*MesNCH,COMe 390 4 x 10k 18.0+ 1.0 0.038 9.7x 1075
THaNCH,CO;,~ 4.5x 107! 4 x 10wk 28.94+ 0.5
*MesNCH,CO,~ 3.3x 104! 7 x 1Pk 27.3+1.2

a At 25 °C andl = 1.0 (KCI). ® Second-order rate constant for deprotonation of the carbon acid by hydroxideRate constant for protonation
of the enolate of the carbon acid by solvent wateaK, for ionization of the carbon acid in waterSecond-order rate constant for deprotonation
of the carbon acid by 3-quinuclidindlRatio of rate constants for deprotonation of the carbon acid by 3-quinuclidinol and hydroxideDiata
from ref 18." Data from ref 16 Data for reactions in BD. Solvent isotope effects of close to unity have been determined for general base-
catalyzed deprotonation of other carbon acids (ref I6plculated fromkpo for deprotonation by deuterioxide ion in,© (Table 1) with the
assumption that the secondary solvent isotope effect is the same as that for deprotonation of keg#knpes 1.464¢ k Calculated from the
values of (K, andkyo using eq 12! Calculated fromkpo for deprotonation by deuterioxide ion in,O (Table 1) and an estimated secondary solvent

isotope effect okpo/kno = 2.04°

A value of K, = 18.0 for the carbon acidity ofMesN-1-
CO,Me (Table 2) can be calculated using eq 11 derived for

PK, = log(k/K,) (11)

Scheme 4A, wittk, = 5 x 107° s1 for deprotonation by kD,

and an estimated value kf =5 x 10° M~1 s 1 for the reverse
protonation of the enolate bys®".44 This assumes a solvent
isotope effect of Ky)n/(kw)o = 2.6 for reactions in KD and
D,0.%5 The uncertainty in this g, is estimated to be less than

1 unit and is due largely to the uncertainty in the chosen value
of ky, because the values kf for protonation of simple enolates

show only a small dependence on enolate structure and

stability 442

A value ofkyo = 390 M1 s71 for deprotonation of MesN-
1-COMe by hydroxide ion in HO (Table 2) can be calculated
from the value ofkpo (Table 1), with the assumption that the

-
[« « B\

log (kyo/p) M's™)
IS

]
«©

10 15 20 25

pK, +logp

Figure 6. Rate-equilibrium correlations for deprotonation afcar-
bonyl carbon acids by hydroxide iok,o (M~ s71), and the reverse
protonation of the enolates by solvent watepn (s™1), with the K,
of the carbon acid. The valueslgfo and K, were statistically corrected
for the number of acidic protorisat the carbon acid®) Correlation

secondary solvent deuterium isotope effect is the same as thabf log(k.o/p) for deprotonation of neutral aldehydes, ketones and esters

for deprotonation of aceton&po/kno = 1.4626 This value of
kuo and gKa = 18.0 can be substituted into eq 12 derived for

pK, = pK,, + 109(Kon/Kiio) (12)

Scheme 4B to givekyon = 4 x 10° st for the reverse
protonation of the enolatéMesN-2-CO,Me by solvent water
(Table 2).

(2) Betaine and Glycine Zwitterions. Rate constant&o
(M~1 s71 Table 2) for deprotonation ofMe3N-1-CO,~ and
*tH3N-1-CO,~ by hydroxide ion in HO were calculated from
the values okpo (Table 1) and an estimated secondary solvent
isotope effect okpo/kpo = 2.4° These rate constants are 4- and
30-fold smaller, respectively, thdgo = 1.2 x 103 M1s1
for deprotonation of ethyl acetateso that by this criterion the
simple amino acid zwitteriongMe3N-1-CQ,~ and *H3N-1-
CO,~ are weakercarbon acids than the simple oxygen ester
ethyl acetate (KK, = 25.6)16

Figure 6 shows extensive linear ratequilibrium correlations
of log kno (M™1 s71, @) for the hydroxide ion-catalyzed
formation and logkqon (72, O) for the reverse protonation by

by hydroxide ion. The data were taken from earlier wtrkyith
additional data for deprotonation of acetate anioK,(g= 33.5)%
Excluding the point for acetate anion, the data are correlated by log-
(kno/p) = 6.063-0.373(1K, + log p). (O) Correlation of logkxow for

the reverse protonation of the enolates of neutrahrbonyl acids by
solvent water. The data were taken from earlier wénkijth additional
data for the enolate of acetate aniéndy = 10" s%).28 Excluding the
point for the enolate of acetate anion, the data are correlated by log
kion = 0.625(Ka + log p) — 7.918. ®) Data for deprotonation of
amino acid derivatives (Table 2) and the cationic ket8n@l) Data

for protonation of the enolates of amino acid derivatives (Table 2) and
the enolate oB. The solid lines were calculated with the assumption
that the protonation of highly unstable enolates is limited by the rotation
of a molecule of water into a “reactive position” wikhon = Kreorg &

1011 571_17

molecule of water into a “reactive positio&”with a limiting
rate constant oknon = Kreorg ~ 10 7147749 Figure 6 also
shows data for the positively charged carbon a8ds

® 0
O N-CHC;
Ph

solvent water of the enolates of simple aldehydes, ketones, and

esters with the K, of the parent carbon acid. Data for
deprotonation of acetate anioky6 = 3.3 x 10°° M~1 s}

pKa = 33.5f8 have been included, to emphasize the requirement

for a negative deviation from these linear correlations when the

rate-determining step for the reverse protonation of the enolate

by solvent water changes from the chemical step of proton
transfer to the physical step of rotation or reorganization of a

(45) See footnote 48 in: Argyrou, A.; Washabaugh, M.JMAM. Chem.
Soc.1999 121, 12054-12062.
(46) Pocker, Y.Chem. Ind.1959 1383-1384.

3

(kho = 1.8 x 10° M~ 571 pK, = 10.9¥30¢ and *MegN-1-
CO,Me (data from Table 2).

The linear rate-equilibrium correlation between Idgic and
pKa for deprotonation of neutral-carbonyl carbon acids (Figure

(47) Giese, K.; Kaatze, U.; Pottel, R. Phys. Cheml97Q 74, 3718~
3725.

(48) Kaatze, UJ. Chem. Eng. Datd989 34, 371-374.
(49) Kaatze, U.; Pottel, R.; Schumacher, A.Phys. Chem1992 96,
6017-6020.
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Table 3. Substituent Effects on the Carbon Acidity of Acetate Anion in Water

carbon acid
CH:CO,™ JrH:;NCHQCOZ_ +|\/|E3NCH2C02_ CHsCO;, Et JrH:gNCHzCOzMe JrMe3NCH2C02Me
pKa + log p° 34.0 29.2 27.6 26.1 21.3 18.3
AAG, H— NR;g" ¢ 6.5 8.7 6.5 10.6
AAG, CO,” — COR® 10.7 10.7 12.6

aData from Table 2, unless noted otherwi&eK, for ionization of the carbon acid in water at 2& andl = 1.0 (KCI) with a statistical
correction for the number of acidic protops® Data from ref 289 Effect of NR;™ substituent on the Gibbs free energy change for ionization of
the carbon acid in water at 298 KEffect of alkylation of the carboxylate group on the Gibbs free energy change for ionization of the carbon acid

in water at 298 K.

6, ®) can be used to set lower limits oKp=> 26.1 and K, =
28.4 for the formally neutral zwitterionsMe3N-1-CO,~ and
*tH3N-1-CQ;, ™, respectively. TheseKas were calculated with
the assumption that the values of g for these carbon acids
(Table 2) lie on the linear correlation line shown in Figuré® 6.
They represent lower limits because the values ofkdqgfor
deprotonation of cationic ketones (e.8)3%5*and the cationic
ester "MesN-1-CO,Me exhibit positive deviations from this
correlation (Figure 6). A lower limit of K, > 26.2 fortMesN-
1-CO,™ can be calculated using eq 12 (Scheme 4C) Wiy
> 5 x 10 s71 for protonation of"MesN-2-CO,~ by solvent
water, wherekpon = 5 x 108 s is the rate constant for
protonation of the more stable enolate of ethyl acetatépper
limits of pK, < 28.5 for "Me3N-1-CO,~ and K, < 29.3 for
TH3N-1-CQ,~ can be calculated using eq 12 (Scheme 4C) with
the limiting valué4° of kion = kieorg™ 10t 571 for protonation
of the enolate with rate-limiting rotation of a molecule of water
into a “reactive position®” The ranges of these limits are
relatively small; the averages of the upper and lower limits give
carbon acidities of §a = 27.3 4 1.2 for *"Me3sN-1-CO,~ and
28.9+ 0.5 for TH3N-1-CQ,~ (Table 2). Rate constantgion
(s™}) for the reverse protonation of the enolatésesN-2-CO,~
andtH3N-2-CO;~ by solvent water (Scheme 4C) were calcu-
lated from these Ig;s andkyo using eq 12 (Table 2).

The value of K5 = 28.9 + 0.5 for glycine zwitterion is
substantially larger than earlier literature estimates Kf &
16—17 for severalL-amino acids® The latter values were

Chart 1
pKy PK, pKy +logp
H
|
CH3COH 4,76 CHzOH 155 CH,COR  26.1
n
“MesNCH,CO,H 183  *MegNCH,OH 93 “Me,;NCHCOR 183
ApK, 2.9 6.2 7.8

effect of ano-NH3* substituent on the acidity of ethyl acetate
is expressed wholly in the rate consténg for deprotonation.

A lower limit of pKy = 20.0 for TH3N-1-CO,Me can be
calculated usindtion = 4 x 10° s71, wherekpyoy = 4 x 10°
s~1 for protonation of the more stable enolat®lesN-2-CO;-
Me. The consensus value i&p= 21.04 1 for tH3N-1-CO,-

Me (Table 2). The same value is obtained by making the
assumption that 80% of the effect of arNH3™ substituent on
the equilibrium stability of the enolate of ethyl acetate is
expressed irkyo and that 20% of the effect is expressed in
kuon?” The rate constaritqon = 4 x 107 s71 for the reverse
protonation of the enolateH3N-2-CO,Me by solvent water was
calculated from the values okKp andkyo using eq 12 (Table
2).

Effects of a-NR3" Substituents on Carbon Acidity. The
effects of charged-NRs;™ (R = Me, H) substituents on the
carbon acidity of simple carboxylic acid derivatives in aqueous
solution determined in this work are summarized in Table 3.

obtained using an equation similar to eq 11, with the observed By comparison, substitution of carbon for the pyridinium

first-order rate constamtac = ky, for racemization of the amino

acid at pH 7.6 and 139C, and a rate constant of6 x 10

s 1 for the reverse protonation of the amino acid enoléte.
However, this calculation severely underestimates the s p

nitrogen of3 results in an estimated 5.3 unit increase in the
pKa from 10.9 for3 to 16.2 for benzyl methyl ketorféb.c.93
The 2-3 unit larger acidifying effect of an-NMes* than of
ano-NH3* substituent on carbon acidity (Table 3) corresponds

because it assumes that the amino acid is deprotonated b}IO a normal difference in the polar effects of these substituents
solvent water at pH 7.6, when in fact the dominant pathway is for which values oty = 0.92 and 0.60, respectively, have been

deprotonation by hydroxide ion (eq 1¥)If deprotonation of
amino acids by hydroxide ion at pH 7.6 isuch fasterthan
deprotonation by solvent water, theR, < kg, and the
assumption that water is the reactive base will lead to an
overestimate of the acidity of the amino ardjs that are much
smaller than the true values.

(3) Glycine Methyl Ester. An upper limit of Ky < 22.1 for
the carbon acidity ofH3N-1-CO,Me can be calculated using
eq 12 (Scheme 4B) witkqonq < 5 x 10° s71 for the reverse
protonation of the enolate by solvent water, whigfgn = 5 x
10 s! for protonation of the less stable enolate of ethyl
acetaté® A value of kyoy = 5 x 10° s71 for protonation of
*TH3N-2-COMe would apply in the limiting case where the

(50) The linear least-squares correlation lines shown in Figure 6 are given

by: (@) log(kno/p) = 6.063-0.373(1Ka + log p); (O) log knon = 0.625-
(pKa + log p) — 7.918.

(51) Bernasconi, C. F.; Moreira, J. A.; Huang, L. L.; Kittredge, K. W.
J. Am. Chem. S0d.999 121, 1674-1680.

(52) For example, deprotonation ofesN-1-CO,Me by DO becomes
kinetically significant only at pD<4 where [DO] ~ 10~ M (Figure 2).

reportect® This larger polar effect ofi-NMes™ than ofa-NH3™
on carbon acidity reflects the following: (1) the formation of
hydrogen bonds between theNHs* group and solvent, which
has the effect of moving positive charge away from nitrogen
and onto solvent, thereby increasing the “effective” separation
between the interacting cationic and anionic centers at the
enolate; (2) a greater stabilization of negative charge by
intramolecular electrostatic interactions wittNMes™ than with
o-NHz™, as a result of the tendency of the more “greasy”
a-NMes™ with three methyl groups to reduce thdfectve
dielectric constant of the local medium through which these
interactions occu?55

The data in Chart 1 show that the acidifying effect of an
NMes* substituent increases as this charged substituent is moved

(53) Hine, J. InStructural Effects on Equilibria in Organic Chemistry
Wiley: New York, 1975; p 98.

(54) Kirkwood, J. G.; Westheimer, F. H. Chem. Physl938 6, 506—
512.

(55) Kirkwood, J. G.; Westheimer, F. H. Chem. Physl938 6, 512—
517.
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progressively closer to the site of ionizati$iiThe 2.9-unit effect a-NH3* group to ethyl acetate to giveHsN-1-CO,Me results

of the NMe&™ group on the K, of acetic acid is the minimum  in a 3400-fold increase ikyo for deprotonation by hydroxide
effect of this substituent on deprotonation of a simple ester to ion but only a 520-fold increase ikg for deprotonation by
give a hypotheticalenolate in which the negative charge is 3-quinuclidinol (Table 2). This requires that theNHs™ group
completely localized at the enolate oxygen. The addition of an results in a corresponding 6-fold larger decreasginthan in
o-NMes™ group to ethyl acetate to giveMesN-1-COMe results kqon for the reverse protonation of the enolate, because the
in an observed 7.8-unit increase in carbon acidity, which is larger overall substituent effect on the ratios of rate constants for
than the 6.2-unit effect of an NMeé group on the acidity of enolate formation and reaction, e.alog(kqon/kno) = ApKa,
methanol. Therefore, at least some of the negative charge atmust be the same for all bases. We conclude thatthdHs™

the enolate"MesN-2-CO;Me resides on the-carbon; this ester  substituent leads to a substantial reductioksinfor protonation
enolate behaves as an anion with an “effective” center of chargeof the enolatetHsN-2-CO,Me by protonated 3-quinuclidinol
that is slightly less than one atom removed from the cationic below the diffusion-limited rate constant for protonation of the
substituent. enolate of ethyl acetafé.

The fraction of negative charge localized at thearbon of The following results for catalysis by hydroxide ion and
the ester enolatdg, is given by the solution of eq 13, whese  Brgnsted bases of the deprotonation of weak neutral and cationic
a-carbonyl carbon acids to give negatively charged enolates and
ApK,=7.8=2.9(1— f,) + 6.2af; (13) neutral organic zwitterions, respectively, show that there is a
systematic dependence of the relative reactivity of anionic and

is the attenuation factor that gives the falloff in chargharge ~ neutral base catalysts on the charge at the reacting carbon
interactions as the separation between the NMaibstituent ~ acid?®-%3 and they define the magnitude of these effects.

and the negative charge is increased by one atom. Equation 13 (1) There is a large difference betwegh = 0.92 for

was derived with these assumptions: (1) The observed 7.8 unitdeprotonation of HsN-1-COMe (pK, = 21.0¥7*%andpg = 0.55
effect of thea-NMes™ substituent on thely, of a simple oxygen for deprotonation of the methyl group of the acetone-like ketone
ester represents the sum of the effects due to its interaction with4 (pK, = 19.6)8 by the same set of 3-substituted quinuclidiffes.
the negative charge at the enolate cariengnd at the enolate

oxygen (1— fc). (2) The interaction of the NMg group with CH3

a unit negative charge at the enolate oxygen results in a 2.9-
unit decrease in ig, which increases to 6.2 units when the
charge separation is decreased by one atom amdi6is when

it is decreased by two atoms (Chart 1). Value§of 0.22 and
0.31 were calculated from eq 13 using attenuation factoes of

= 4.0 anda = 3.0, respectively? These fractions are smaller o o o N )
than fc = 0.4 for the enolate of acetaldehyde in a vacuum TNiS is @ surprising result because similar transition states with

determined by ab initio calculatio&However, transfer of an ~ '€SPect to proton transfer from the carbon acid are expected for
enolate from the gas phase to water may result in movement ofthese reactions of similar thermodynamic dnvmg_force. The very
negative charge from carbon to oxygen and a smaller value of different qunsted parameters fqr the two reactions shgw that a
fc, due to the greater stabilization of negative charge at strongly larger effective positive charge is “seen” by the substituent at
electronegative oxygen compared with carbon by hydrogen the Brﬂnst_ed _base catalyst at the transition state for deprotonation
bonding to solvent. of the cationic carbon ac_i%?ﬁﬁ Deprotonation of the neutral
Brgnsted Base CatalysisThe Bransted coefficiertt = 1.09 ket_one_4 results in format|or_1 of a negatlve_ly charg(_ad enolate
for deprotonation of ethyl acetate by 3-substituted quinuclid- Which interacts favorably with the developing positive charge
ine<s shows that there is complete proton transfer to these baset the base catalyst in the transition state. However, deproto-
in the rate-determining step. It was concluded that proton transfernation of the cationic HsN-1-CO:Me resuilts in formation of a
from this simple ester is limited by the diffusional separation formally neutral enolate, so that the Bransted coefficient may
of the complex between the enolate and the conjugate acid ofProvide a more realistic measure of the progress of proton
the Bransted base to give the free enolate. By contrast, thetransfer in the transition state.
following observations show that deprotonation sN-1-CO,- (2) Figure 7 shows the effect of increasing concentrations of
Me by general bases is limited by the chemical step of proton 3-quinuclidinol on the normalized observed rate constants for
transfer from the carbon acid to the Brgnsted base: (1) Thethe deuterium exchange reactions of ethyl acéfatd{sN-1-
value of 5 = 0.92 for deprotonation of HzN-1-COMe is CO:Me and *Me3N-1-COMe. The different slopes of these
significantly smaller tha = 1.0 that is required for reactions  correlations represent differences in the relative magnitude of
in which proton transfer to the base catalyst is essentially the rate constants for deprotonation of these carbon acids by
complete in the transition staté>® (2) The addition of an  neutral general bases and lyoxide ion, which are summarized
(56) Data for CHCO;H, *MesNCH,CO;H, and CHOH were taken from in Table 2. The rate anStant ratig/kio for deprqtongtlgn of
ref 83. The Ka for “MesNCH,OH was taken from: Hine, J.: Kokesh, F.  the neutral carbon acid ethyl acetate by 3-quinuclidinol and

C.J. Am. Chem. S0d.97Q 92, 4383-4388.
(57) A simple electrostatic treatment of the interactions between a  (60) Thibblin, A.J. Am. Chem. S0d.984 106, 183-186.

carbanion and polar substituents predicts an attenuation factor of 4.0 for  (61) Chwang, W. K.; Eliason, R.; Kresge, A.JJ.Am. Chem. Sod977,

the insertion of a methylene group between interacting charges and dipoles99, 805-808.

at adjacent atoms (ref 53, p 96). Smaller attenuation factors-& &re (62) Richard, J. PJ. Am. Chem. S0d.984 106, 4926-4936.

observed in cases where the initial separation of interacting charges is larger  (63) Halvarsson, T.; Bergman, N. A. Org. Chem.1991, 56, 251—

(ref 53, pp 161-162). 254

o

4

(58) Wiberg, K. B.; Castejon, Hl. Org. Chem1995 60, 6322-6334. (64) The data for deprotonation dfin H,0 8 and *H3N-1-CO,Me in
(59) The second-order rate constakgs(M 1 s 1, Table 1) for depro- D,0O (Table 1) by quinuclidine, 3-quinuclidinol, and 3-chloroquinuclidine
tonation of tH3N-1-CO,Me in D,O define the Brgnsted correlation lég give Brgnsted coefficients ¢gf = 0.48 ands = 0.96, respectively.
= 0.92Kpp — 13.09. The Bransted plot was publisRéit the preliminary (65) Hupe, D. J.; Jencks, W. B. Am. Chem. S0d.977, 99, 451-464.

communication of this work. (66) Williams, A. Adv. Phys. Org. Cheml992 27, 1-55.
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tonation of"H3N-1-CO,Me by neutral and anionic general bases
obey a single Bransted correlatidf®® It likely constitutes a
lyoxide ion anomaly for deprotonation ofH3N-1-CO;Me, and

it may reflect the strong solvation of lyoxide ion and the
requirement for a nearly complete loss of this stabilizing
solvation in the transition staf®%® This is because any
requirement for a large fractional loss of a reactant-stabilizing
interaction, such as solvation, will result in an increase in the
intrinsic barrier over that for reactions where the stabilizing
interaction is absert74
“Me,NCH,CO,Me (4) The positive deviation of lodo for deprotonation of
*H3N-1-COMe (pK, = 21.0) from the linear rateequilibrium

correlation shown in Figure 6 corresponds to a 160-fold larger

0'00 o 02 oa o8 rate constant for deprotonation of the catiohi¢sN-1-CO,Me

' [3-Qu.inuclidi1‘101]T M by hydroxide ion than for deprotonation of a neutral carbon
acid of the same l5,. By comparison, the rate constant ratio
for deprotonation of the neutral ketore (pK; = 19.6) by

301t CH,CO,Et

.
H,NCH,CO,Me

1.0

Figure 7. Dependence of the normalized rate conskant= Kex/(Kex)o

for exchange for deuterium of the firstproton of carbon acids on the : L S _ . g
total concentration of 3-quinuclidinol in © at 25°C andl = 1.0 3-quinuclidinol and hydroxide iorkg/kio = 0.21, is 1200-fold

(KCI). Values of ke (s2) were determined as the intercepts of plots  1r9er tharke/kio = 1.7 x 10~ for deprotonation of the cationic

of kex against [3-quinuclidinoy]. (®) Deuterium exchange into ethyl efster+H3N71-COZMe (Table 2). S_Imllarly, there is a large
acetate at pD 10.%.(a) Deuterium exchange into glycine methyl ester  difference in the rate constant ratios for deprotonation of the
at pD 7.4 (buffered by 80 mM phosphateli)(Deuterium exchange  cationic*MesN-1-CO,Me (pKa = 18.0) and the neutral acetone
into betaine methyl ester at pD 7.6 (buffered by 80 mM phosphate). (pKa = 19.3¥30 by hydroxide ion keme/Kacetone= 180043 and

by water,kame/Kacetone= 10432 These results suggest that rate

Scheme 5 constants for deprotonation ©H3;N-1-COMe by neutral bases
- F such as water and 3-quinuclidinol will exhibit smaller deviations
0 e af from a rate-equilibrium correlation for deprotonation of related
A H/_<0Et . L H om - _<0Et neutral carbon acids than that observed for deprotonation of
65’_ *H3N-1-CO:Me by the anionic base hydroxide ion (Figure 6).
| HO) Intrinsic Reaction Barriers. The values of logkuo (M1
s 1) for deprotonation of the cationic estetdesN-1-COMe
® e * ® and TH3N-1-COMe by hydroxide ion exhibit large positive
MeN 9 . | MeN 80 _‘Me3N>§,<° deviations from the linear rateequilibrium correlation for
H  OMe &+ /H/ OMe H  OMe deprotqnation of _ngutral a_Idghydes, ketones, qnd esters.(Fi.gure
B 6). A similar positive deviation for deprotonation of cationic
| (HO) ketones has been noted in earlier w&#é! This observation

that reactions of similar thermodynamic driving force proceed

hydroxide ion is 11-fold larger than that for deprotonation of at very different rates requires that there be a smaller Marcus

the cationic carbon acitiMesN-1-CO;Me by the same bases intrinsic barrierA for the faster deprotonation of cationic carbon

(Table 2). This corresponds to a 1.4 kcal/mol larger differential acids by hydroxide ion than for the deprotonation of neutral

stabilization of the transition state for deprotonation of the o-carbonyl carbon acids.

cationic acid by the negatively charged hydroxide ion compared  The rate constants for deprotonation of the very weakly acidic

with neutral 3-quinuclidinol (Scheme 5B) than for deprotonation zwitterions*HsN-1-CQ,~ and*MesN-1-CQ;~ by hydroxide ion

of a similar neutral carbon acid (Scheme 5A). exhibit small (<3-fold) deviations from the correlation in Figure
(3) Lyoxide ion often exhibits a low reactivity relative to 6. Here, the manifestation of any positive deviation is restricted

Brensted bases for deprotonation of carbon acids and this isby the rate constant for the reverse protonation of the enolate

known as the “lyoxide ion anomaly”-¢° This anomaly results by solvent water (Table ZY,which is approaching the limiting

in a 1400-fold negative deviation d§o from the Braonsted  value ofkion = Kreorg ~ 10t 57147749 Furthermore, it is not

correlation for deprotonation of ethyl acetate by 3-substituted clear whether these formally neutral zwitterions should behave

quinuclidinest® where the interaction between DGnd the as neutrabi-carbonyl carbon acids and obey the correlation in

developing negative charge at the enolate is destabilizing Figure 6 or whether they should behave as cationic carbon acids

(Scheme 5A). However, the enolate ®H3N-1-COMe is and exhibit positive deviations from this correlation. These

formally neutral overall and there is 50-fotinaller deviation uncertainties are reflected in the uncertainties in thgspfor

of kpo from the corresponding correlation for deprotonation of these carbon acids given in Table 2.

this cationic carbon acid, for which the destabilizing interaction ~ There are at least two effects of cationic substituents that may

is offset by a stabilizing interaction between D@nd the act to lower the Marcus intrinsic barriéx for proton transfer

positively charged ammonium group of the substrate (Schemereactions of resonance-stabilizegcarbonyl carbanions.

5B).27:59 The residual 27-fold negative deviation ko from (1) Electrostatic interactions between hydroxide ion and a

the Brgnsted plot for deprotonation dfHsN-1-COMe is cationic substituent at the carbon acid may stabilize the transition

probably not due to an electrostatic effect because the depro-

(70) Bernasconi, C. FAcc. Chem. Red992 25, 9-16.

(67) Kresge, A. JChem. Soc. Re 1973 2, 475-503. (71) Bernasconi, C. FTetrahedron1985 41, 3219-3234.
(68) Jencks, W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, G.; Nakamura, (72) Bernasconi, C. FAcc. Chem. Red.987 20, 301-308.

C.J. Am. Chem. S0d.982 104, 7045-7051. (73) Bernasconi, C. FAdv. Phys. Org. Chem1992 27, 119-238.
(69) Washabaugh, M. W.; Jencks, W.JP. Am. Chem. S0d.989 111, (74) Richard, J. P.; Toteva, M. M.; CrugeirasJJAm. Chem. So200Q

683—-692. 122,1664-1674.
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Scheme 6

® f A
A Me0=<:>=< - MeO—@—(@
R R
R=CH; —» CF; (Aincreases)
90 o
B — - >_(:9
X0 R X0 R

R=CH; —» NMe; (A decreases)
state for enolization without affecting the thermodynamic driving
force for deprotonation of the carbon acid (Scheme 5). The
evidence for the importance of these electrostatic interactions
was discussed in the preceding section.

(2) There is good evidence that the addition of electron-
withdrawing a-substituents to ring-substituted benzylic car-
bocations results in a movement of positive charge onto the

aromatic ring and an increase in the resonance stabilization of

the carbocation (Scheme 62)This reduces the destabilizing
charge-dipole interaction with the electron-withdrawingsub-
stituent and results in an increase in the intrinsic barrier for
addition of nucleophiles to the carbocatittn’® Similarly, the
addition of electron-withdrawing cationic substituents to an ester
or ketone enolate might induce movement of negative charge
away from oxygen and onto the-carbon, because this will
result in a larger stabilizing electrostatic interaction between
unlike charges (Scheme 6B). Such localization of charge at the
o-carbon would result in a decrease in the resonance stabilizatio
of the carbanion and a reduction in the intrinsic barrier for proton
transfer.

The cationic ketoné (pKs = 11.0,kpo = 5300 M1 s~ 1)43b.c
is only slightly more acidic thab (pKa = 11.9,kqo = 11 M1

s71),33b put it undergoes a 500-fold faster deprotonation by
hydroxide ion. Consequently, the value of kg for depro-
tonation of5 falls close to the correlation line shown in Figure
6 whereas lodyo for 6 lies 1.6 units above this lin®. These
data show that the cationic substituentsbeand 6 lead to a
similar reduction in £, over that for a simple ketoA® but

that the cationic substituent @tresults in a significantly smaller
intrinsic barrier to proton transfer to hydroxide ion. This suggests
that placement of a cationic group close to a formal carbanionic
carbon (as at the enolate 6f favors localization of negative
charge at this carbon and results in a reduction in the Marcus
intrinsic barrier to proton transfer.

Enzymatic Catalysis of Deprotonation of Amino Acids.
A variety of enzyme-catalyzed racemization reactions proceed
by abstraction of the:-proton of an amino acid to give an amino
acid enolate, followed by protonation of this enolate to give

(75) Lee, I.; Chung, D. S.; Jung, H. Jetrahedron1994 50, 7981—
7986.

(76) Richard, J. PTetrahedron1995 51, 1535-1573.

(77) Richard, J. P.; Amyes, T. L.; Williams, K. B2ure Appl. Chem.
199§ 70,2007—2014.

(78) Richard, J. PJ. Org. Chem1994 59, 25-29.

(79) Richard, J. PJ. Am. Chem. S0d.989 111, 1455-1465. Amyes,
T. L.; Stevens, I. W.; Richard, J. B. Org. Chem1993 58, 6057-6066.
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the epimeric or racemic amino aciti?>-26.8081The results of

our work suggest two related roles for an enzyme catalyst in
optimizing the inherently strong electrostatic stabilization of
these enolates from interactions between the closely spaced
positive ammonium group and the negative charge of the enolate
oxygen.

(1) The most abundant form of amino acids at physiological
pH is the zwitterion and there is a requirement for activation of
these species toward enolization by protonation of the carboxy-
late group to give the cationic form. We propose that amino
acid racemases bind the more abundant zwitteribhyNCH-
(R)CQ;~,82and activate the bound zwitterion toward enolization
either by preequilibrium proton transfer to form enzyme-bound
*tH3NCH(R)CQH or by formal general acid catalysis at the
carbonyl group>—28 Brgnsted acid catalysis of enolization will
be favored if binding of the substrate induces a downward shift
in the K, of the catalytic acidic residue at the enzyme to a
value below the pH of the solutidH.

(2) A nonpolar active site will favor enzymatic catalysis of
amino acid racemization by providing a medium of low effective
dielectric constant that maximizes stabilization of the zwitteri-
onic enolate intermediateHsNC~(R)CO;H by intramolecular
electrostatic interactions. There is an enormous dependence on
the medium of the NMg" substituent effect on the oxygen
acidity of carboxylic acids. The addition of a NMegroup to
acetate ion results in only a small decrease in the basicity of
the carboxylate group in wateAG,, = —4 kcal/mol ApK, =
2.9, Chart 1); but it results in a very large decrease in gas-

nphase basicity, from 348.5 kcal/mol for @B, to 239.3 kcal/

mol for TMesNCH,CO,~, AGy = —109 kcal/mol (Scheme
7)2991The large difference in the substituent effects in the gas
phase and water reflects the much larger free energy of solvation
of an ammonium cation and a carboxylate anion when these
groups are placed at separate moleculeSg,,<, than when
they are placed in the same molecule to give a formally neutral
zwitterion, AGso” (Scheme 7).

We suggest that there is a similar influence of the medium
on the effect of am-NRs™ group on the ionization of carboxylic
acids at carbon, so that the transfer of amino ac¢idsNCH-
(R)CQO;H from water to a nonpolar environment in an enzyme
active site will stabilize the zwitterionic enolat&lsNC~(R)COH

(80) (a) Fisher, L. M.; Albery, W. J.; Knowles, J. Riochemistryl986
25, 2529-2537. (b) Belasco, J. G.; Albery, W. J.; Knowles, J. R.
Biochemistry1986 25, 2552-2558.

(81) Glavas, S.; Tanner, M. Biochemistry1999 38, 4106-4113.

(82) For example, theky, of the carboxylic acid group of proline cation
is 2.083 Therefore, at pH 8, the fraction of proline present in the reactive
cationic form is only 106 and the limiting rate constant for reaction of
proline would bekealKm < (1076)(10° M~1s71) = 16 M1 s1, where 16
M~1 s71is an estimated rate constant for a diffusion-limited enzymatic
reaction* However, a much larger rate constankgffKm =7 x 10° M~
s 1is observed for racemization of andL-proline by proline isomerase,
which shows that the substrate for this enzyme is proline zwittéffon.

(83) Jencks, W. P.; Regenstein, J. Handbook of Biochemistry and
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