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Abstract: Equilibrium constants in D,O were determine

d by *H NMR analyses for formation of imines/

iminium ions from addition of glycine methyl ester to acetone and from addition of glycine to phenylglyoxylate.

First-order rate constants, also determined by *H NMR,

solvent D,O and the a-amino carbon of glycine methyl

are reported for deuterium exchange between
ester and glycine in the presence of increasing

concentrations of ketone and Brgnsted bases. These rate and equilibrium data were used to calculate

second-order rate constants for deprotonation by DO~ an
ketone adducts. Formation of the iminium ion between
phenylglyoxylate and glycine is estimated to cause 7 unit

d by Brgnsted bases of the a-imino carbon of the
acetone and glycine methyl ester and between
and 15 unit decreases, respectively, in the pKy's

of 21 and 29 for deprotonation of the parent carbon acids. The effect of formation of iminium ions to
phenylglyoxylate and to 5'-deoxypyridoxal (DPL) [Toth, K.; Richard, J. P. J. Am. Chem. Soc. 2007, 129,

3013—3021] on the carbon acidity of glycine is similar.

However, DPL is a much better catalyst than

phenylglyoxylate of deprotonation of glycine, because of the exceptionally large thermodynamic driving
force for conversion of the amino acid and DPL to the reactive iminium ion.

1. Introduction

We are interested in characterizing the kinetic and thermo-
dynamic barriers for deprotonation of tieeamino carbon of
amino acids 2 and peptidesin water and in understanding the
mechanism by which enzymes lower these barriers in catalysis
of deprotonation of amino acid€. There are enzymes which
catalyze deprotonation of amino acids such as aldhine,
glutamate?~19 and diaminopimelafé without any assistance
from an electrophilic cofactor to stabilize negative charge at
the a-amino carbon. The results of experimeritaf?13com-
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putationalt® and X-ray crystallographic studi€sare converging

to show that the conversion of the protein-bound amino acid to
the zwitterionic carbanion reaction intermediate is strongly
favored by catalysis at a nonpolar enzyme activeSsite.

Pyridoxal 3-phosphate (PLP) is an extraordinary electrophilic
catalyst of carbon deprotonation @famino acids in watet}15
and at enzyme active sitésThe first step in the mechanism
for covalent catalysis by PLP is formation of an imine between
the amino acid and PLP. Formation of this adduct labilizes all
of the bonds of thex-imino carbon, because heterolytic bond
cleavage with loss of H CO,, or R" gives a carbanion that is
strongly stabilized by delocalization of negative charge onto
the pyridine ring of the cofactor.

The presence of the pyruvoyl prosthetic group at enzymes
that catalyze decarboxylation of amino acids suggests that this
ketone is an effective electrophilic catalyst of reactions that
proceed througlu-amino carbanion intermediatés2° How-
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ever, there is little known about the relative advantage for
electrophilic catalysis of deprotonation of amino acids by simple
carbonyl compounds and by PLP, because there have been fe
model studies of such catalysis by the former electropRités.

We have reported that the simple ketone acetone possesses a

significant fraction of the power of PLP as a catalyst of the

clidine and 3-chloroquinuclidine and the hydroxyl proton of 3-quinu-
clidinol were exchanged for deuterium, as described previously, before
preparing solutions in ED.2* Phenylglyoxylic acid, methoxyacetic acid,
HFIP, and TFE were dissolved directly in®, which resulted in<1
atom % increases in the protium content of this solvent. Phosphate
buffers were prepared by mixing stock solutions ePRO, and KD»-

PO, in D,O atl = 1.0 (KCI) to give the desired acid/base ratio. Acetate
buffers were prepared by dissolving the basic form of the buffer in
D0 that contains KClI followed by addition of DCI to give the desired
acid/base ratio dt= 1.0 (KCI). Buffers of methoxyacetate, HFIP, and
TFE were prepared by dissolving their acidic forms and KCI g@©D
followed by addition of KOD to give the desired acid/base ratib=at

1.0 (KCI). Solutions of quinuclidine, 3-quinuclidinol, and 3-chloro-
quinuclidine cations in phosphate buffer at pb7.6 were prepared

by mixing the tertiary ammonium ionl & 1.0, KCI) and phosphate
buffer ( = 1.0, KCI) ard 1 M KCI to give 0.1 M buffer.

The pH and pD were determined at 26 using an Orion model
720A pH meter equipped with a Radiometer GK2321C combination
electrode foL = 0.79) or an Orion model 350 pH meter equipped with
a Radiometer pHC4006-9 electrodes( = 0.78). Values of pD were
obtained by adding 0.4 to the observed pH meter reatinhe
concentration of deuterioxide ion at any pD was calculated using eq 1,
whereK,, = 107148 is the ion product of deuterium oxide at 2&
and yo. is the apparent activity coefficient of DOunder our

V\tlexperimental condition&!?>

10PPPKw

[bo1= YoL

@

deprotonation of amino acids, because of the strong carbon

acidity of the iminium ion adduct-H (Chart 1)? We report
here the full results from our earlier communication and
extensive new data for Br@gnsted base catalysis of deprotonatio
of 1-H and for catalysis of deprotonation of glycine by
phenylglyoxylate (Chart 1). A comparison of data for catalysis
of the deprotonation of glycine by phenylglyoxylate and for
catalysis by 5deoxypyridoxal (DPL}® shows that thei-amino
carbon acidity of adducts to phenylglyoxylat-id, Chart 1)
and to DPL are similar. In other words, the problem of
increasing the acidity of the-amino carbon of amino acids
may be solved by formation of iminium ion adducts to carbonyl
compounds with structures much simpler than that for PLP. On
the other hand, we find that DPL is a much better catalyst of
carbon deprotonation than phenylglyoxylate at pD 7, so that

2.3.'H NMR Analyses.*H NMR spectra at 500 MHz were recorded

in DO on a Varian Unity Inova 500 NMR spectrometer or a Bruker
nAMXSOO NMR spectrometer as described in previous weié®27In

all cases, the relaxation delay between pulses was at least 10-fold longer
than the longest relaxation time of the protons of the substrates being
examined {1 = 4 s for glycine methyl ester and glycine). Spectra were
obtained with a sweep width of 2600 Hz, a°96ulse angle, and an
acquisition time of 6 s. Baselines were corrected for drift before
integration of the peaks. Chemical shifts are reported relative to HOD
at 4.67 ppm or (Ch):N* at 2.94 ppm.

2.4. Determination of Equilibrium Constants. The position of the
equilibrium for formation of imines to glycine and glycine methyl ester
was determined byH NMR analysis at 25C. The formation of the
imine of glycine methyl ester was monitored in solutions that contained
0.1 M glycine methyl ester and 3.0 M acetond & 1.0 (KCI). The
formation of the imine of glycine was monitored in solutions that

there are other properties of PLP, which confer upon it a unique .,niained 0.42.0 M glycine, 0.8 M phenylglyoxylate &t= 1.0 (KCI).

role as a cofactor in catalysis of bioorganic reactions.

2. Experimental Section

2.1. Materials. Deuterium chloride (37 wt %, 99.5% D), potassium
deuterioxide (40 wt %, 98+ % D), deuterium oxide (99.9% D),
acetoneds (99.9 atom % D), glycine methyl ester hydrochloride,
quinuclidine hydrochloride, 3-quinuclidinol, 3-chloroquinuclidine hy-
drochloride, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), and 2,2,2-trif-
luoroethanol (TFE) were from Aldrich. Glycine and phenylglyoxylic

acid were purchased from Fluka. The 3-substituted quinuclidines were

purified by recrystallization from the following solvents: quinuclidine
hydrochloride, ethanol; 3-quinuclidinol, acetone and 3-chloroquinucli-
dine hydrochloride, 1:1 (v:v) methanol/propanol. All other chemicals
were reagent grade and were used without further purification.

2.2. General MethodsThe acidic protons of glycine, glycine methyl
ester hydrochloride, ¥1PQ,, KH,PO,, the hydrochlorides of quinu-

(21) Owen, T. C.; Young, P. R., JEEBS Lett.1974 43, 308-312.
(22) Young, P. R.; Howell, L. G.; Owen, T. @. Am. Chem. Sod.975 97,
6544-6551.
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The pD was maintained by use of 0.10 M of the following buffers:
methoxyacetic acid, pD 3-34.8; acetic acid, pD 4:56; phosphate,

pD 6.2-8; HFIP, pD 8.9, and TFE, pD 213. Glycine methyl ester
served as the buffer for experiments at p08. Hydrolysis of the ester

at pD < 8.8 was not significant{6%) during the cal h time needed

to record NMR spectra, but the breakdown of the ester at higher pD
prevented the determination of equilibrium constants for imine/iminium
ion formation.

X-Dl A
[Gly][Ketone] & [Ketone]

(Kadd)obsd:

(23) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188—190.
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Values of the observed equilibrium constaff)onsa(M 1) for imine ~ 43
formation were determined from the ratio of the integrated areas of
the peaks for the methylene protons of the imine prodééﬁz'f), and 42
of the reactant glycine or glycine methyl este!kﬁ{&z, eq 2). The ’
relative equilibrium concentration of the glycinphenylglyoxylate
imine at pD> 8 was determined 24 h after mixing the reactants in 411
order to ensure that chemical equilibrium had been reached. The rate T T T T T T
of phenylglyoxylate-catalyzed exchange of theCH, hydrogen of 2 4 6 8 10 12
glycine for solvent deuterium at pD 323 is similar to the rate of pD

imine formation. HoweverH NMR analysis shows that deuterium  rigire 1. The dependence on pD 0Bdi)obss (ppm) for the —CH,—
enrichment of thew-CH, groups of glycine and of the phenylglyoxylate  hydrogen of the imine formed in 4D that contains: W), 0.1 M glycine
imine are the same within experimental error. Therefore, there is no methyl ester ath 3 M acetone;®), glycine (0.1-2.0 M, depending upon
detectable enrichment of either species with deuterium, and the ratio the pD), and 0.8 M phenylglyoxylate at 26 andl = 1.0 (KCI). The solid
of the concentrations of glycine and its imine to phenylglyoxylate anion Icllr:if/ :g?c"’"r tgshfgn?;t:r:)data to eq 7 derived for SchemMp ¢r to eq 8
may be determined as the ratio of the sum of integrated peak areas for ’
the —CH,— and —CHD— groups from*H NMR analyses.

2.5. Kinetic MeasurementsAll deuterium-exchange reactions were
carried out in RO at 25°C and|l = 1.0 (KCI). The reactions were
initiated by preparing solutions of the carbon acid, ketone catalyst, and
the buffer at the same pD amé= 1.0 (KCI) and mixing these reagents
to give a final carbon acid concentration of 15 mM. A slow downwar
drift in the pD was observed during the deuterium exchange reactions
of glycine methyl ester, due to the competing hydrolysis of the éster.
The pD of these solutions was monitored and maintained within 0.05
unit of the initial value by the addition of an aliquof a 2 M KOD
solution. An even slower increase (0.03 units in two weeks) in pD was
observed during deuterium exchange of glycine catalyzed by phenylg-
lyoxylate in the presence of lowest concentrations of buffer. No new
major signals were detected By NMR, and no significant deviation
was observed in the kinetic plots of data for this reaction.

The exchange for deuterium of the fitstH of glycine and of glycine . . )
methyl ester was followed by monitoring the disappearance of the hydrolysis reaction of glycine methyl ester by acetone.
singlet due to the-CH,— group of the substrate and the appearance
of the upfield-shifted triplet due to the CHD— group byH NMR Koy = & (5)
spectroscopy at 500 MHz, as described in previous Wdkactions ( Av:H2 1)

halftimes for the hydrolysis reaction. The values lak = 2kgpsg
(Scheme 1) were determined from the integrated areas of the singlet
due to thea-CH, group of glycine and the triplet due to theCHD

d group of glycine using eq 5, whekgq is the first-order rate constant

for hydrolysis of glycine methyl ester under the conditions of the
experiment. The values &fyq were calculated from eq 6, whefig:

is the fraction of substrate present in the reactive N-protonated form,
and using the second-order rate constakign for general base
catalysis of the hydrolysis reaction (Table S1 of the Supporting
Information) calculated from data reported in part in earlier waogk.
control experiment at pD 6.6 showed that there is no chand®ydn
(£5%), for reaction in the presence of a fixed concentration of
phosphate buffer, as the concentration of acetone is increased from 0
to 0.2 M. This shows that there is no significant catalysis of the

were monitored during the exchange for deuterium of 20% of the 2P )

first o-H of the substrate, and the reaction progr&syas calculated

using eq 3, wherdc, andAcyp are the integrated areas of the peaks kiya= > (ke)nyd By (€)

for the a-CH, and thea-CHD groups, respectively. Observed first- 3

order rate constants for exchange for deuterium single proton of

the a-CH, group of the substratdesss (S°3), were determined from  3- Results

the slopes of Iinear_ semilogarithmic plots Bfagainst time (eq 4)._ 3.1. Equilibrium Constants for Imine Formation. Figure

The values of the_ first-order rate constant for e>i(ihange of the first 1 (W) shows the change with changing pD if’b(lz)(l)bsd (ppm)

On:‘igg'; g;i:oltg gvezmonc’demerated produc (s™), were deter- of the signal for theo-CH, group of 1/1-D (Scheme 2) that
x bsd forms in D,O that initially contains 0.1 M glycine methyl ester

Ac and 3 M acetone at 25C andl = 1.0 (KCI). The signal for the
R=——2 (3) o-CH, group moves from 4.18 ppm at pD 8.8 to 4.73 ppm at
Ach, + Acrp pD 4.5, because of protonation of the imino nitrogen. The solid
InR= —Ked (4) line in Figure 1 shows the nonlinear least-squares fit of the data

to eq 7, derived for Scheme 2, where ég),) = 4.73 anddg,

. . 2
The rates of the deuterium exchange and hydrolysis reactions of — 4-18 ppm are the chemical shifts of ttxeCH, group observed
glycine methyl ester in the presence of acetone are similar at pD 7.6.at extreme low and high pD, and (bKd:-o = 1073 is
The deuterium enrichment of the glycine product of the hydrolysis determined by treating this acidity constant as a variable
reaction was determined byH4 NMR analysis after more than 10  parameter (Scheme 2).

J. AM. CHEM. SOC. = VOL. 130, NO. 6, 2008 2043
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Table 1. Equilibrium Constants in D,O for Addition of Glycine Methyl Ester to Acetone (Scheme 2) and for Addition of Glycine to
Phenylglyoxylate (Scheme 3)2

ketone amino compound imine p(Ka)ay ° p(Ka)x-n © Kagg IM~1
(CHg),CO*® TD3NCH,COOCH; 1-D 8.48 7.304+ 0.04 (3.3 0.4)x 1073
D,NCH,COOCH; 1 (5.0£0.8)x 1072
CgHsCOCOO f TD3NCH,COOD 2-D; 2.76+ 0.09
TD3NCH,COO~ 2-D 10.35 6.19+ 0.04 (1.0+£0.1) x 104
D,NCH,COO~ 2 1.50+0.01

aAt 25 °C andl = 1.0 (KCI).? The acidity constant of the amino acid in® at 25°C andl = 1.0 (KCI) determined by potentiometric titratidn.
¢ Apparent acidity constants inoD at 25°C andl = 1.0 (KCI), determined by NMR titration as described in the t&&quilibrium constant for the addition
of the amino acid to the corresponding carbonyl compo@uilibrium constants defined by Scheme’ Equilibrium constants defined by Scheme 3.

Figure 1 @) also shows the change with changing pD in for the sake of simplicity. However, there are insufficient data
(5CHz)§bsd (ppm) of the signal for ther-CH, group of2/2-D/2- to distinguish this from protonation of tleimino carboxylate.
D, (Scheme 3) that forms in O that initially contains glycine
(0.1-2.0 M depending upon the pD) and 0.8 M phenylglyoxy- dcn, (Ko + 0ch, 35

o ot R _ o : (Ock)obsa= : (7
late at 25°C and| = 1.0 (KCI)?® The chemical shift of the CHyobsd (K)1_p + ap)
o-CH; group changes because of protonation of the imine
nitrogen and of the amino acid carboxylate groups. The solid (
line shows the fit of these data to eq 8, derived for Scheme 3,

2
6CH2)0bsd -

ééHz (Kd2-p(Kgzp, T (Ka)z 0, T Oen DZaD

whereog, 2 = 451,05, = 4.33, andbg,, = 4.11 ppm are the 8)

IH NMR chemical shifts for the-CH,— gzroup of the different ((KB)Z*D(KE)Z*DZ + (KB)Z*DzaD + aD)

ionic forms of 2, and Ka)2-p, and Kai).-p are the acidity ap + (Ka)XD)

constants for2-D, and 2-D (Table 1) determined from the  (Kagdobsa= (Kagdx—o|lo——o v — 9)
ap 1t (Kdayp

nonlinear least-squares fit of the experimental data to eq 8. There
is a relatively large uncertainty in the value &J>-p, because

of the limited data for imine formation at low pD (Figure 2).
Scheme 3 shows protonation of the glycine carboxyla@ Df

The apparent equilibrium constant&afgopsa (M™1) for
addition of glycine methyl ester to acetone, or for addition of
glycine to phenylglyoxylate, to form the corresponding imines

2044 J. AM. CHEM. SOC. = VOL. 130, NO. 6, 2008
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log (K, 44)opsa

Figure 2. Logarithmic dependence df{qdobsa(M 1) on pD for conversion
of glycine and glycine methyl ester to the corresponding imines,d B
25°C andl = 1.0 (KCI). (Key) Reaction of glycine with phenylglyoxylate
(®). The solid line was calculated using eq 9 £X2) and the equilibrium
constants from Table 1. Reaction of glycine methyl ester with acetape (
The solid line was calculated using eq 9 €X 1) and the equilibrium
constants from Table 1. Reaction of glycine withdgoxypyridoxal in HO
(-)_15

in D,O at 25°C were determined byH NMR analysis as
described in the Experimental Section. Figure 2 shows the
change, with changing pD, in ldg{qdonsafor addition of glycine
methyl ester to acetonaj or of glycine to phenylglyoxylate
(®). The line through the triangles shows the fit of data for the
first reaction to eq 9X = 1), derived for Scheme 2, using
(Ka)MeOGIyD =33x10° M,l (Ka)l—D =50x 108M (Table

1) and Kadd1-p = 0.0033 Mt determined for the formation

of the iminium ion at low pD. The line through the circles in

7 -
S

/10

€x

k

k /10% s

T -1
(kg)opsa /107" s

0.0 0.1 0.2
[buffer]. /M

6.0 |

30

Figure 2 shows the fit of data for the second reaction to eq 9

(X = 2), derived for Scheme 3, using4cyp = 4.5 x 10711 0-00 5 oo oa 06
M, (Ka)2-p = 6.5 x 1077 M (Table 1) and values oKGdd2= ' ' ' '

1.50 Mt and Kaddz-p = (1.04 0.1) x 104 M~1 determined [acetone] /M

for the reaction at low and high pD, respectively. Figurdl? (  Figure 3. (A) Dependence okex (s™) for exchange of the firsti-proton

also shows values 0Kgggobsa for addition of glycine to 5 of glycine methyl ester in the presence of acetone on the total concentration
deoxypyridoxal determined in earlier wokk. of acetate buffer (pB= 5.56) in D,O at 25°C andl = 1.0 (KCI). (Key)

@) 0.05 M acetone;¥) 0.10 M; @) 0.25 M; (a) 0.50 M. (B) D d
3.2. Rate Constants for Deuterium Exchange. 3.2.1. @ acetone:\) & @) (B) Deperidence

! ! : of the intercepts of the linear correlations in Figure 3®) ©n [acetone].
Catalysis by Acetone The exchange for deuterium of the first  The slope of Figure 3B givek{)onsa (M1 s72) for the acetone-catalyzed
o-proton of the methylene group of glycine methyl ester 4©D deuterium exchange reaction at pD 5.56. (C) Dependence of the slopes of
at 25°C andl = 1.0 (KCI) was followed by!H NMR (500 the linear correlations in Figure 3Ad)onsa ON [acetone]. The slope gives

S . . (k;) psd (M2 s71) for a termolecular acetone and buffer-catalyzed deute-
MHz) as described in previous wotK.Figure 3A shows the om Zxchange reaction at pD 5.56.
linear dependence dfex = 2Kopsg (Scheme 1) on the total
concentration of acetate buffer (pD 5.56) for reactions in the
presence of increasing [acetone]. The intercepts of these

correlqﬂons are equal té, = ky fip (s, Table 2) for Equation 12, which can be simply derived from eq 10 and 11,
deut_enum exch_ange catalyzed by the solvent, Wh‘_efe_'s_ the . shows the relationship betwedq,\onsaandk,, for deprotonation
fraction of glycine methyl ester present as the iminium ion - ¢4 by the solvent BO. Substitution of Ku)obsa = 2.7 x
adduct1-D (eq 10,X =1, derived for Scheme & andk,, is 108 M-isL, (Kaad1_o = 0.0033 ML, (K)oy_o = 3.3 x 109

the apparent first-order rate constant for the solvent reaction. M and ap =’1(Ta5,56 M into.eq 12 gi\;e§<w 7 892 '106 sL

1 : .
3BT.he|P|°t ofk_l.ir(]s ’ITab"? 2) agallnst [ﬁcetone] shown in Figure The same analysis of data for reactions in phosphate buffers at
is linear. The slope is equal to the apparent rate constantpD 7.64 and 6.61 (Table 2) givég = 9.3 x 104 s ! andky

— 4 o1 i i _

(28) There is little hydration of the carbonyl group of phenylglyoxalatd %) =1.0x _10 S5 respectlvely. Flglljre 4() ShOWS the pD

because only 5% of pyruvate anion is hydrated in water [Esposito, A.; rate profile of logk, for deprotonation ofl-D in D,O. The

Lukas, A.; Meany, J. E.; Pocker, an. J. Chem1999 77, 1108-1117]

and the phenyl for methyl group substitution at pyuvate is expected to cause

the same ca. 130-fold decrease in the equilibrium constant for hydration (29) Derived by assuming that the concentration of imine/iminium ion is

observed for acetaldehyde [Guthrie, J.JPAm. Chem. So00Q 122 negligible because less than 1% of the amino acid is converted to the imine/

5529-5538]. iminium ion adduct in the presence of 0.5 M acetone atpB.

1 1

(Ku)obsd = 2.7 x 108 Mt s1 for acetone-catalyzed deproto-
nation of glycine methyl ester by solvent at pD 5.56 (eq 11).
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Figure 4. pD-rate profiles ok, (s™1) for exchange for deuterium of: (a)
(@), the firsta-CH,— hydrogen ofl-D; (b) (a), the firsta-CH,— hydrogen
of 2-D, (c) (M), the firsta-CH,— hydrogen of N-protonated glycine methyl ) . .
ester! (v), the firsta-CH,— hydrogen of N-protonated glycire. 0.0
0.00 0.05 0.10 0.15
Table 2. Rate Constants for Exchange of the First a-Proton of [buffer], /M
T

Glycine Methyl Ester in the Presence of Acetone and Phosphate
or Acetate Buffers in D,O2

Figure 5. Dependence dfex (s71) for exchange for deuterium of the first
a-proton of glycine in the presence of phenylglyoxylate on the total

.
base  pD locetone] /- Kl Ut (Kaf (], concentration of phosphate buffer at pb7.65 in D0 at 25°C andl =
= " S - 4 1.0 (KCI). Key: @), 0.1 M phenylglyoxylate;¥), 0.20 M; @), 0.25 M;
EIE)B?: L B4 001 3107 29x10° 27x10°¢ 11x10 (a), 0.40 M; (#), 0.50 M.
002 41x107 3.9x10°
005 49x107 7.4x 107 i i i
010  6ox107 13x 105 reaction catalyzed by buffer at t.he given concentration of
6.61 0.02 47 10° 1.1x10° 3.3x 107 45x 105 acetone, wherekg);-p (M~ s1) is the second-order rate
8-23 g-gi igi iii 1&2 constant for deprotonation d£D by the buffer base anfg is
020 1.4x 107 9.1x 10° the fraction of the catalyst in the basic form. The values of
gysfgg@ 556 005 37107 82x107° 2.7x107° 1.6x 10° (ke)obsgincrease linearly with [acetone], as shown in Figure 3C.
010 5.6x10° 1.4x 107 The slope of this correlation is the apparent third-order rate
025 85107 38107 constant for deprotonation of glycine methyl ester catalyzed by

a At 25°C andl = 1.0 (KCI). ® Apparent K,'s of the conjugate acids
in D20 at 25°C andl = 1.0 (KCI)2* ¢ Apparent first-order rate constants
for deuterium exchange, determined as the intercepts of pldis ¢

acetone and acetate aniomkg)ppsa = 1.6 x 106 M2 s71
(Table 2). Substitution of ké)obsd into eq 14 along with
(Kagd1-p = 0.0033 ML, fg = 0.75, Kay-b = 3.3x 10°M

against [bufferf.  Apparent second-order rate constants for buffer-catalyzed andap = 107556 M gives kg)1-p = 6.5 x 104 M1s1for

deuterium exchange, determined as the slopes of pldts¢§1) against . .
[buffer]y. ¢ Apparent second-order rate constants for acetone-catalyzed deprotonation ofl-D by acetate ion (Scheme 2).
deprotonation of glycine methyl ester determined as the slopes of plots of

k, against [acetone].Observed third-order rate constants for buffer- (K a)

catalyzed deprotonation of glycine methyl ester, determined as the slopes (k;) bsd 1+ Vd/Gly-D

of plots of (kg)obsd@gainst [acetone]. (kB) . obs (14)
solid line of unit slope shows that deprotonationlsb is by 1-b fo(Kagd 1o

DO~ ((kpo)1-p, Scheme 2). The nonlinear least-squares fit of
the data to eq 13, whetg, = 1071487 M2 s the ion product of
D,0 at 25°C, andyo. = 0.79 is the apparent activity coefficient
of DO~ under our experimental conditions, givégd)1-p =
13,000 M1 s71 for deprotonation of.-D by DO~ (Scheme 25%.

_ (Kagdx—plKetone]

fy_~= 10
xb 1+ (Ka)GIy-D) ( )
ap
ko = (Ki)obsdKetone]= Kk, fy _p (11)
<m>obsﬂ(1 - _(Ka>aeD|y-o)
= 12
T Kb a2
logk, = Iog(—(kDO)l_DKW +pD (13)
YoL

A similar treatment of the data for the reactions catalyzed by
phosphate buffers at pD 7.64 and 6.61 (Table 2) gives the values
of (k;)obsd reported in Table 2. Substitution of these values of
(ky)obsa into eq 14, as described above for the reactions
catalyzed by acetate ion, gives valueslgf{-p = 4.7 x 1072
and 4.8x 1072 M1 s7! for reactions at pD 7.64 and 6.61,
respectively, for deprotonation df-D by phosphate dianion.

Values ofkex (s71) for the exchange for deuterium of the first
o-proton of glycine methyl ester at pD 7.64 (0.1 M phosphate
buffer) in the presence of acetone and quinuclidine, 3-quinu-
clidinol, or 3-chloroquinuclidine are reported in Table S2 of
the Supporting Information. Table 3 reports values@)dpsd
(M~1 s79) for catalysis by these tertiary amines of deuterium
exchange into glycine methyl ester that were determined from
the slopes of linear plots (not shown) ki against the total
concentration of the acidic and basic forms of the amine. Values
of (kg)1-p (M1 s71) (Table 3) were calculated from the values

The slopes of the correlations in Figure 3A are equal to of (ks)obsa @S described above for the acetate anion-catalyzed

(ks)obsa= (kg)1-p fs f1—p (Table 2) for the deuterium exchange
2046 J. AM. CHEM. SOC. = VOL. 130, NO. 6, 2008

reaction.



Effect of Iminium lons on Carbon Acidity of Glycine

ARTICLES

Table 3. Rate Constants for Exchange of the First a-Proton of Glycine Methyl Ester in the Presence of Acetone and 3-Substituted

Quinuclidines at pD 7.642

[acetone]/ (Ke)avsa! (KD)obsal (K)o
base pKap ° fz ¢ M M-ts-1d M-2s71e M-1s7tf
quinuclidine 12.1 3.5¢ 10°° 0.01 8.0x 1077 4.6x 10°° 460+ 30
0.02 1.4x 1076
0.05 2.4x 1078
0.10 5.0x 1076
3-quinuclidinol 10.7 8.7% 1074 0.01 1.9x 1076 7.3x 1075 29+ 3
0.02 2.3x 1076
0.05 3.9x 1076
0.10 8.4x 1078
3-chloroquinuclidine 9.7 8.6 1072 0.01 1.4x 1076 9.0x 107 3.6+ 05
0.02 2.6x 1076
0.05 6.5x 1076
0.10 9.5x 1076

an D20 buffered with 0.1 M phosphate at 28 andl = 1.0 (KCI). ® Apparent Ka's of the 3-substituted quinuclidinium catioffs.¢ Fraction of tertiary
amine present in the basic form at pD 7.864©bserved second-order rate constants for quinuclidine-catalyzed deuterium exchange at pD 7.64, determined
as the slopes of plots d{x against the total concentration of quinuclidifé®bserved third-order rate constants for acetone-catalyzed deprotonation
of glycine methyl ester by the 3-substituted quinuclidines at=pd.64, determined as the slope of a plot kf){»sq against [acetone].Second-order rate
constants for deprotonation @fD by 3-substituted quinuclidines determined using eq 14.

Table 4. Rate Constants for Exchange of the First a-Proton of Glycine Catalyzed by Phenylglyoxylate in D,O?@

[PhCOCOO )/
base pD M kols~1d kiste (Ke)opsa/M 15711 (ke)M-ts7t9
DPO2Z~ 7.65 0.10 1.7 1078 1.70x 1073 2.1x 107 2.6x 102
0.20 3.0x 1078 1.50x 1073 4.6x 1077 2.9x 102
0.25 3.3x 1078 1.32x 103 5.2x 107 2.6x 102
(fe¢=0.8) 0.40 6.5¢ 1078 1.63x 103 1.0x 10°® 3.1x 102
0.50 7.6x 1078 1.52x 1073 1.2x 10°® 3.0x 102
pKgp = 7.0° (Kn)av= (1.5 0.2) x 1073 (Ke)ay= (2.84 0.3) x 102
7.05 0.25 1.5¢< 1078 6.0x 104 3.7x 107 3.0x 102
(fs®=0.5) 0.50 3.3x 10°8 6.6 x 104 1.0x 10°® 4.0x 1072
(kw)av =6x 104 (kB)av =3.5x 107
( 6.49 ) 0.50 2.0x 1078 4x 104 5.2x 107 5x 102
fgc=0.2

aAt 25 °C andl = 1.0 (KCI). ® Apparent X, of the conjugate acid in fD at 25°C andl = 1.0 (KCI)! ¢ Fraction of the buffer present in the basic form.
dThe intercept of plots okex against [B} (Figure 5).¢ Apparent first-order rate constants for solvent-catalyzed deprotonatigfDofcalculated from the
values ofk, as described in the texXtThe slope of plots okex against [B} (Figure 5).9 Apparent second-order rate constants for buffer-catalyzed deprotonation
of 2-D, calculated from the values ofkd)onsd@s described in the text.

3.2.2. Catalysis by PhenylglyoxylateThe exchange for 8.0
deuterium of the firsti-proton of glycine was studied inJD
at 25°C andl = 1.0 (KCI) in solutions buffered with potassium
phosphate (pD 6.497.65). Table S3 of the Supporting Infor-
mation gives the observed first-order rate constkatgs™?)
for deuterium exchange in the presence of various concentrations
of phenylglyoxylate and phosphate buffer at pD 6.49, 7.05, and
7.65, determined as described in the Experimental Section.
Figure 5 shows the effect of increasing concentrations of
phosphate buffer at pD 7.65 &g (s™%) for reactions at different
fixed concentrations of phenylglyoxylate. The intercepts of these
linear plots are the first-order rate constakys= ky fo—p (s7%,
Table 4) for solvent-catalyzed exchange at pD 7.65, whege
= (Kadd2-p[phenylglyoxylate] is the fraction of glycine present
as 2-D calculated using eq 10X[ = 2, 1> ((Ka)ely-p/ap)].
Table 4 reports values &, calculated using eq 15, for reactions 8.0 L L L L
at different constant [phenylglyoxylate]. Less data is reported 4 8 12 16
for reactions pD 7.05 and pD 6.49, because the slow deuterium pKyp, + log(p/q)
exchange rea(,:tlons could only be detected at hl,gh [phenylgly- Figure 6. Statistically corrected Brgnsted correlations for deprotonation
oxylate]. The linear plot (not shown) &, (s™*) against [DO] of 1-D (®) and N-protonated glycine methyl esta)(by buffer bases and
was fit to eq 16 to givekpo)2-p = 1.7 x 10* M~1 s71 for DO~ in D;O, where g and p are equal to the number of chemically
deprotonation oR-D by DO~ (Scheme 3) andk{), = 3.1 x equivalent basic.sites in the reactant and equivalent acidic hydrogen in the
104 s 1 for either pD-independent deprotonation2eb or the product, respectively.
kinetically equivalent deprotonation di-D, by DO~ (see
Discussion section).

40t .

log (k,/q) (M"s")
<)

A
o
T

The slopes of the linear correlations in Figure 5 are apparent
second-order rate constantig)ppsa= ks fz fo—p (M1 s71) for

k, = k/fo_p (15) buffer-catalyzed deprotonation of glycine, wheke is the
_ second-order rate constant for deprotonatio@-&f by DPQ2~
Ky = (K)o T (Kpo)o-p[DO] (16) (Scheme 3) anth is the fraction of the buffer in the basic form
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Table 5. Second-Order Rate Constants for Carbon Deprotonation
of 1-D, 2-D and 2-D; in D,0O2

This suggests that DQOis normally so much more reactive than
DOD toward deprotonation af-amino carbon that the reaction

base catalyst PKeo® iminium ion kg/Mts71 ¢ remains first order in [DO] at pD 5-7. We therefore suggest
DO~ 16.6 1-D (1.3+£0.1) x 10 that the new pathway observed at low pD is for deprotonation
2-D (1.7+0.1)x 10¢ of a second ionic form or the substrage,) by DO~ (Scheme
quinuclidine 121 f:gz N(j’égi 267) 10 3). The observed rate constant for this reaction is pD-
3-quinuclidinol 10.7 1-D 29+ 3 independent at pD> p(Ka)2-p, (Table 1) because the decrease
3-chloroquinuclidine 9.7 1-D 36+05 in DO~ at decreasing pD is balanced by the increase in the
DPQ2 7.0 %‘B (g';i 8'? x 1&2 concentration of the strong carbon agidD,. Equation 17 gives
2:D2 ~El:li 0:3§§ 1 the relationship between the apparent pD-independent rate
CH;COO~ 5.0 1-D (6.5+£0.2)x 1074 constant k), and kpo)2-p, for the deprotonation of the minor

« At 25°C andl = 1.0 (KC). Th g dard d ionic form 2-D, by deuterioxide ion. A value okbo)2-p, &~ 3
t25°C andl = 1. . The quoted errors are standard deviations. -1 o1 ;
b Apparent [, of the conjugate acid of the base catalyst ¥ODat 25°C x 108_ M™ s (Table 5) was calculitg;j uzsmg eq 17, the
andl = 1.0 (KCl)2* ©Second-order rate constants for deprotonation of €xperimental value fork()o, Kw = 10744 M?, yoL = 0.78
the iminium ion by the base catalyst, calculated from kinetic data as and Kg)z-p, ~ 1.7 x 103 M (Table 1).

described in the text.

(kDO)Z*DZKW
(Table 4). The values fdgs reported in Table 4 were calculated (K)o = (K2»—p.YoL (17)
from (kg)obsd USINg the appropriate values & calculated ?
from the pD and K, of the buffer catalyst, and,-p = (ke)2-p, @
(Kag92—p[phenylglyoxylate] (see above). The second-order rate ks = (Kg),—p + K. (18)
constants determined for deprotonation2eD are also sum- ( a)Z*Dz

marized in Table 5. . ) . )
The increase with decreasing pD in the apparent second-order

rate constankg for deprotonation o2-D by DPQ? is also
due to the appearance of a second reaction pathway for

4. Discussion

The exchange of the-CH, hydrogen of glycine methyl ester
for deuterium from RO catalyzed by acetone was monitored deprotonation of the strong carbon acD; by DPQ?
at 25°C and neutral pD, as described in earlier wbfkrhere ~ (Scheme 3). Equation 18 gives the relationship between the
is no detectable{1%) catalysis by acetone of the exchange apparent rate constarks and the rate constants for deproto-
for deuterium of thex-CH, hydrogen of glycine after 1-month ~ nation of 2-D ((ke)2-p) and 2-D; ((ks)z-p,) by DPQ?". The
incubation of acetone (1 M) with glycine in,D at pD 7.8 and  Plot (not shown) ofks (M™* s7%) againstap is linear. The
25 °C. Experiments to characterize catalysis of the exchange intercept of this plot gives the second-order rate constant for
for deuterium of thex-CH, hydrogen of glycine by pyruvate, ~ deprotonation of the iminium io@-D by DPQ?", (ks)2-p =
an analogue for the pyruvoyl prosthetic group used in some 2-8 x 1072 M~ s* (Table 5). Combining the slope of this
enzyme-catalyzed decarboxylation reactishi$2 failed be-  Plot with (Kg)2-p, = 1.7 x 107 M (Table 1) gives the second-
cause of the competing bimolecular aldol condensation reactionorder rate constant for deprotonation 2D, by DPQ?",
of pyruvate. Phenylglyoxylate was examined as a model for (ke)2-p, = 1 x 10 M~* s7! (Table 5). There is a very large
pyruvate that lacks acidia-hydrogen atoms. uncertainty in the values of the rate constants estimated for
Reaction Pathways.The kinetic data for acetone-catalyzed deprotonation o2-D; by DO™ and by DPQ?". First, there is
deuterium exchange reactions of glycine methyl ester were fit th€ inherent uncertainty in the value fdfzJ.—p, determined
to a mechanism in which the imirieD undergoes irreversible Py fitting experimental data from Figure 1 to Scheme 3. Second,
deprotonation by DO, the conjugate base of solvent, and by the_re are two carboxylates 2D of uncertain rfelatlve ba§|C|ty
other Brensted bases. Two pathways are observed for depro¥hich may undergo protonation, and our limited experimental
tonation of 2-D by solvent and buffer bases. The dominant data is not sufficient to distinguish between the two different
pathway at pD 7.65 is for deprotonation D by DO~ and forms of 2-Ds. . .
phosphate dianion. The apparent rate constant for the “solvent” Brensted Correlations.The Brgnsted correlgtlon of second-
reaction approaches a limiting value lof = 3.1 x 1074 s71 order rate constantg (M~* s) for deprotonation ofl-D (@)
and the apparent rate constant for the buffer-catalyzed rateShown in Figure 6 was obtained using data from Table 5. The
constant increases as the pD is decreased to 6.49 (Table 4)Slope of this correlation = 0.83+ 0.01, is smaller than the
These observations show that additional pathways are importantvalué of 3 = 0.92 & 0.04 for deprotonation of N-protonated
for the reactions of these bases watat low pD. glycine methyl ester £) determined in earlier Worif.The
Figure 4 @) shows a logarithmic pBrate profile of rate ~ Smaller Bransteds observed forl-D compared with N-
constants, for deprotonation o2-D. The solid line shows the ~ Protonated glycine methyl ester is consistent with a Hammond-
fit of the data obtained using values ¢66), p = 1.7 x 10* type shift to an earlier transition state for deprotonation of the
M1 s and ko = 3.1 x 1074 s for the DO -catalyzed ~ More strongly acidic carbon actd. . .
and the pD-independent reactions, respectively. No similar Eléctrophilic Catalysis of Deprotonation of Glycine. A
upward breaks at pD-57 are observed in the pErate profiles broad goal of this work is to determine the effect of different

for carbon deprotonation of simpler amino acid derivativés. electrophilic catalysts on the carbon acidity of glycine. Chart 2
shows that formation of an imine between acetone and glycine

(30) Richard, J. P.; Williams, G.; O’'Donoghue, A. C.; Amyes, T.J..Am.

Chem. Soc2002 124, 2957-2968. (31) Hammond, G. SJ. Am. Chem. S0d.955 77, 334-338.
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Chart 2 of glycine methyl ester and of glycine, from the relative carbon
0 H o acidity of the iminium ion adducts to these compounds (Chart
@HSN))kOMe CHG?N%OMQ 2). In particular, 5deoxypyridoxal (DPL) is a much better
H cHy catalyst of deprotonation of glycine than is phenylglyoxylate
1-H anion, despite the weaker carbon acidity of the adduct to glycine
kyo M1shy 41 (ref 1) 9 x 10% (ref 2) (Chart 2). Chart 3 shows a comparison of the rate constants for
Pk, 21 14 solvent-catalyzed deprotonation of glycine methyl ester and
) glycine, and the rate constants observed upon addition of a 0.01
O H O H'_—'.l)LOe M ketone catalyst. The first row shows that, despite the strong
o % /l\'%)LOe H N% carbon acidity of the iminium ion adduct, 0.010 M acetone
®H3N >)J\ s H" *H | 0° provides only modest catalysis of deprotonation of glycine
Wy 2H | O 3H methyl ester at pD 7.6, because of the unfavorable equilibrium
Y z constant for imine formation. A 250-fold rate acceleration is
ko M5 45x 105l 1) 11 x 10° 750 (ref 15) observed for catalysis Qf deprotonation of glycine by 0.010 M
o, I 14 - of the much more effective catalyst phenylglyoxylate. However,

this rate acceleration pales in comparison to the 3,000,000-fold

. . acceleration observed for catalysis of deprotonation of glycine
methyl ester causes a healthy 2200-fold increase in the secondby 0.010 M DPL at pH 7.1 Wh()e/re the esFt)imated rate cgnystant

order rate constarkbo for deprotonation of the-amino carbon for solvent-catalyzed deprotonation of glycine is only 8.0-12
by deuterioxide ion. This reflects the ca. 7 unit difference in si1

the carbon acid g, of 21 for N-protonated glycine methyl ester
and of 14 fOI’l-I'I?.aZ P gy y The large difference in the observed catalytic activity of DPL

and phenylglyoxylate is due to the more favorable equilibrium
constant for formation of the imine to the former electrophile
(Figure 2). The imin@-D is only barely detectable Y4 NMR

The formation of the imine between glycine and phenylgly-
oxylate causes a much larger 22 18-fold increase in the
second-order rate constd@b for deprotonation of the.-amino

carbon by deuterioxide ion. This is 50-fold larger than the effect IN Solutions that contain molar concentrations of glycine and
of formation of an imine to the oxygen-ionized form of 0.80 M phenylglyoxylate anion, while the reaction of 0.10 M

5'-deoxypyridoxal (Chart 2). Combininyo = 1.7 x 104 M1 glycine with 0.010 M DPL at pH 7.1_ results_ in _conversion of
s for deprotonation 02-D with an estimated solvent deuterium ~ 80% of the cofactor t@-H, at chemical equilbrium? These
isotope effect okoo/kio = 1.52 giveskio = 1.1 x 10¢ M1 data show that one |mperqt|ve for the strong preference of
s-1for deprotonation of-H by hydroxide ion in HO (Scheme enzyme catalysts_ to use pyridoxatf@hosphate rather than_ the
3). Equation 19 is the linear logarithmic correlation between PYruvoyl prosthetic grouj3*®2°as a coenzyme for catalysis of
kqo and the carbon acidityxy for deprotonation of cationic ~ the reactions of amino acids is the larger affinity of the pyridine

ketones and estefs. cofactor compared with-keto acids for addition to the amino
group to form an imine. This imperative was noted in an earlier
10.2— log ko study of imine formation to PLP2
PRen = (T) (19) We conclude that imines between pyridoxal and amino acids

are strongly stabilized by intramolecular interaction between
This correlation andétyo = 1.1 x 10* M~1 s gives a value of  the pyridine ring, the ring substitutents, and the imino nitro¥en,

pKa = 14 for the carbon acidity o2-H. The carbon acid g, compared to the corresponding intramolecular interactions at
for this iminium ion is 15 units smaller tharKg of 29 for the imines between amino acids and simple ketones and aldehydes.
parent carbon acid glycirfeand smaller even than th&pof There is an extensive literature on imine formation in water.
17 estimated foB-H,.1> By comparison, formation of an imine  However, to the best of our knowledge there has been no
to acetone causes gna 7 unit reduction in thelp, of glycine systematic study reported to rationalize the high stability of
methyl estef. The strong carbon acidity fo2-H shows the imines to PLP compared to imines to simple aldehydes and

extensive stabilization of negative charge of the carbadion ketones. This study is currently in progress in the laboratory at
that is presumably due to delocalization of negative charge ontothe Universidad de Santiago.
the electron-deficient substituents4at

It is important to distinguish the relative absolute reactivity =~ Acknowledgment. We acknowledge the National Institutes
of the parent carbonyl compounds as catalysts of deprotonationof Health (Grant GM 39754 to J.P.R.), and the Ministerio de
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(32) This is the secondary solvent deuterium isotope effect determined for
deprotonation of acetone by hydroxide ion at 5 [Pocker, Y.Chem.
Ind. 1959 1383-1384]. (33) Gout, E.; Zador, M.; Beguin, C. Qlow. J. Chim.1984 8, 243—250.
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Chart 3

(o}

@
D3N
s )%J\OMe
H H

ko (sh 4x 107
pD 7.6
@D N))(])\O@
3
H™ “H
ko (s7h) 6x 10712
pD 7.6

(0.01 M)

1.5x 107

©
0 (0)
Oe ® 2 + \&
(0] 1 H H

H_O

(0.01 M)

1.9 x 1075 (ref 15)
(pH 7.1)

Fund (ERDF) (Grant CTQ2004-06594 to A.R. and J.C.) for N-protonated glycine methyl ester; Table S2 of first-order rate
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Note Added after ASAP Publication. Reference 27 was

changed after ASAP publication of this article on January 17, for deuterium of the firste-proton of glycine in the presence
2008. The current version shows the correct reference.

Supporting Information Available: Table S1 of second-order
rate constantskg)nyg for general base-catalyzed hydrolysis of JA078006C
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constantskey, for exchange for deuterium of the firatproton
of glycine methyl ester in the presence of acetone and buffer
catalysts; Table S3 of first-order rate constakgg,for exchange

of phenylglyoxylate and buffer catalysts. This material is
available free of charge via the Internet at http://pubs.acs.org.



