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Receied May 22, 2001 event, there have peen fgw reports of catalysis qf carbon
Revised Manuscript Receéd July 9, 2001 deprotonation ofx-amino acids by keton&sand no studies of
the mechanism of this reaction.
We wish to report extraordinarily efficient catalysis of depro-

tonation of thea-amino carbon of glycine methyl ester by the
simple ketone acetone that is the result of &fbld larger acidity o™ 8 1
constanKcy for carbon deprotonation of the iminium ion adduct z

R

IH* (pKcy = 14) than for deprotonation d-protonated glycine
methyl esteitGH" (pKcy = 21). ) ] )

The mechanism for enzyme-catalyzed deprotonation of carbon 1 ne observed strong catalysis of deprotonation obtiznino
acids is a subject of some controversy and much intérgke carbon of _glycm_e methyl ester by acetone r_esul@s from activation
bulk of the rate acceleration for enzyme-catalyzed carbon depro-©f the amino acid by formation of the iminium ion addubt™
tonation ofa-amino acids is the result of stabilization of the amino  (Scheme 1). The equilibrium constalifgs = 0.0033 M for
acid enol(ate) relative to the very weak parent carbon avi: formation ofID* from N-protonated glycine methyl est&D™
have shown that the acidity of the-proton of glycine anion ~ a@ndde-acetone in BO at 25°C andl = 1.0 (KCl) was determined
H,NCH,CO," is increased ca. 18fold by the combined effects by monitoring the formation of small amountsll_i)‘_+ by *H NMR
of N-protonation and®-methylation (a model fob-protonation) ~ SPectroscopy (Scheme *£). The apparent acidity constant for
to give *Hs;NCH,CO,Me (GH*).23 1t is well-known that formation ~ 9dlycine methyl ester in BD at 25°C andl = 1.0 (KCl) was
of adducts ofa-amino acids to the complex enzyme cofactor determined by NMR titration ak, = 3.2 x 10°° M and is in
pyridoxal phosphate results in a large increase in the acidity of 900d agreement with our earlier potentiometric vaue.
the a-amino carbort.We now show that the carbon acidity of an The exchange for deuterium of the firstproton of glycine
a-amino acid ester is increased dramatically by formation of the T_Fthy' ester in RO at 25°C andl = 1.0 (KCI) was followed by

iminium ion adduct to the simple ketone acetone. 'H NMR spectroscopy at 500 MHz:!1131Table S1 of the
Carbon deprotonation of glycine methyl ester, monitored by Supporting Informatlon_glves the obsgrved first-order rate con-
following exchange for deuterium of the firetproton in DO, stantske (s72) for deuterium exchange in the presence of various

is second-order in the concentration of 3-quinuclidinone, in concentrations of acetone and buffer catalysts at pD 7.64 and 6.61
contrast to the first-order dependence observed for other generalPhosphate buffer) and at pD 5.56 (acetate buffer) that were
base catalysts such as 3-quinuclidi#®TThis second-order term  determined by published proceduféigure 1A shows the linear
results from bifunctional catalysis by both the keto and amino dependence dfe, (s™*) on the total concentration of phosphate
groups of 3-quinuclidinone, since we have found that the simple buffer (pD 7.64) in the presence of d|ffer9nt fixed concentrations
ketone acetone is also a powerful catalyst of this deuterium of acetone. The slopes of these correlations are the second-order
exchange reaction. The observed rate constant for deuterium@te constantskg)opsa (M~ s7%) for deuterium exchange into
exchange into glycine methyl ester is increased by up to 1000- glycine methyl ester catalyzed by phosphate buffer at the given

fold in the presence of acetone and phosphate béiffenines, concentration of acetone. These data will be discussed in a full
including a-amino acids, provide very effective catalysis of (8) Hine, J.; Kokesh, F. C.; Hampton, K. G.; Mulders JJAm. Chem.
deprotonation of aldehydes and ketones via the formation of Soc.1967 89, 1205-1211.

iminium ion adducts 1, H,').6"° Catalysis of deprotonation of (9) Hupe, D. J.; Kendall, M. C. R.; Spencer, T..AAm. Chem. Sod973

. . ’ - 95, 2271-2278.
a-amlno acids throu_gh this adduct, (Hy) m'ght have been (10) Barry, L. G.; Pugniere, M.; Castro, B.; Previero,|At J. Pept. Protein
predicted, but not with such enormous catalytic power. In any Res.1993 41, 323-325. Parmar, V. S.; Singh, A.; Bish, K. S.; Kumar, N.;
Belokon, Y. N.; Kochetkov, K. A.; Ikonnikov, N. S.; Orlova, S. A.; Tararov,
*To whom correspondence should be addressed. Telephone: 716-645-V. I.; Saveleva, T. FJ. Org. Chem1996 61, 1223-1227.

6800, ext 2194. Fax: 716-645-6963. Email: jrichard@chem.buffalo.edu. (11) *H NMR spectra at 500 MHz were recorded ipdon a Varian Unity
T University at Buffalo, SUNY. Inova 500 NMR spectrometer or a Bruker AMX 500 NMR spectrometer using
*Universidad de Santiago. the operating conditions described in earlier wotk.
(1) Gerlt, J. A.; Kozarich, J. W.; Kenyon, G. L.; Gassman, P.JGAm. (12) Kagawas determined as the slope of a plot of the ratio of the integrated

Chem. Socl1991, 113 9667-9669. Gerlt, J. A.; Gassman, P. & Am. Chem. peak areas for the GHyroups ofiD ™ (4.73 ppm) andGD™ (3.97 ppm) against
S0c.1993 115 11552-11568. Guthrie, J. P.; Kluger, R. Am. Chem. Soc. the concentration of acetone at pB 4.5, where both species are present

1993 115 11569-11572. exclusively in theirN-protonated cationic forms.
(2) Rios, A.; Richard, J. P1. Am. Chem. S0d.997, 119 8375-8376. (13) Amyes, T. L.; Richard, J. B. Am. Chem. Sod.992 114 10297
(3) Rios, A.; Amyes, T. L.; Richard, J. B. Am. Chem. So@00Q 122 10302.

9373-9385. (14) Amyes, T. L.; Richard, J. Rl. Am. Chem. Sod 996 118 3129
(4) Martell, A. E.Acc. Chem. Red989 22, 115-124. 3141

(5) For example, the estimated first-order rate constant for deprotonation (15) Values ofke for reactions at pD 5.56 and 6.61 were determined by
of glycine methyl ester in the presence of 1.0 M acetone and 1.0 M phosphate monitoring the formation of monodeuterated glycine methyl estéHdyYMR.3
buffer at pD 6.61 is 1000-fold larger than the rate constant for the reaction in Values ofke, for reactions at pD 7.64 were determined from the observed

the absence of these catalysts. rate constant for hydrolysis of glycine methyl estegq (s %), and the ratio
(6) Hine, J.; Menon, B. C.; Mulders, J.; Flachskam, RJLOrg. Chem. of the concentrations of fully protonated [gly-H] and monodeuterated [gly-
1969 34, 4083-4087. D] glycine products determined Bid NMR analysis after complete hydrolysis
(7) Bender, M. L.; Williams, AJ. Am. Chem. Sod966 88, 2502-2508. of the ester, according to eq kx = knyd({[gly-H]/[gly-D]} — 0.5) (5).
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Figure 1. (A) Dependence okex (s2) for exchange for deuterium of
the first o-proton of glycine methyl ester in the presence of acetone on
the total concentration of phosphate buffer (pD 7.64) p©Oat 25°C
andl = 1.0 (KCI). Key: @) 0.01 M acetone;¥) 0.02 M; @) 0.05 M;

(a) 0.10 M. (B) Dependence df, (s™1), determined as the intercepts of
the correlations in Figure 1A, on [acetone]. The slope gik@ksa(M 1
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determined under our reaction conditidfd.he data givepo =
13,000 Mt st as the second-order rate constant for deprotonation
of the iminium ionlD * by deuterioxide ion. This can be combined
with an estimated solvent deuterium isotope effedtfkio =
1.46 to givekyo = 9000 M! s for deprotonation ofH * by
hydroxide ion in HO (Scheme 2)2

Equations 3 and 4 describe the observed linear logarithmic
correlation betweekyo and the carbon acidityr of cationic
ketones and estet%.Substitution ofkyo = 9000 M1 s for
deprotonation of the iminium iolH * into eq 4 gives an estimated
value of (Kcy = 14 for deprotonation of the-imino carbon of
IH * to form the enolate zwitterion (Scheme 2). This isk7ymits
lower than fKcy = 21.0 for deprotonation dEH* at thea-amino
carbor?3 Therefore, a modest chemical modification of the amino
acid glycine results in a very substantial movement of tigqd
thea-protons toward physiological pH. The formation of iminium

s1) for acetone-catalyzed deuterium exchange into glycine methyl ester ion adducts between-amino acids and the enzyme cofactor

at pD 7.64. Inset: pD-rate profile for deprotonationlbft. Values of
kv were determined fromk{)onsqUsing eq 1 (see text). The solid line of
unit slope shows the fit of the data to eq 2 which gikes = 13 000
M~1 s71 for deprotonation ofD* by DO".

report. The intercepts are the first-order rate constatsk,, fip

(s™) for deuterium exchange at the given concentration of acetone,

wherefip = Kygdacetonelf 1 + Kyap} (ap = 107PP) is the fraction
of glycine methyl ester present as the iminium ion addDct,'®
and k, = kpo[DO] (s is the first-order rate constant for
deprotonation ofD* by deuterioxide ion (Scheme 1).

Figure 1B shows the dependence of the valuds (1) from
Figure 1A on the concentration of acetone. The slope of this

pyridoxal phosphate also results in a large increase in the acidity
of thea-protons?* Our data show that a large fraction of the effect
of this cofactor on carbon acidity is also observed for the much
simpler iminium ionlH *.

We propose that the large Kpunit effect of iminium ion
formation on the carbon acidity of glycine methyl ester represents
the additivity of two smaller effects: (1) The stabilization of the
enolate by direct delocalization of negative charge onto the
o-imino group (Scheme 2). A similar delocalization of charge
results in a ca. 3-unit lowerlf of 15.2 for the C-2 proton of
3-cyclohexenor@ compared with the I8, of 18.1 for cyclo-
hexanon&®(2) The enhancement of intramolecular electrostatic
stabilization of the enolate anion by interaction with the cationic

correlation is the observed second-order rate constant for acetonenijtrogen when the amino protons 6H* are replaced by an

catalyzed deprotonation of glycine methyl ester by deuterioxide
ion at pD 7.64, Kw)obsa= 2.7 x 106 M~t s7! (eq 1). This was
substituted into eq 1 with,gg = 0.0033 M, K, = 3.2 x 107°

M and ap = 107% M to give k, = 9.3 x 10* st for
deprotonation ofD* by deuterioxide ion at pD 7.64.

Ka
CR—_— ®
e
ap
log k,, = log (@) + pD (2)
YoL
log ko = 10.2— 0.44fK, ®3)
10.2—1
o= o) @

organic fragment to givéH ™. This results in a 3-unit larger
acidifying effect of theoa-NMez™ group at betaine methyl ester
(pKcy = 18.0) than of thex-NHs™ group atGH™ (pKcy = 21.0)3
The large intramolecular electrostatic stabilization of zwitterionic
enolates has been thoroughly documented in earlier #ork.
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5.56 (Table S1) giveky, = 1.0 x 10*M~tstandk, = 8.2 x
106 M1 s7%, respectively. The inset in Figure 1B shows the
linear logarithmic plot of the values &, against pD. The solid
line of unit slope shows the fit of the data to eq 2, whie=
1071487 M2 is the ionization constant of O at 25°C,” andyo,

= 0.79 is the apparent activity coefficient of lyoxide ion
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