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Abstract: The deprotonation of the a-CHs and a-CH,OD groups of hydroxyacetone and the a-CHs groups
of acetone in the presence of acetate buffer and zinc chloride in D,O at 25 °C was followed by monitoring
the incorporation of deuterium by *H NMR spectroscopy, and the rate laws for catalysis of these reactions
by acetate anion and zinc dication were evaluated. Relative to solvent water at a common standard state
of 1 M, Zn?* provides 6.3 and 4.4 kcal/mol stabilizations, respectively, of the transition states for deprotonation
of the o-CH,OD and a-CH3; groups of hydroxyacetone by acetate anion, and a smaller 3.3 kcal/mol
stabilization of the transition state for deprotonation of the o-CHs group of acetone. There is only a 1.4
kcal/mol smaller stabilization of the transition state for the acetate-ion-promoted deprotonation of acetone
by the Brgnsted acid acetic acid than by Zn?*, which shows that, in the absence of a chelate effect, there
is no large advantage to the use of a metal dication rather than a Brgnsted acid to stabilize the transition
state for deprotonation of a-carbonyl carbon.

Proton transfer from carbon acids to Brgnsted bases is aScheme 1

simple chemical reaction that is a vital step of many complex E o
biological processes. Proton transfer is strongly catalyzed by /_{O , ;/O -E
enzymes; however. as for many other simple reactions, there is H R @ R

no consensus about the origin of the enzymatic rate accelera- B: B-H

. A . . _ + 2+
tion1~7 Deprotonation ofi-carbony! carbon gives a delocalized E=BH" or Me

“carbanion” where the negative charge lies mainly at the enolate
oxygen that is derived from the neutral carbonyl oxygen at the
substraté. This negative charge provides a target for stabilization

metal cations or Brgnsted acids to stabilize negative charge that
develops at the enolate oxygen shows that both types of catalysis
by interaction with Brgnsted acids or metal ion electrophiles in '€ Viable, but the imperatives for the observation of catalysis
catalyzed reactions (Scheme 1). by one mechanism rather than another have not been well
There is no obvious pattern in the metal ion requirements of dgflngd. As a result of th.elr high positive gharge density, me’FaI
enzymes that catalyze proton transfer at carbon. For example,d'cat'ons might be predicted to be superior to Brgnsted acids
mannose 6-phosphate isomefaie a metalloenzyme while as electrophilic catalysts of deprotonation of carbétowever,

triosephosphate isomera&and glucose 6-phosphate isometase Brgnsted acid catalysis will be favored when there is a favorable

is not. The observation that enzyme catalysts may use eitherth€rmodynamic driving force for proton transfer to the enolate
oxygen that is partly expressed in the transition state.
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been several studies of metal ion catalysis of the deprotonationScheme 2

of relatively acidic carbon acids such Aswhich are activated K, KassoclZn2*]
CH3C02D - CH}COZ_ + Dt ———= (ACO’ZI’I)+ +D*

N 0} O
w HJ\ HQKKOH in D;0 at 25°C andl = 1.0 (KCI) was determined by assuming that
N Ph the concentration of this complex is equal to the decrease in {AcO
0 H H that can be calculated from the observed decrease in the pD of acetate
1 buffers upon addition of known amounts of Znusing K, = 5.06
for acetic acid in RO.
for proton transfer by a second substituent (e.g., a phenyl group)  solutions of acetate buffer in D at pD 5.70 and = 1.0 (KCI)
and contain a basic site for chelation the metal ionR? By containing Z&* were prepared by mixing KOAc, KCI, and zZnCl
comparison, there are only limited data for metal ion catalysis followed by the addition of DCI to give a final pD of 5.70. The required
of the slower deprotonation of weakly acidiecarbonyl carbon amount of DCI was calculated fronKp = 5.06 for acetic acid and
acids that are relevant models for enzyme-catalyzed deproto-Kassee= 7.0 M™* for formation of the (AcGZn)* complex in DO (see
nation of keto sugark:?° The lack of model studies of metal abgve). Small adjustments of the ipitial pD_of these solution8.10
ion catalysis of proton transfer from simple carbon acids has Unit) were made, as needed, to bring the final pD to 5.70.

1 1 i
impeded discussions of the relative advantages of Brgnsted acidD OH NMF?, Analyses. *H NMR spectra at 500 MHz were recorded in
. . 20 at 25°C using a Varian Unity Inova 500 spectrometer. Values of
and metal ion catalysis by enzymies.

T, = 6 and 7 s, respectively, were determined for t6h€H,0OD and

Both hydroxyacetone and acetone are ideal substrates fora-CHg protons of hydroxyacetone using a solution of 5 mM substrate

studies of metal ion catalysis of the deprotonation of ketones: i, p.o at| = 1.0 M (KCI). These are similar t8, = 6 s reported for
(1) There are literature déter?for catalysis of the deprotonation  the o-CHj protons of acetone determined in chlorofdfSpectra were
of acetone by Brgnsted acids that may be used in combinationrecorded with a sweep width of 6000 Hz, a°fulse angle, and an
with new data for metal ion catalysis to obtain the relative acquisition time of 6 s. The relaxation delay between pulses was at
stabilization of the transition state for proton transfer by least 10-fold greater than the longést for the protons of interest.
interaction with these different electrophiles. (2) A comparison Chemical shifts are reported relative to HOD at 4.67 ppm. Baselines
of metal ion catalysis of deprotonation of acetone and hydroxy- Were subjected to a first-order drift correction before determination of
acetone will provide a simple estimate of the contribution to Mtegrated peak areas. .
catalysis available from chelation of the metal ion by the Small signals of around 1% the area of those for the methyl and
. S . . . methylene protons of the keto form of hydroxyacetone were observed
subst_rate. ®3) Ad_dltlonal insight mto organic react|V|t)_/ and in the region expected for the signals of the methyl and methylene
rt_aact_lon mechanism can b_e obtained from a comparison Ofprotons of hydroxyacetone hydrate.
kinetic data for deprotonation of the-CH; and a-CH,OH Deuterium Exchange ReactionsAll reactions were carried out at
groups of hydroxyacetorté. pD 5.70 in DO at 25°C andl = 1.0 (KCI). Reactions were initiated
by the addition of a small volume of a solution of acetone or
hydroxyacetone in BD to the reaction mixture to give a final substrate
Materials. Hydroxyacetone (Fluka), acetone (Mallinckrodt), ZaCl  concentration of 15 mM.
(Baker), potassium acetate (Aldrich), and all other inorganic salts were ~ The exchange for deuterium of theCHs protons of acetone and
reagent grade or better and were used without further purification. of hydroxyacetone was followed byH NMR by monitoring the
Deuterium oxide (99.9% D) and deuterium chloride (35% w/w, 99.5% disappearance of the singlets at 2.202 and 2.058 ppm, respectively,
D) were purchased from Cambridge Isotope Laboratories. Potassiumdue to thex-CHs; group of the substrate and the appearance of triplets
deuterioxide (40wt %, 98% D) was purchased from Aldrich. (Jup = 2.5 Hz) shifted upfield by 0.016 and 0.018 ppm, respectively,
Preparation of Acetate Buffers Containing Zr?*. Solution pD was due to then-CH,D groups of the products. The exchange for deuterium
determined at 25C using an Orion Model 720A pH meter equipped of thea-CH,OD protons of hydroxyacetone was followed 1y NMR
with a Radiometer GK2321C combination electrode that was standard- by monitoring the disappearance of the singlet at 4.282 ppm due to
ized at pH 7.00 and 4.00. Values of pD were obtained by adding 0.4 the a-CH,OD group of the substrate and the appearance of the triplet
to the observed reading of the pH meter. (Jup = 2.5 Hz) shifted upfield by 0.023 ppm due to theCHDOD
The addition of ZA™ to acetate buffers leads to the formation of a group of the product. These deuterium isotope effectd-bohemical
complex between Zi and acetate anion that results in a decrease in shifts and H-D coupling constants are similar to those for related
the ratio of the concentrations of the basic and acidic forms of the carbon acids that were reported in our earlier w3t

Experimental Section

buffer, [AcO)/[AcOD], and a decrease in solution pD (Scheme 2). Values ofR, which is a measure of the progress of the deuterium
An apparent value ofp, = 5.06 for acetic acid in BD at 25°C and exchange reactiof#,**were calculated according to eq 1 for the reaction
| = 1.0 (KCI) was determined from the measured pD of acetate buffers of a-CHs groups or eq 2 for the reaction of tleCH,OD group of
prepared in the absence of Zn A value of Kassoc= 7.0 M1 for hydroxyacetone. In these equatioAs;;, and Acn, are the integrated

formation of the (AcGZn)* complex between acetate anion and'Zn areas of the singlets due to tkeCHs; and o-CH,OD groups of the
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(17) Maria, P. D.; Fontana, A.; Siani, G.; Spinelli, Bur. J. Org. Chem1998 (26) Amyes, T. L.; Richard, J. Rl. Am. Chem. Sod.996 118 3129-3141.
1867-1872. (27) Richard, J. P.; Nagorski, R. W. Am. Chem. Sod999 121, 4763-4770.
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G. J. Phys. Org. ChenR002 15, 247-257. 9385.
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Murray, B. A.; Walsh, S. MJ. Phys. Org. Chenil998 11, 519-528. 8259

(20) Gracy, R. W.; Noltmann, E. Al. Biol. Chem1968 243 5410-5419. (30) Richard, J. P.; Williams, G.; O'Donoghue, A. C.; Amyes, T.J..Am.

(21) Hegarty, A. F.; Jencks, W. B. Am. Chem. Sod.975 97, 7188-7199. Chem. Soc2002 124, 2957-2968.

(22) Hegarty, A. F.; Dowling, J. P.; Eustace, S. J.; McGarraghy, JMAm. (31) Richard, J. P.; Williams, G.; Gao, J. Am. Chem. S0d.999 121, 715-
Chem. Soc1998 120, 2290-2296. 726.

(23) Hine, J.; Hampton, K. G.; Menon, B. @.Am. Chem. So¢967, 89, 2664 (32) Halkides, C. J.; Frey, P. A,; Tobin, J. B. Am. Chem. Sod.993 115
2668. 3332-3333.

(24) Glasoe, P. K.; Long, F. Al. Phys. Cheml196Q 64, 188—190. (33) Tobin, J. B.; Frey, P. AJ. Am. Chem. S0d.996 118 12253-12260.
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Figure 1. Representative partidH NMR spectra of hydroxyacetone obtained during deuterium exchange in the presence of 0.34 M acetate buffer and 0.12
M added ZA&* at pD 5.70 in RO at 25°C andl = 1.0 (KCI). The exchange for deuterium of the first proton of th€Hs and a-CH,OD groups leads to
disappearance of the singlets at 2.058 and 4.282 ppm, respectively, and the appearance of upfield-shiftedhtripledb(Hz) at 2.040 and 4.259 ppm.

The extent of exchange of the first proton of eCH; and a-CH,OD groups at various reactions times is indicated at the right of each spectrum.

reactant and\cn,p andAchp are the integrated areas of the triplets due Scheme 3

to thea-CH,D anda-CHDOD groups of the product. At early reaction CH,D
times it was sometimes possible to obtain baseline separation for only ke = 3% o]
the most upfield of the three peaks of the triplet due todh€H,D ex — “%obsd CH,0D
group of the product. In these cases, the area of the tripdgtd) was CH /
calculated by multiplying the integrated area of the most upfield peak o 3
by three?® The area of the singlet due to tleCH; group of the CH,0D
substrateAcr,) was then calculated as the difference between the total
integrated area of all the signals due to th€Hs; ando-CH;D groups Kex = 2kopsa CH
and that calculated for the triplet. 0 3
Acy CHDOD
R= 2 (1)
n Ach,p hydroxyacetone obtained during deuterium exchange in the
Act, 2 presence of acetate buffer and?Zrat pD 5.70 in BO at 25
Ac °C andl = 1.0 (KCI). The exchange for deuterium of the first
R=— 2 2) o-CHg proton results in a decrease in the integrated area of the
Ach, t Acrp singlet at 2.058 ppm and the appearance of an upfield-shifted

The reactions of the-CHs groups of acetone and hydroxyacetone
were followed during exchange for deuterium of up to 10% and 30%,
respectively, of the first proton. The reaction of #heCH,OD group
of hydroxyacetone was followed during exchange for deuterium of up
to 60% of the first proton. Semilogarithmic plots of reaction progress,
R, against time were linear with negative slopes equabiq (s, eq
3), wherekopsdis the rate constant for exchange osiagle proton of
the o-CHjs or a.-CH,OD group of the substrate. The valueskgfsqfor
the deuterium exchange reactions of hydroxyacetone were not correcte

for the presence of ca. 1% hydroxyacetone hydrate, because the

correction is much smaller than the uncertainty in the rate constants
for deuterium exchange which we estimate to be better thd%.

INR= —Kypsd 3

Results
Figure 1 shows representative partltell NMR spectra of
5166 J. AM. CHEM. SOC. = VOL. 126, NO. 16, 2004

triplet (Jup = 2.5 Hz) at 2.040 ppm due to tle CH,D group

of the product. The exchange for deuterium of the firstH,-

OD proton results in a decrease in the integrated area of the
singlet at 4.282 ppm and the appearance of upfield-shifted triplet
(Jup = 2.5 Hz) at 4.259 ppm due to tkeCHDOD group of

the product.

First-order rate constankspsq(s™1) for exchange of aingle

c{z/roton of thea-CH3; anda-CH,OD groups of hydroxyacetone

ere determined from the slopes of semilogarithmic plots of
reaction progresR (calculated from eqs 1 and 2, respectively)
against time according to eq 3. The exchange for deuterium of
any of the threen-CHj protons at hydroxyacetone converts the
substrate with a-CHjz group to the product with an-CH,D
group (Scheme 3). Therefore, the first-order rate condtgnt
(s71) for reaction of then-CHz groupis 3-fold larger than the
rate constant for exchange osengleo-CHjz proton, so thakex
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Table 1. First-Order Rate Constants kex (s71) for the Deuterium Scheme 4
Exchange Reaction of a Single a-CH3 Group of Acetone in the CH
Presence of 0.36 M Acetate Buffer and Various Concentrations of Q 2 fast CHoD
Added Zinc Dication? 0 —>0
CH,OD CH,0D
[Zn2*)ofM © [AcOIM® 10%e /5! kex/(

0.000 0.294 5.5

0.040 0.273 5.5 CHs

0.090 0.248 5.9 (o}

0.140 0.224 5.6 CH,0D

0.180 0.207 6.1

2 For reactions at pD 5.70 in4 at 25°C and| = 1.0 (KClI). ® Total k\\ o CHs

concentration of zinc used to prepare the solution?{Zn = {[Zn?"]free X (o) fast CHs
+ [(AcO-Zn)*]}. € The concentration of free acetate anion calculated from CHOD —> 0
the total concentrations of acetate buffer and'Znsed to prepare the CHDOD

solution at pD 5.70 and the values dfp= 5.06 for acetic acid anBassoc
= 7.0 M~ for formation of the (AcGZn)" complex determined in fD at

25°C andl = 1.0 (KCI). of the (AcOZn)™ complex (Scheme 2) determined in® at

25°C andl = 1.0 (KCI) (see Experimental Section).
= Kkobsd (Scheme 3). Similarlykex = 2kopsafor reaction of the

a-CH,OD group of hydroxyacetone to give theCHDOD Discussion

group at the product (Scheme 3). The valuek.gfs™) for the Deprotonation of thea-carbonyl methyl and methylene
deuterium exchange reactions ofsigle a-CH; group of groups of hydroxyacetone and acetone to form the corresponding
acetone were calculated from the value&@fqusing a similar enolates is the rate-limiting step for formation of the mono-
procedure, which was described in our earlier w&rk. deuterated functional groups in,O (Scheme 4342527 There-

Table 1 gives values d&y (s71) for the deuterium exchange  fore the rate constantg, (s™1) for deuterium exchange are the
reaction of asingle a-CHs group of acetone determined in the rate constants for deprotonation of theCHs; and o-CH,OD
presence of 0.36 M acetate buffer and various concentrationsgroups of these substrates.
of added ZA" at pD 5.70 in RO at 25°C andl = 1.0 (KCI). The evaluation of the rate equation for deprotonation of
Table 2 gives values dfe (s71) for the deuterium exchange  hydroxyacetone in agueous solution in the presence of both
reactions of thex—CHz and o-CH,OD groups of hydroxyac- acetate anion and zinc dication is complicated because there
etone determined in the presence of various concentrations ofexist many different pathways for proton transfer. The most
acetate buffer and added Znat pD 5.70 in RO at 25°C and difficult problem is that zinc dication and acetate anion exist
| = 1.0 (KCI). The concentrations of AcQAcOD, free Zi#™, as a mixture of the free ions and the (A&n)™ complex which
and the (AcGZn)* complex present in solution (Table 2) were forms with an association constantifssoc= 7.0 M~1in DO
calculated from the total concentrations of acetate buffer and under our experimental conditions (Scheme 2). The acetate anion
Zn?" used to prepare the solution at pD 5.70 and the values of present in this complex is expected to be much less reactive as
pKa = 5.06 for acetic acid anlassoc= 7.0 M1 for formation a Brgnsted base toward deprotonation of carbon than is free

Table 2. First-order Rate Constants kex (s71) for the Deuterium Exchange Reactions of the a-CH,OD and a-CHs Groups of Hydroxyacetone
in the Presence of Various Concentrations of Acetate Buffer and Added Zinc Dication?@

20?1, [Buffer]iot, [AcO], [AcOD], [Z0%*]jree, [(AcOezn)1], 107Ke,/s72, 107key /574, 107ke,/s 74, 107ke, 571,
M Me Md Md Md Md a-CH,0D® o-CH,0D' a-CHy? o-CH3f
0.180 0.365 0.211 0.047 0.073 0.107 9.54 8.98 4.65 3.13
0.250 0.133 0.030 0.094 0.087 6.90 6.37 3.39 2.16
0.150 0.072 0.016 0.122 0.061 4.34 3.84 2.37 1.37
0.045 0.019 0.004 0.161 0.021 1.48 1.00 1.26 0.460
0.140 0.365 0.228 0.051 0.054 0.086 7.18 6.71 3.84 2.42
0.250 0.146 0.033 0.069 0.071 5.40 4.97 2.82 1.70
0.150 0.081 0.018 0.091 0.051 3.24 2.84 1.83 0.957
0.045 0.022 0.005 0.123 0.018 1.02 0.645 0.830 0.177
0.090 0.365 0.251 0.056 0.033 0.057 4.60 4.25 2.76 1.45
0.250 0.164 0.037 0.042 0.048 3.58 3.27 2.04 1.06
0.150 0.093 0.021 0.055 0.036 1.98 1.70 1.35 0.631
0.045 0.026 0.006 0.077 0.014 0.600 0.354 0.540 0.0707
0.040 0.365 0.277 0.062 0.014 0.026 2.08 1.85 1.89 0.683
0.250 0.186 0.042 0.017 0.023 1.44 1.25 1.28 0.412
0.150 0.108 0.024 0.023 0.018 0.850 0.697 0.850 0.273
0.045 0.031 0.007 0.033 0.007 0.252 0.133 0.312 0.0226
0.000 0.365 0.298 0.067 0.000 0.000 0.120 1.12
0.250 0.204 0.046 0.000 0.000 0.112 0.786
0.150 0.123 0.028 0.000 0.000 0.0480 0.480
0.045 0.037 0.008 0.000 0.000 0.0140 0.146

aFor reactions at pD 5.70 in 4 at 25°C and| = 1.0 (KCI).? Total concentration of zinc used to prepare the solutionZ{s = {[Zn%*]free +
[(AcO-Zn)*]}. ¢ Total concentration of acetate buffer used to prepare the solution, [Buffe][AcOD] + [AcO~] + [(AcO-Zn)*]}. d The concentrations
of AcO~, AcOD, free Zi#t, and the (Ac@Zn)* complex present in solution were calculated from the total concentrations of acetate buffer’andéh
to prepare the solution at pD 5.70 and the valueskqf$ 5.06 for acetic acid anlassoc= 7.0 M1 for formation of the (AcGZn)* complex determined
in D20 at 25°C andl = 1.0 (KCI). ¢ Observed rate constant for deprotonation of 6R€H,OD group of hydroxyacetonéObserved rate constant for
proton-transfer catalyzed by the combined action of zinc dication and acetate ion in a third-order reaction, caldwatedlas — ko'), see text9 Observed
rate constant for deprotonation of theCHs group of hydroxyacetone.

J. AM. CHEM. SOC. = VOL. 126, NO. 16, 2004 5167
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acetate anion in the absence ofZmat pD 5.70 in RO (Table

2). The observed rate increase is due mainly to catalysis by
acetate anion rather than acetic acid because the anion is the
major form of the buffer at pD 5.70 K = 5.06) and the values

of kna (M™1 s71) for Brgnsted general acid catalysis of
deprotonation ofo-carbonyl carbon are typically -210-fold
smaller tharka (M1 s™1) for Brgnsted general base cataly&is.
The slopes of the correlations in Figure 2A give the second-
order rate constant..o (M~! s™) for deprotonation of the
o-CH3z and o—CH,0OD groups of hydroxyacetone by acetate
anion that are reported in Table 3.

The y-intercept of the correlation in Figure 2A for deproto-
[AcO' VM [Buffer],,/M nation of thea-CHz group of hydroxyacetone ik, (s™1) for
Figure 2. (A) Dependence dfex (s ") for deprotonation of hydroxyacetone  the uncatalyzed (solvent) reaction at pD 5.70 (Table 3). The
gr;éhaet%%rléegar;t'infé ?ﬁgg_teé;':on@')ndtgsrgt%iear;%i%ﬂ?cizgE')” contribution of this pathway for deprotonation of theCH,-
group; ©) deprotonation of thex-CHs group. (B) Dependence of the ~ OD group of hydroxyacetone is not detectable. These data are
observed second-order rate constakgg)ss(M~* s7%) for deprotonation in qualitative agreement with the results of an earlier study

of hydroxyacetone catalyzed by Zn(determined as the slopes of the which failed to detect deprotonation of methoxyacetone by
correlations in Figure 3) on the total concentration of acetate buffer at pD

5.70 in DO at 25°C and| = 1.0 (KCI). The y-intercepts of these water??
correlations give the second-order rate constags (M~ s™) for (2) Bimolecular Catalysis by Zinc Dication.Figure 3 shows
g‘?cpﬁ;g%atg'cr’:ug?tg;' éi?)gi’&'{;‘gﬁ'%?{ﬁ&_éﬁ?&Sgﬁglromnat'on ofthe Jinear plots ofkey (1) for deprotonation of the:-CHz and
o-CH,OD groups of hydroxyacetone against toél concen-
acetate anion, as a result of the large effect of chelation on tration of added zinc, [Z]or, for experiments in which the
basicity3* However, it is not clear whether free Znand the  total concentration of acetate buffer, [Buffgr}= {[AcOD] +
(AcO-Zny* complex have similar electrophilic reactivities or if  [AcO~] + [(AcO-Zn)*]}, is held constant. The slopes of these
the presence of acetate anion in the coordination sphere?df Zn correlations are equal to the observed second-order rate constants
reduces the electrophilicity of the metal ion. We have therefore for zinc catalysis, Kzn)opsa (M~ s71). The values of Kzn)obsd
compared the qualities of the fits of the data for deprotonation exhibit a strong dependence on the concentration of buffer and
of hydroxyacetone (Table 2) to eq 4, which includes the single it is not possible to work at buffer concentrations whégg
third-order ternks for catalysis by acetate anion atudal added (M~1s7) is the dominant term in the rate law of eq 4. However,
Zn?*, and to eq 5, which includes explicit third-order terkas Figure 2B shows that the plots ofzf)obsa (Mt s71) against
andkr” for reactions involving acetate anion afide Zn>* or [Buffer]it are linear. They-intercepts of the correlations in
the (AcOZn)™ complex, respectively. Figure 2B give the second-order rate constagis(M~1 s™1)
for Zn?T-assisted deprotonation of theCH; and o:CH,OD
Koy = Ky + KncofACOT] + ks [ZN* 1], + ke [ACOT1[ZN* ], groups of hydroxyacetone in the absence of buffer that are
4) reported in Table 3.
(3) Third-Order Zinc-Dication-Catalyzed Reactions. The
dominant term in the rate law of eq 4 for deprotonation of the
+ k;'[AcO][(AcO™+Zn)'] (5) a-CHs and o-CH,OD groups of hydroxyacetone is the third-
order termky (M~2s71) for the Zri#™-assisted proton transfer to
Deprotonation of Hydroxyacetone. (1) Buffer-Catalyzed acetate anion, which accounts for-@7% and 53-94%,
and Solvent-Catalyzed Reactions.Figure 2A shows the respectively, of the values &t (s™*) reported in Table 2. This
dependence okex (s71) for deprotonation of thex-CH3; and term was evaluated by subtracting themof the contributions
o-CH,OD groups of hydroxyacetone on the concentration of of the solvent, AcO-catalyzed and Zif-catalyzed reactions,

A

1.0 | 4.0

7 -1
107k /s

05

6 -1 -1
10 (an)obsd/M §

o-CH,0D

00 01 02 03 00 01 02 03

kex = ko + kA(:O[ACO_] + an[Zn2+]tot +
k;'[AcO7][Zn*"

]free

Table 3. Rate Constants for Deprotonation of the a-CH3z and a-CH,OD Groups of Hydroxyacetone Catalyzed by Acetate Anion and Zinc
Dication?

catalyst rate constant a-CHs a-CH,0D KerafKerpon®
solvent ko/s™1¢ 1.5x 107°
AcO~ kaco/M~1s1d 3.7+ 0.1)x 1077 (4.44+0.9)x 1078 8.4+ 1.7
Znzt kzy/M~1s71e (4.0+£0.1)x 1077 26+ 1.2)x 1077
AcO/total Zr¢* kr/M—2g71f (8.2+£0.4)x 10°© (2.3£0.1)x 10°° 0.36+ 0.02
AcO~/free Zr?+ ky'/M—2s71gh (1.2+£0.1)x 10°° (3.4+£0.3)x 10°° 0.35+ 0.04
AcO~/(AcOeZn)*™ kr''IM—2g71hi (5.04+1.0)x 1076 (1.4+0.3)x 10°° 0.36+0.11

aFor reactions in BO at 25°C andl = 1.0 (KCI). The quoted errors are standard deviati6iRatio of rate constants for deprotonation of theHs
and o-CH,OD groups of hydroxyacetonéFirst-order rate constant for solvent-catalyzed deprotonation at pD 5.70, determined frgsimténreept of the
correlation in Figure 2A9 Second-order rate constant for deprotonation by acetate anion, determined as the slopes of the correlations in Fgecer.
order rate constant for deprotonation catalyzed by all forms of zinc in solution, determinedysistéreepts of the correlations in Figure 2B hird-order
rate constant for acetate-anion-promoted deprotonation catalyzed by all forms of zinc in solution, determined as the slopes of the corrédatiens in F
This treatment assumes equal electrophilic reactivities of frée¢ Znd the (AcOZn)* complex (see textg Third-order rate constant for acetate-anion-
promoted deprotonation catalyzed by free zinc dicatidbetermined from the nonlinear least squares two-parameter fit of the data in Table 2 to eq 5 using
the values ok, kaco, andkz, given in this table! Third-order rate constant for acetate-anion-promoted deprotonation catalyzed by th&iNcEmplex.
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Figure 3. Dependence okex (s71) for deprotonation of hydroxyacetone
on the total concentration of added zinc, #Zhot = {[ZN?"]free + [(ACO-
Zn)*}, for experiments in which the total concentration of acetate buffer
[Buffer]iot = {[AcOD] + [AcO~] + [(AcO-Zn)*1} is held constant, at pD
5.70 in DO at 25°C andl = 1.0 (KCI). The slopes of these correlations
give the observed second-order rate constakig)ofsds (M~ s1) for
deprotonation of hydroxyacetone catalyzed byZifA) Deprotonation of
the a-CHz group. Key: @) [Buffer]i: = 0.365 M; ©) [Buffer]i: = 0.250
M; (¥) [Buffer]ir = 0.150 M; (7) [Buffer]ir = 0.045 M. (B) Deprotonation
of thea-CH,OD group. Key: @) [Buffer]iw: = 0.365 M; ©) [Buffer]i: =
0.250 M; (v) [Buffer]it = 0.150 M; ) [Buffer]ir = 0.045 M.
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Figure 4. Dependence ofkey = (kex — ko) for deprotonation of
hydroxyacetone on [Acd[Zn?']i at pD 5.70 in RO at 25°C andl =

1.0 (KCI), where [ZA*]1ot is the total concentration of added zinc, FZhot

= {[Zn?"]free + [(AcO-Zn)*1}. The slopes of these correlations give the
third-order rate constanks (M~2 s™1) for proton-transfer catalyzed by both
acetate anion and all forms of zinc in solution. (A) Deprotonation of the
a-CHs group. Key: @) [Zn?']ir = 0.180 M; ©) [Zn?']it = 0.140 M;

(¥) [Zn?M]iet = 0.090 M; ) [Zn?']iot = 0.040 M. (B) Deprotonation of
the a-CH,OD group. Key: ®) [Zn?']iot = 0.180 M; ) [Zn?H]ior = 0.140

1.0 2.0 3.0 4.0
10’[AcO][Zn*"]. /M?

tot

M; (¥) [Zn*"]ior = 0.090 M: () [ZNn2H]ior = 0.040 M.

denoted by, (s71, eq 6), fromkey to give the values ey
(kex — ko') (571, eq 7) reported in Table 2. Figure 4 shows the
linear plots ofkex against [AcO][Zn?"],o: for deprotonation of
the a-CH3z and o-CH,OD groups of hydroxyacetone, where
[Zn?M]yt is the total concentration of added zinc, [ =
{[Zn?*"]free + [(AcOeZn)*]}. The slopes of these plots give the

third-order rate constantkr (M—2 s1) for proton transfer
catalyzed by both acetate anion and all forms of zinc dication
in solution that are reported in Table 3.

Ky = K, + KyoolACO ] + an[Zn2+]tot (6)
Kex = (Kox — ko) = kr[ACO1[Zn* "], @)

The correlations in Figure 4 show that there is a fair fit of
the experimental data to the rate law of eq 4, but that there are
systematic positive deviations &f, for reactions conducted
at the highest total zinc concentration EZfio: = 0.180 M @),
and systematic negative deviations for reactions conducted at
the lowest total zinc concentration [Zrj: = 0.040 M (V).
These deviations provide evidence that the catalytic reactivity
of free Zn?* is higher than that of the (Ac@n)™ complex,
because theatio of the concentrations of free Zh and the
(AcO-Zn)™ complex increases with increasing it (Table

2).

Table 3 reports third-order rate constakis(M~2 s™1) and
k' (M2 s7) for catalysis byfree Zn?t and the (AcGZn)"
complex, respectively, of the acetate-ion-promoted deprotonation
of hydroxyacetone that were determined from the nonlinear
least-squares two-parameter fits of the experimental data to eq
5, using the values df,, Kaco, andkz, given in Table 3. The
values ofkr (M—2 s71) determined by assuming equal catalytic
reactivities of free Z#™ and the (AcGzZn)™ complex (egs 4
and 7) lie between the values bf (M—2s™1) andky” (M2
s 1) obtained by treating these species as separate catalytic
entities. The latter model gives a 2-fold greater electrophilic
reactivity of free ZA* than of the (AcGzn)* complex, which
is chemically plausible. Overall, these data support the conclu-
sion that there is & 2-fold difference in the catalytic activities
of free Zr¥™ and the (AcGZn)™ complex.

The three-parameter fits of the experimental data to eq 5 using
the values ok, andkaco given in Table 3 and treatiny,, kt',
andks'" as independent parameters gave valuds;odndk:"
(M—2s71) that are very similar to those obtained from the two-
parameter fits described above.

Deprotonation of Acetone.Figure 5 shows the dependence
of ke/[AcO™] (M~1 s1) on thetotal concentration of added
zinc, [Zret)yo, in the presence of 0.36 M acetate buffer, where
kex is the first-order rate constant for deprotonation afirsgle
o-CHs group of acetone. Related data for deprotonation of
hydroxyacetone (Figures 2A and 2B) show that at this high
concentration of acetate buffer the contributionkg&ndkz,
to the rate law (eq 4) are not significant so that= kaco[AcO]

+ kr[AcO7][Zn?"]o. The slope of the plot in Figure 5 givés
= (5.7£ 0.7) x 1077 M2 s71 as the third-order rate constant
for deprotonation of ainglea-CHjs; group of acetone by acetone
catalyzed by all forms of zinc in solution that is reported in
Table 4. Table 4 also reports statistically corrected rate constants
for deprotonation of a single-CHs; group of acetone catalyzed
by acetate anion and by the combined action of acetate anion
and acetic acid that were calculated from literature éata.
o-OR Substituent Effects on Proton Transfer from
Carbon. Hine and co-workers have reported that deprotonation
of thea-CHjz group of methoxyacetone by amine and phenoxide

(34) For example, the value oKp = 8.96 for water bound to Zr [Barnum,
D. W. Inorg. Chem.1983 22, 2297-2305] is nearly 7 units lower than
pKa = 15.7 for water.
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Table 4. Rate Constants for Electrophilic Catalysis of the
Deprotonation of a Single a-CH3z Group of Acetone and the o-CH3z
and o-CH>0OD Groups of Hydroxyacetone by Acetate Anion?
-~ 30} :
e Substrate Base  Electrophile Rate o AAG .
Z . Constant kcal/mol
) 2.0} ! 1.1x 107
éx < AcO D,0O Mgl
X
= 10¢r 2 53x10°
I)J\ AcO AcOD 5 0.48 1.9
H \Y
00 1 1 1 1 5 7 107
X
0.00 0.05 0.210 0.15 0.20 AcO I S 52 33
[Zn™"], /M M?s
Figure 5. Dependence d.,/[AcO~] (M~1s1) for deprotonation of a single
a-CHs group of acetone on the total concentration of added zin&'zn 3.7 x 107
= {[Zn?"]ree + [(AcO-ZNn)*]}, in the presence of 0.36 M acetate buffer at AcOr D,0 i
pD 5.70 in DO at 25°C andl = 1.0 (KCI). o M's
. . H oD
bases is up to 6-fold faster than deprotonation of dh€H,- \)I\/ 12 % 10°
OMe group, but that the--CH,OMe group is slightly more AcOr Zn* M2 32 44
reactive toward deprotonation by hydroxide #&mBy compari- s
son, we observe an 8-fold larger valuelkafo (M~1 s71) for :
deprotonation of the-CHs group than of the--CH,OD group ACO' D.O 44x 10
of hydroxyacetone by acetate anion (Table 4). Overall, these 0O : M'st!
data show that the net effect of polar electron-withdrawing ob
o-substituents is tdestabilizehe carbanion-like transition state H 3.4 % 107
for deprotonation ofx-carbonyl carbon by general bases. AcOr Zn™ Mg 770 6.3

The value ofkaco (M1 s71) for deprotonation of the--CHs

group of hydroxyacetone by acetate anion is 3.4-fold larger than

that for deprotonation of a singke-CHjs of acetone (Table 4).
This is consistent with the expected polar effect of th®H
group when this electron-withdrawing substituent is placed

aDetermined in this work for reactions in,D at 25°C andl = 1.0
(KCI), unless noted otherwisé& The increase in rate upon the addition of
1.0 M of the electrophilic catalyst (AcOD or 2n), calculated as the ratio
of the respective third-order and second-order rate constarite stabiliza-
tion of the transition state for the termolecular reaction by the electrophilic

distant from the reaction center. There should be a larger polarcatalyst at 298 K, calculated using a common standard statevbwater

effect of the addition of am-OH group to acetone oRaco
(M~1 s71) for deprotonation of thex-CH,OH group of hy-

and 1 M electrophilic catalyst. Calculated fromkaco = 2.1 x 1077 Mt
s1 for deprotonation of acetone by acetate anion in water &tC&nd|
= 2.0 (KNG;y) [ref 21], a solvent isotope effect of unity [ref 21], and a

droxyacetone, where the substituent is attached directly to the2-fold statistical correction for the presence of ta«€Hs groups at acetone.

acidic carbon. Assuming an attenuation factor of 3-fold per
carbon atond? the predictedpolar effect of the addition of an
a-OH substituent to acetone is a ca. (3.4B5 = 20-fold
increase inkac0.38 In fact, the addition of amx-OH group to
acetone results in a 2.5-fotbecreasen kaco for proton transfer

to acetate anion (Table 4), so that deprotonation obtH,-

OH group of hydroxyacetone by acetate anion is ca. 50-fold

e Calculated fromkr = 2.1 x 1077 M~2 s for deprotonation of acetone
by acetate anion catalyzed by acetic acid in water atQ%=nd|l = 2.0
(KNO3) [ref 21], a solvent isotope effect of 2.0 [ref 21], and a statistical
correction for the presence of two-CHz groups at acetonéThis work.

they will destabilize the &C double bond at the enolate product
relative to the G-C single bond at the reactatitand there will
be a directepulsive interaction between the electron lone pairs

slower than expected. This corresponds to a 2.3 kcal/mol & theo-OH group and the delocalized electron pair at the

destabilizationof the transition state for proton transfer from
carbon by arn-OH group.

The destabilization of the transition state for deprotonation
of a-carbonyl carbon byt-OR substituents reported here and
by Hine and co-workef83” might be a consequence either of
a substituent effect on the thermodynamic driving force for
proton transfer that is partly expressed in the transition state
or of a substituent effect on the Marcus intrinsic barrier for
proton transfef40 Electron-withdrawinga-OR substituents

will stabilize negative charge that develops at the enolate ion,

(35) Hine, JStructural Effects on Equilibria in Organic Chemistdohn Wiley
& Sons: New York, 1975; pp 3846.

(36) This calculation includes a 1.5-fold statistical correction for the presence
of three protons at an-CHjs group of acetone but only two protons at the
o-CH,OH group of hydroxyacetone.

(37) Hine, J.; Mahone, L. G.; Liotta, C. ll. Am. Chem. S0d967, 89, 5911—
5920.
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enolate (see structur®.*?2 The observation that destabilizing

2

'interactions dominate the observaedOR substituent effect is

consistent with the notion that there is a strong repulsive
interaction between the electron lone pairs atdh®H group

(38) Marcus, R. AJ. Phys. Chem1968 72, 891-899.

(39) Marcus, R. AJ. Am. Chem. S0d.969 91, 7224-7225.

(40) Richard, J. P.; Amyes, T. L.; Toteva, M. Mcc. Chem. Re001, 34,
981-988.

(41) Hine, JStructural Effects on Equilibria in Organic Chemistdohn Wiley
& Sons: New York, 1975; pp 270276.

(42) Hine, JStructural Effects on Equilibria in Organic Chemistdohn Wiley
& Sons: New York, 1975; pp 181184.
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and the delocalized electron pair at the enolate Bedhe
transition state for proton transfer fromxcarbonyl carbon to

HO
—_— Zn2+060—< \g/

promoted deprotonation of the-CH3; and a-CH,OH groups
of hydroxyacetone are 32-fold and 770-fold larger, respectively,

acetate anion is more crowded than the enolate product and mayhan the corresponding second-order rate constiants for

be further destabilized by interactions between the electron-

rich base catalyst and azOR substituent. Such a destabilizing
interaction would be specific for the transition state and would

proton transfer to acetate anion “assisted” by solvent water that
is present at 55 M (Scheme 5 and Table 4). This shows that
Zn?* stabilizes the transition state for proton transfer from the

therefore be reflected in an increase in the Marcus intrinsic o-CHz anda-CH,OH groups of hydroxyacetone by 4.4 and 6.3

barrier for proton transfer.

kcal/mol, respectively, relative to a common standard state of

The balance of these opposing interactions on the equilibrium 1 M water anl 1 M Zr2+ (Table 4).

constant for deprotonation of-carbonyl carbon in water is not There are only small differences between the second-order

known. However, the results of a recent computational study 4te constant for deprotonation of acetone by acetate anion and
of proton transfer in the gas phase show that the addition of a e third-order rate constants for catalysis of this reaction by

singlea-F substituent to acetaldehyde results in a 7.0 kcal/mol
decrease IM\G, for deprotonation to form the enolate, while
the addition of second-F substituent results in a 4.3 kcal/mol
increase iNAG,.*3 Therefore, the destabilizing interactions
between the negative charge at the enolate andodn
substituent dominate as the-carbon becomes more highly
substituted.

Stabilization of the Transition State for Deprotonation of
o-Carbonyl Carbon by Electrophilic Reagents. The third-
order rate constant&r for the Zr#™-assisted acetate-ion-

(43) Castejon, H. J.; Wiberg, K. B. Org. Chem1998 63, 3937-3942.

acetic acid and Z4, so that the stabilities of the transition states
for the acetate-ion-promoted reactions assisted By ,Zacetic
acid, and solvent water (55 M) are similar (Scheme 6 and Table
4). Acetic acid and Z#r stabilize the transition state for proton
transfer from acetone to acetate anion by 1.9 and 3.3 kcal/mol,
respectively, relative to a common standard state i water

and 1 M electrophile (Table 4).

The larger stabilization of the transition state for deprotonation
of hydroxyacetone (4.4 or 6.3 kcal/mol) than of that for
deprotonation of acetone (3.3 kcal/mol) by interaction with zinc
dication is due to the additional “chelate interaction” between
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the metal cation and the-OH group at the substrate. Previous there is only a modest advantage to the use of a metal dication
studies of metal ion catalysis of deprotonationoetarbonyl rather than a Brgnsted acid to stabilize the transition state for
carbon have focused on the reactions of relatively strong carbondeprotonation of thet-carbonyl carbon of acetone. This might
acids containing pyridine and related nitrogen heterocycles ashave been predicted. Similar enzyme-catalyzed proton-transfer
substituents that can serve as a chelation site for the metal ionreactions proceed with assistance by either Branstedaéids
catalystt’~19 The results reported here show that for the simplest or metal ion€:2°This shows that these two types of electrophiles
ketone acetone the absence of a chelation site renders metdiunction equally well in enzymatic catalysis of the deprotonation
ion catalysis of proton transfer only marginally more effective of a-carbonyl carbon, and it provides evidence that there is no
than electrophilic catalysis by small Brgnsted acids such aslarge energetic advantage that favors the evolution of protein
acetic acid. catalysts of proton transfer that use a particular type of
We attribute the greater assistangelldvl Zn?" of the acetate- electrophile.
ion-promoted deprotonation of tlee CH,OH group (770-fold) The rate accelerations associated with electrophilic catalysis
than of thea-CHs group (32-fold) of hydroxyacetone (Scheme  of proton transfer from acetone to acetate anigriiM acetic
5) to the following related effects: acid a 1 M Zr?* in solution (Scheme 6) are very small in
(1) A greater stabilization of the transition state for depro- comparison to those observed for enzyme catalysis, so that
tonation of theox-CH,OH group than of thex-CHz group from electrophilic catalysis of proton transfer at an enzyme active
direct electrostatic interactions between?Zrand the acetate  site must be “enhanced” if it is to make a significant contribution
anion base which presumably lies closer to the metal cation into an enzymatic rate acceleration. For example: (1) there is
the transition state for the former reaction. Similar differences good evidence that the transition state for triosephosphate
in electrostatic interactions between the developing enolate anionisomerase-catalyzed enolization of dihydroxyacetone phosphate
and Brgnsted base catalysts of different charge type have beemnd p-glyceraldehyde 3-phosphate is stabilized by interaction
proposed to explain the ca. 10-fold greater reactivity of neutral between the substrate carbonyl group and a neutral H§-95.
amines than of oxyanion bases of the sarl{g gs catalysts of  (2) The results of computational studies are consistent with the
deprotonation of dihydroxyacetone phosphate arglyceral- conclusion that the rate acceleration for enolase-catalyzed
dehyde 3-phosphaté. deprotonation of the weakly acidic carbon of 2-phosphoglycerate
(2) The relief of destabilizing interactions between the arises mainly from the greater electrostatic stabilization of the

electron lone pairs at the-OH group of hydroxyacetone and

putative dianionic enolate intermediate by interactions with two

the acetate anion base associated with the formation of a chelatgnagnesium dications, compared with the corresponding interac-

between then-OH group and Z#". This should result in an
increase inkr for deprotonation of thex-CH,OH group of
hydroxyacetone relative tlaco, but it should not affect the

tions between the metal dications and the carboxylate monoanion
at bound substraté: 48

Enhancement of electrophilic catalysis will result when the

relative values of these rate constants for deprotonation of thestabilizing interactions between the transition state and the
a-CHs group. catalytic group(s) are strengthened as these species are moved
Enzymatic Catalysis of Proton Transfer at Carbon.Part  from aqueous solution to an enzyme active site. In the case of
of the activation of hydroxyacetone toward Zrcatalyzed  glectrophilic catalysis of deprotonation afcarbonyl carbon
proton transfer is a result of the stabilizing chelate interaction py acetic acid in water, transition state stabilization results from
between the hydroxy group at the substrate and the metalthe partial expression of the ca. 8 kcal/mol driving force for
dication that is expressed at transition state for proton transfer.protOn transfer from acetic acidp = 4.8) to the enolate of
X-ray crystallographic analysis of complexes between 3-keto- acetone (K, = 10.9 for the enol oxygef in the transition
L-gulonate 6-phosphate decarboxylase and analogues of the 1,25t5te1250 For catalysis by Z#, the stabilization is due to
enediolate reaction intermediate provide evidence that the glectrostatic interactions between the metal dication and the
essential magnesium dication is coordinated to the C-2 oxygendeveloping negative charge at the carbonyl/enolate oxygen in
and the nonreacting C-3 hydroxyl of the reaction intermediate the transition state The change from the polar solvent water
(see3).* This interaction is also expected to be expressed at ig an “organized” enzyme active sité2with an “effective”
dielectric constant substantially smaller than that of water

HO._H i )
| o provides a general mechanism for the enhancement of electro-
O mg2+ 3 philic catalysis of deprotonation ef-carbonyl carbon by both
H==0y types of electrophilic catalysts for the following reasons.
HO—1—H ’ (1) The change from water to an enzyme active site with an
CH,0OPO52

“effective” dielectric constant smaller than that of water will
result in an increase in the basicity of the enolate anion product.

the Michaelis complex and at the transition state for the enzyme-_~~""" . . .
P y This will favor catalysis of deprotonation ofcarbonyl carbon

catalyzed decarboxylation reaction. It would be surprising if
this simple interaction were not utilized to stablll_ze the transition (46) Garcia.Viloca, M.; Gao, J.. Karplus, M. Truhlar, D. Science2004 303
state for other metalloenzyme-catalyzed reactions of sugars. 186-195.

. ili i H _ (47) Alhambra, C.; Gao, J.; Corchado, J. C.; Villa, J.; Truhlar, D.JGAmM.
_ The similar stab|I|zat|or_1 of the transition state_for the acetate Chem. Soc1009 121 9253.2258.
ion-promoted deprotonation of acetone by acetic acid (1.9 kcal/ (48) Liu, H.; Zhang, Y.; Yang, WJ. Am. Chem. So@00Q 122, 6560-6570.

(49) Keeffe, J. R.; Kresge, A. J. lfhe Chemistry of Enal&kappoport, Z., Ed.;
mol, Table 4) and by Z4t (3.3 kcal/mol, Table 4) shows that John Wiley and Sons: Chichester 1990 pp 3880,
(50) Richard, J. P. IrEnzyme Mechanism®age, M. I., Williams, A., Eds.;
Royal Society of Chemistry: London, 1987; pp 29B16.

(51) Warshel, AJ. Biol. Chem1998 273 27035-27038.
(52) Cannon, W. R.; Benkovic, S. J. Biol. Chem1998 273 26257-26260.

(44) Richard, J. PJ. Am. Chem. S0d.984 106, 4926-4936.
(45) Wise, E. L.; Yew, W. S.; Gerlt, J. A.; RaymentBiochemistry2003 42,
12133-12142.
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provided there is a net increase in the driving force for proton amino acids through zwitterionic enolate intermedi&f&8and
transfer from the Bransted acid catalyst to the enolate oxyanionfor the related reaction catalyzed by pyruvate decarboxyfase.
that is expressed in the transition stételowever, a change in (4) Electrophilic catalysis by metal cations is strongly
the dielectric constant of the medium should not lead to large attenuated in the polar solvent water and will be favored at an
change in theelative pKs of the carboxylic acid catalyst and  active site of low dielectric constant that enhances stabilizing
the enolate, because both oxyanions will be destabilized in @ glectrostatic interactions between opposing chaftgéss effect
solvent of low dielectric constant. Rather, a change in their ¢ changing the dielectric constant of the medium will be
relative (K would require “tuning” of the interactions of the 4 icyarly large for interactions between dications and the
two basic sites with the protein catalyst. This could occur, for transition state for the enolase-catalyzed deprotonation of
example, by differential hydrogen bonding or through a “gradi- 2-phosphoglycerate to give a dianionic enofgt8 6t

ent” in the local dielectric constant of the active $ité2 Finally. it ‘b hasized that th i t of
(2) In the absence of a favorable thermodynamic driving force inafly, 1t must be emphasize at the energetic cost o
moving a polar transition state from solvent water to a nonpolar

for proton transfer to the enolate the transition state for its forma- o be “naid for” th h the devel
tion will be stabilized mainly by formation of a hydrogen bond enzyme active site must be “paid for” through the development

to an acid catalyst* There is controversy about the structure of tight bindipg interactions between the protein catalyst and
of such hydrogen bonds in water and at enzy?#e<$3 56 Partial the nonreacting parts of the substréte.
proton transfer from the hydrogen bond donor to the acceptor
will have the effect of spreading negative charge over two basic
sites, and this will be favored for any hydrogen bond at an
enzyme active site of low dielectric constant where the formation
of “localized” charge is unfavorable. The “delocalization” of
charge will be greatest for a single-potential hydrogen bond,
where the proton is bonded equally to the hydrogen bond donor
and acceptor. Therefore, the formation of such hydrogen bonds
will be favored at an enzyme active site of low dielectric Ja049489C
constanp3-55

(3) In an active site of low dielectric constant an enolate (57) patrick, J. S.: Yang, S. S.; Cooks, R. &.Am. Chem. Sod996 118
oxyanion may be strongly stabilized “internally” by interactions ., %%%:;?3/6'. D.; Jockusch, R. A.; Williams, E. B. Am. Chem. Sod.998
with a covalently attached cationic grobf®® This has been ) 120, 3474-3484.
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