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Abstract: Rate constants for proR/proShydron exchange from-dihydroorotate were determined Bi

NMR and detritiation in various oxygen-containing and amine buffers &(C3@nd ionic strength 1.0 M in
aqueous solution. Thermodynamically unfavorable proton transfer from g@o® and -proS positions

(pKa = 20—21) to oxygen-containing and amine bases shows general-base catalysis with a Bfaredtes

of 0.84+ 0.05 and 0.8+ 0.08, respectively, which is consistent with a late, enolate-like transition state.
General-base catalysis is detectable because there is a 160- or 85-fold negative deviationfqrofa@d
-proSprotons, respectively, from this correlation for deuterioxide ion. Deviationk@d&()opsaand Ko/kt)obsd

from the Swain-Schaad equation are consistent with internal return of the transferred hydron to afree C
carbanion/enolate intermediate from the conjugate general acid. This corresponds to an Eigen-type mechanism
for hydron transfer, in which both proton transfer and diffusional separation of grmi®anion/enolate
conjugate general-acid complex are partially rate-limiting, and a modest intrinsic barriertigd@n exchange.

It is concluded that the $&carbanion/enolate can have a significant lifetime in aqueous solution and on
dihydroorotate dehydrogenases (EC 1.3.1.14; EC 1.3.99.11).

Introduction with respect to rates of proton transfer if the mechanism for
stabilization of the carbanion minimizes the changes in bond
lengths and angles of heavy atoms, and associated unfavorable
solvation changes, in the transition state for proton transfer.
Retaining partial solvation of the reactant(s) in the transition
state for proton transfer could minimize the contribution of
solvent reorganization effects to the intrinsic barrier. The
intrinsic barrier to enolization may also decrease when the
relative stability of the resonance-stabilized enolate product is
decreased by ground-state resonance stabilization of the keto
tautomer by an adjacent heteroatém.

We report here an examination of proton transfer from the

An important mechanistic question is how resonance delo-
calization of electron density contributes to the kinetic barrier
for proton transfer from carbon and how biological catalysts
handle this barriet.The “normal acid® behaviof of carbon
acids that give highly localized carbanions supports the conclu-
sion that electron delocalization and the accompanying structural
and solvation changes are responsible for the large intrinsic
barriers$ for proton transfer from most carbon acids: an increase
in transition-state complexity is accompanied by a decreased
reaction raté® Surprisingly, C¢)-proton transfer from thiazo-

e oo e ot oo st e CPrORIOS pesiion o dydronrate { Scheme 1
9 P P ‘aqueous solution. This model compound was selected for study

ELOlee(;[{éll(tl(:;;agaS;ggg i;?;’cigobzxgébg;rﬂga;:zr:]awo%;h;i $ecause changes in bond lengths and angles upon ionization to
99 y orm the enolate may be somewhat restricted due to the six-

* To whom correspondence should be addressed. membered ring and resonance stabilization of the keto reactant
le)’rﬁent addresrs]: Merck & Ctjt.,(ljnp., P.Cg.bBox 4, Wetslf Pointtﬁ P'?\I 1?486i by the nitrogen atom adjacent to the carbonyl group, which could
is research was supported in part by a grant from the National ; : ; et ;
Institutes of Health (GM 42878). NMR studies were performed in the contribute to normal acid behaVI(.)r anda mc_)dest kmetlc.bamer
Biochemistry NMR Facility at Johns Hopkins University, which was fOr proton transfer. We are also interested in the magnitude of
established by grants from the National Institutes of Health (GM 27512 the kinetic barrier for GproR/proS proton transfer that must

and RR 06261). ; i _
(2) (a) Deslongchamps, P. IStereoelectronic Effects in Organic be overcon;]e for Gproton abstraction ca}talyzed by dihydro

Chemistry Pergamon: New York, 1983; pp 34359. (b) Stivers, J. T.; orotate de ydmgenalses (EC 1.3.1.14; EC 1-3-99.-11): and

Washabaugh, M. WBioorg. Chem1991, 19, 369-383. whether the Gcarbanion/enolate2] can exist as a discrete

(3) (a) Proton transfers between the electronegative atoms (oxygen orjntermediate in aqueous solution or at an enzyme active site.

nitrogen) of “normal” acids and bases are almost completely diffusion- .
controlled; only in a small region neapKa = 0 is the proton-transfer step The goal of the work reported here was to determine whether

even partly rate determining (refs 22, 34a). (b) The reader is referred to the rate-limiting step for thermodynamically unfavorable C

refs 40, 41, and 46 for a discussion of the relative contributions from proR/proS proton transfer froml to buffer bases involves
enthalpy and entropy to transition-state complexity.
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system including an Organex-Q cartridge (Millipore). All deuterated
compounds were=99 atom % D and were purchased from Aldrich.
[®H]H,0 (1.0 Ci/mL) was purchased from New England Nuclear, and
Ecolite was purchased from ICN.-Dihydroorotic acid {) was
purchased from Aldrich and recrystallized from water: mR65—

269 °C dec (uncorrected) (lit. 266C).1° Cs-[°H]-dihydroorotate was
prepared from unlabeletby exchange with®H]H,0 in L,O (L = H

or D). Partially neutralized buffer catalysts (6:2.4 M) and 0.1 M
L-dihydroorotate in 1.5 mL offH]L O (4 mCi/mL) were incubated at
37 °C for 10 h to 30 days. The exchange reaction was quenched by
Figure 1. Hypothetical Gibbs free energy-reaction coordinate diagrams the addition ® 3 M LCI to obtain pL < 3.5. The solvent, which
for thermodynamically unfavorable proton transfer to illustrate (panel contained {H]LZO, was removed by evaporation under a water aspirator

(A) (B)

A) rate-limiting proton transfer to form the carbanioanjugate general-  yacuum in a Savant Speed-Vac centrifugal concentrator; all operations
acid complex and (panel B) rate-limiting diffusional separation of the were performed in a hood. Parallel experiments j®@ndH NMR
carbaniorconjugate general-acid complex. examination of the exchanged substrate showed that isotopic labeling
) . . . under these conditions occurs exclusively by exchange.at C
diffusion-controlled separation of the produdts, Figure 1 and Methods. Solution pH was measured at 3€ with an Orion Model

Scheme 1). If the &proR/proSposition behaves like a normal s 720 pH meter and a Radiometer GK2321C combination electrode
acid, and has a similar intrinsic barrier to proton transfer, both standardized at pH 7.00 and 4.00 or 10.88.NMR spectra in RO
proton transferk;) and diffusional separation of the products were recorded on a Bruker AMX-300 NMR spectrometer using
(k2) would be partially rate-limiting. When botky andk; are 3-(trimethylsilyl)propanesulfonate as an internal chemical shift standard.
partially rate-limiting,k_; competes wittk,, and the carbanion/ ~ All reactions were carried out at 3¢ 0.1°C (+1 °C in the NMR).
enolate intermediate partitions between products and reactantsgﬁg'r?i‘;mgr""as measured with a Beckman LS 7500 liquid scintil-
For base-catalyzed €L exchange (where = H, D, or T)?8 o : . .
the extent of internal returrk(i/k;) can be measured from the an5'r_].(rat'jsbRs;iﬁ;:;éamségf'g;gﬁggrg_a;fo%grrgggcf'?_l ar%
breakdown of the SwatHSCha_lad eq“a“?“_(_eq 1, wigh= 3.34f -T — H exchange in kD) were determined in the same reaction tube,
when bothk; andk, are partially rate limiting. We have used (ather than in parallel experiments.
Rate constants far-dihydroorotate GproR/proSH — D exchange
l0g(Kiy/Kr) opsa= Y 109(Kn/Kr) gpsa (1) in D,O were determined byH NMR spectroscopy by measuring the
integrated areas of thes®roR (6 ~ 3.0 ppm, quartet) and sproS
this method to estimate the extent of internal return during (0 ~ 2.8 ppm, quartet) peaks relative to the integrated area ofghelC
proton exchange from 4proR/proSin aqueous solution. peak (as the nonexchanging standdrek 4.1 ppm, triplet) as a function
In this paper we describe evidence thaigfoR/proSproton of time!! The ionic strength was maintained at 1.0 M with KCI, and
intermediate in aqueous solution, as expected for a normal aCid'first-order rate constants for proton exchange were obtained from the
The magnitude of rate constants fors-roRproSproton ;Iopes of semilogarithmic plots @[rJAe against timg, wherd is the
transfer from1 and isotope effects for 4broRiproSproton integrated area of thes€H or Cs—H signal, respectively. These plots

. . o . were linear for>3ty; with =12 time points. Nonlinearity in such plots
transfer to buffer bases provide evidence for significant internal ;55 gbserved only for proton exchange from tRe®R position with

return of the abstr.acted protC_)n to thg@rbanio_n/enplate?l 1,4-diazabicyclo [2.2.2] octane as the buffer catalyst, where there was
from a buffer acid, which is competitive with diffusional a decrease in the exchange rate over time that is attributed to a small
equilibration of the abstracted proton with solvent-derived secondary isotope effect onsroR proton transfer as deuterium

protons, and a modest intrinsic barrier for proton transfer. accumulates in the 4proS position. The pseudo-first-order rate
constants in this case were determined for the figstof proton
Experimental Section exchange. When duplicate determinationskgfqs were made, they

agreed withins £8% of the average value. Rate constants fep@R/
proSH — D in D20 or -D— H exchange in KD were also determined
using*H NMR spectroscopy as described below. For exchange reactions
performed in the presence of 3-chloroquinuclidine, aliquots of quenched

(8) The term “hydron” refers to the hydrogen catior{without regard exchange-reaction solution (pt 3.5; see below) were passed through
to nuclear mass. The specific names “protoli)( “deuteron” g¢H), and a Sep-Pak CM column (Waters), which was previously equilibrated
“triton” (3H) refer to the specific isotopes (Commission on Physical Organic with L,O and eluted with kO prior to analysis byH NMR, to reduce
Chemistry, IUPAC.Pure Appl. Chem1988 60, 1115-1116) and are the signals associated with buffer protods¥ 3.2—3.5 ppm).

abbreviated here asiH*, H; 2H*, D; 3H*, T. i
(9) () Swain, C. G.; Stivers, E. C.; Reuwer, J. F., Jr.; Schaad,d. J. _ Rate constants for&proRproST D in D;O or -T— H exchange

Am. Chem. Socl958 80, 5885-5893. Swain et al. used 3.26 for the N H20 were determined by measuring nonvolatile, unexchanged tritium
exponent assuming the effective masses are in the matiop:myr of 1:2: remaining in G-[*H]-dihydroorotate. The ionic strength was maintained
3. (b) Streitwieser et al. used a value of 3.34 for the exponent based on theat 1.0 M with KCI. All tritium exchange reactions were performed in
assumption that the effective masses are in the ratio of the reduced masses

Materials. All organic chemicals were reagent-grade and were
purified by recrystallization. Reagent-grade inorganic chemicals were
used as received. All water was prepared on a four-bow! Milli-Q water

for 2C—H, 2C—-D, and2C—T (Streitwieser, A., Jr.; Hollyhead, W. B.; (10) Miller, C. S.; Gordon, T.; Engelhardt, E. I. Am. Chem. So4953
Pudjaatmaka, A. H.; Owens, P. H.; Kruger, T. L.; Rubenstein, P. A.; 75, 6086-6087.
MacQuarrie, R. A.; Brokaw, M. L.; Chu, W. K. C.; Niemeyer, H. N. (11) Keys, L. D., lll; Johnston, MJ. Am. Chem. S0d.985 107, 486-

Am. Chem. Sod 971, 93, 5088-5096). 492.
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a fume hood. The exchange reaction was initiated by dissolving 0.15
mmol of G-[*H]-dihydroorotate (typically 50 mCi/mol), which con-
tained 0.3-0.8 mmol buffer, in 66-230uL of 3 M KOL and 0-375

uL of 3 M KCI to adjust the pL and ionic strength of the reaction
solution, giving a final concentration of 100 mM substrate. The final
concentration and fraction base of the buffers used in these tritium
exchange experiments was as follows: 0.5 M potassium cacodylate
(80% base); 0.3 M 1,4-diazabicyclo [2.2.2] octane hydrochloride (50%
base); 0.2 M 3-chloroquinuclidine hydrochloride (50% base); 0.4 M
tris(hydroxymethyl)aminomethane hydrochloride (80% base); and 0.2
M propargylamine hydrochloride (80% base). The reaction solution

was incubated in a constant-temperature bath and was removed for about

10 s every 1 min to 24 h in order to obtain aulL-aliquot [using a
P-10 Pipetman (Rainin)] that was immediately mixed with-20 uL

of 1 M LCl in a liquid scintillation counting vial to quench the exchange
reaction at pL< 2.0. The solvent, which contained exchanged tritium
as PH]L .0 and aqueous LCI, was evaporated (see above) leaving any
unexchanged &[°H]-dihydroorotate. The residue was dissolved in
1 mL of water, mixed with 10 mL of Ecolite, and the samples were
counted for at least 26 counts. A 1uL aliquot of the reaction solution
typically gave 6000 cpm for the initial time point (backgrourd

30 £+ 10 cpm). The end point was obtained aftei2t;, and was
typically 200-500 cpm. The pseudo-first-order rate constants were
obtained from the slopes of semilogarithmic plots©f { C.) against
time (C = cpm). These plots were linear for4ty, with >25 time
points. When duplicate determinationskafsqwere made, they agreed
within <7% of the average value.

Measurements of pH were made at 370.1 °C on the buffered
solutions of 1 after exchange had occurred. The value of pD was
obtained by adding 0.40 to the observed pH of the solutions,®.®
On the basis of measurements of pH at known concentrations of
hydroxide ion at 37C and 1.0 M ionic strength, maintained with KCl,
eq 2 was used to calculate the concentration of lyoxide ion at any pL.
This equation includes the ion product of®(pKy" = 13.63) or BO
(pPKwP = 14.55) at 37°C 12

[OL7] = 1.13x 10"~ K9 @)
Second-order rate constants for general-base-catalyzquo®/
proSH — D exchangekg, were obtained from the slope of plots of
>4 values ofkgpsgagainst buffer concentration, and were corrected for
the fraction of free base of the buffer using standard graphical méthods
and the apparentiy of the buffer (see below). Second-order rate
constants for deuterioxide ion-catalyzegifoR/proSH — D exchange
were obtained from the slope of a plot of observed pseudo-first-order
rate constants, extrapolated to zero buffer concentration, against
deuterioxide ion concentration in acetakebuffered solutions.
Determination of Catalyst pKgp Values. Amine hydrochlorides,
the potassium salts of carboxylic acids and phosphate, and cacodylic
acid were dried in vacuo over®s to constant weight before use. A
0.01 M solution of the catalyst at ionic strength 1.0 M (KClI) in freshly
boiled HO was titrated potentiometrically under a nitrogen atmosphere
with either 0.100 M KOH or 0.100 M HCI at 3% 0.1 °C according
to the method of Albert and Sergedhtvalues of Ky for HPOZ~
and HNCH,CH,NH3;" were determined spectrophotometrically using
the indicator dye alizarine yello®.A pKgy value of 15 was estimated
for the hydroxyl groups of tris(hydroxymethyl)aminomethane on the
basis of [Kgn values for primary alcohols at low ionic strength in®#¢
The catalyst fgp values in BO were calculated by addinggpKa =
0.41+ 0.020 x pKgy for the solvent deuterium isotope effect on the
ionization of weak acids$ to the values for Kgn in H2O.

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

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

(14) (a) Jencks, W. P. IrCatalysis in Chemistry and Enzymology
Dover: New York, 1987; pp 577585. (b) Bell, R. P.; Evans, P. ®roc.
R. Soc. London A966 291, 297—323.

(15) Albert, A.; Serjeant, E. Athe Determination of lonization Constants
3rd ed.; Chapman and Hall: London, 1984; pp-25.

(16) Ballinger, P.; Long, F. AJ. Am. Chem. Sod.96Q 82, 795-798.

(17) Bell, R. P.The Proton in Chemistrylst ed.; Cornell University
Press: lIthaca, NY, 1959; p 189.
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Determination of the Extent of Internal Return. A steady-state
treatment of Scheme 1 gives eq 3 for the observed rate constant for
hydron exchange.

Kopsa = Ki kel (K 1" + ko) ®3)

Defining the extent of internal retuat ask_;-/k, and the equilibrium
constanK" = k;*/k_;- where L= H, D, or T gives eqs 48, in which
y = 3.34 and the ratid"/K" is the equilibrium constant for CT
HOH <> CH + TOH as described previous:18

A= (kp/kr) gpsd (K4/Kr)obsa 4)

B = (ko/kr)ops KT/K") )
[1-a'(B¥-1)]=A+a" (A-B) (6)

k"Tky" = (KfKp)opsdd — @' [(KT/K")(Klk)opsg— LT (7)
a" = a'(K"/K")(k,"/k, ") (8)

The equilibrium isotope effectKP/KH, was measured for £proR/
proSH — D exchange by determining the amount of deuterium
incorporation in the €position at equilibrium from BO in H,O at 37

°C as described previousty;the pL was maintained by 0.2 M 1,4-
diazabicyclo [2.2.2] octane hydrochloride (50% base). The equilibrium
for deuterium incorporation atsas established within 5 h. Values
of KP/KM = 0.97 £ 0.01 and 1.0+ 0.01 for the G-proR- and G-
proSH — D exchange were determined, respectively, and we assume
a value ofKT/KH = 1.0 + 0.01 for the equilibrium isotope effect for
Cs-proR/proST — D exchange. Equations for calculating the propa-
gated errors in the calculated value of the Sweichaad exponent
(y), the extent of internal returra{ = k-;"/kz), and the primary kinetic
isotope effect for proton transfek(!/k,") were derived previously from
eqgs 1, 7, and 8 with the standard error formidl@he propagated error

in a’ was estimated by using the standard deviation of the values for
a' obtained by evaluating eq 6 with the minimum and maximum values
of the variables.

Results

The kinetics of general-base-catalyzedgfoR/proShydron
exchange from-dihydroorotate at 37C and ionic strength 1.0
M, maintained with potassium chloride, in aqueous solution were
followed by a combination ofH NMR and detritiation methods
in the pL range 4.510.3 under pseudo-first-order conditions.
Kinetic studies were limited to the pL range 4.50.3 be-
cause: (1) proton exchange is impracticably slow atp4,
(2) hydrolysis ofl becomes significant at p 112° and (3)
deprotonation of the fposition (K. = 11.5f%is not significant
in aqueous solution in this pL range. Th€ value of 11.5 for
the N; position in1 demonstrates that in the pL range 4.5
10.3 the observed rate is fors@ydron exchange from the
substrate which hasH rather than .20

The exchange reactions obey the rate law described by eq 9.

Kobsa= K'i,0 T kio[LO | + kg [Basg] + kg [Basg] (9)

The observed pseudo-first-order rate constant and second-order
rate constants were determined as described in the Experimental
Section. Typical data are shown in Figure 2 for@oR-H —

D exchange froml catalyzed by phosphate di- and trianions
and cacodylate anion. The second-order rate constant&r

(18) Washabaugh, M. W.; Jencks, W.P Am. Chem. So0d.989 111,
683-692.

(19) Harris, T. K.; Washabaugh, M. VBiochemistryl995 34, 1400+
14011.

(20) Sander, E. GJ. Am. Chem. S0d.969 91, 3629-3634.
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3 128 Figure 3. Dependence on pD of the observed pseudo-first-order rate
| constant, extrapolated to zero buffer concentratia for Cs-proR
- 20 (DOCH2)3C'ND2/ 64 H — D exchange from.-dihydroorotate in RO at 37°C,1 = 1.0 M
=2 L D,NC(CH,0D),CH,0 32 (KCI). The solid line drawn through the data is based on the rate law
E 15 b (1)6 in eq 9 withk'p,o = 1.59 x 10° st andkpo- = 3.91 Mt s7%,
)
'hg " Figure 3 was calculated using eq 9 with the rate constant for
10 + catalysis by DO and DO reported in Table 1: no specific-
| acid catalysis was detected. A similar dependence of the pseudo-
first-order rate constants on pD was observed feipf@SH
5 — D exchange fronl (data not shown).
- Primary kinetic isotope effects fardihydroorotate Ghydron
0 . I | . 1 M exchange, K /kt)opss Were determined by detritiation ari
0.0 0.2 0.4 0.6 0.8 1.0 NMR at 37 °C and 1.0 M ionic strength, maintained with

potassium chloride, under pseudo-first-order conditions and are
summarized in Table 2. Table 2 also contains several quantities
(kobsa— ko)/[buffer]ir), on the composition of phosphate and cacodylate rﬁ;;’f:ﬁ;ﬁgglﬁid f\(l)\llllt:\/\t/rnz.ex\r:;r&rgsen;fal t\lfj:ugm)ﬁl:; d
(panel A) and tris(hydroxymethyl)aminomethane (panel B) buffers for . . . -
catalysis of G-proR proton transfer from.-dihydroorotate in RO at exponenty, to satisfy the Syvaln-SChaad equation (eq 1) in the
37°C, | = 1.0 M (KCI). The fraction of buffer base 1 refers to the ~range 1.5-2.6; extents of internal returrg- = k-q1t/kp, for
fraction of phosphate dianion in the phosphate buffers and fraction of exchange of €T and G-H from eq 6 and 8, respectively, in
primary amine in the tris(hydroxymethyl)aminomethane buffers. The the range of 0.040.9 for the triton and 4t 3 for the proton;

solid line drawn through the phosphate data is based on the rate law inand a value for the primary kinetic isotope effect on the proton-
eq 9 withks, = 5.37 x 10° M™* s ke, = 4.39x 102 M *s™%,  yransfer step itselfiy"/k,™ = 6.0, from eq 7.

pKep (D2POs") = 6.85, and Kgp (DPO2") = 11.77. The solid lines
drawn through the tris(hydroxymethyl)aminomethane data are based

Fraction Base 1
Figure 2. Dependence of the apparent catalytic constagit,(=

Biphasic kinetics were observed fos-C — L exchange in

on the rate law in eq 9 withs, = 1.77 x 104 M~! s°%, kg, varied the presence of propargylamine (data not shown), which was
from 0 to 256 M 571, pKep ((DOCH,)sCNDs") = 8.58, and Kep attributed to rapid detritiation of the buffer catalyst. Parallel
(D2NC(CH,0OD),CH,0D) = 15.71. experiments in BO and'™™H NMR examination of the exchanged

buffer showed that isotopic labeling under these conditions
general-base catalysis ofsproRiproSH — D exchange are  occurs by exchange at the acetylenic position.
summarized in Table 1. General-acid catalysis was detected with
aceticds acid and protonated trifluoroethylamine but was not Dijscussion
systematically evaluated. A second term for catalysis by buffer
basesKg,[Base]) is required in the rate law when dibasic buffer Nature of the Rate-Limiting Transition State. Figure 4
catalysts are used. The absence of upward curvature in Figureshows that the Brgnsted plots fos-froR and proS proton
2 for cacodylate, a monobasic catalyst withkgsp value that transfer from1 in aqueous solution have slopes = 0.84
is similar to that of PO, (Table 1), is consistent with this  and 0.81, respectively, for catalysis by oxygen- and nitrogen-
explanation. Values of the rate constants for catalysisf C containing bases. General-base catalysis is readily detectable
proR/proSH — D exchange froml by deuterioxide ion and  because of the approximately 160-folds{@oR) and 85-fold

deuterium oxide are also reported in Table 1. (Cs-pro9 negative deviations for catalysis by deuterioxide ion
The dependence on pD of the pseudo-first-order rate con-from the Brgnsted plots. Omission of the rate constants for
stants, extrapolated to zero buffer concentration, #sp@R-H catalysis by tris(hydroxymethyl)aminomethane and propargyl-

— D exchange fronl is shown in Figure 3. The solid line in  amine does not improve the fit of the data to the Brgnsted plots
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Table 1. Rate Constants for General-Base Catalysis-Bihydroorotate G-proRproSH — D Exchange

pKep + Cs-proR Cs-proR Cs-proS Cs-proS  ks¥/
catalyst Ke® p g log(p/q) ke (M~1s7Y) log(ks/q) ks (M~1s7Y) log(ke/q)  keS
D,O -17&4 3 1 —1.26 (2.88+ 0.48) x 1071* —10.54 (4.19:0.32)x 10°1* —10.38 0.7
DO~ 1629 2 1 16.59 3.9 0.30 0.59 1.18t 0.20 0.07 3.3
DsCCOO 511 1 2 4.81 (9.26:0.76) x 1078 —7.33 (3.74+ 0.09) x 1078 —7.73 2.5
F:CCH:ND; 621 3 1 6.69 (2.468: 0.23)x 10°¢ —-5.61 (9.48+ 0.04) x 1077 -6.02 2.6
(CHs)2ASO,™ 657 1 2 6.27 (5.7% 0.09)x 1076 —5.54 (2.004 0.02) x 106 -6.00 2.9
DPO2- 685 2 3 6.67 (5.3% 0.22)x 10°° —-5.75 (9.02+ 0.10) x 1077 -6.52 6.0
*D3N(CHy)2ND2 7.74 3 1 8.22 (1.3%0.06) x 104 —3.87 (4.07£0.32) x 10°° —4.39 3.3
(DOCH)sCND; 858 3 1 9.06 (1.720.02)x 1074 —-3.75 (3.724+ 0.09) x 10°5 —4.43 48
DCCCHND; 8.66 3 1 9.14 (3.4%0.20)x 104 —3.47 (7.52+0.36) x 10°° —4.12 4.5
N(CH,CHa)sN 982 1 2 9.52 (5.3% 0.31)x 102 -257  (3.69+0.21)x 1072 -273 14
D2N(CH;)2ND2 10.88 3 2 11.06 (1.64 0.18)x 1072 —2.09 (6.11£1.04)x 1072 —2.52 2.7
POS 11.77 1 4 11.17 (4.3%0.35)x 102 —1.96 (4.63+0.16)x 1073 —2.94 9.5
D,NC(CH,OD),CH,O~ 15.71 3 1 16.19 <32 <151 <6.4 <0.81 5.0

a At 37 °C and ionic strength 1.0 M (KCI) in fD. The rate constarig is defined in eq 9. Statistical corrections were made according to Bell
and Evang“® ® Apparent [K, of the conjugate acid at 37TC and ionic strength 1.0 M (KCI) in £D (see text)¢ Calculated from the ion product
of D,O'® based on a standard state of 55.0 M for pug® @t 37°C, with KL° = K,,/[D,0] = 10-45955.0. ¢ Rate constants for catalysis by OD
are concentration baseglop = 0.89.

Table 2. Catalysis of G-proR/proSL Exchange from.-Dihydroorotaté

proR . ‘ proS
10%, kMkef 10%, kW,
b . obsd c v 1K Hif Te.g obsd k. Ik 1 /%2 F kT
Catalyst pK; C-L/L,O 7 (YL, y" (T " KMk P (e /herdosa y (k) 1Ky
HD,0  0.211£0.008 0.077 + 0.003
3.4+02 1.2£0.1
T/D,0  0.063£0.002 _ 0.063 + 0.002 _
- . 19402 — — —
(CH:ASO; 657 D/H,0  0.140 % 0.007 0.4%0.1 0.058 + 0.003 —
1.9£0.1 0.8+0.1
THO  0.075%0.002 0.075 + 0.002
H/D,0 8.80+0.22 1.97+0.21
23+1 50£06
/D0 0.39 +0.02 . 0.394 £0.015 _
23+0.1 — 26+04
(LOCH,),CNL, 8.58 D/H,0 1.81£0.12 3 0.04 + 0.02 0.874 £ 0.060 02201
3.9+03 19402
TH0 0.47 £0.02 0.465 +0.023
H/D,0 633 +0.18 1.1940.03
1842 34103
T/D,0 0.35+0.03 _ 0.350 +0.034 _
1.8+0.1 — 1.6£02 —
LCCCHNL, 8.66 D/H,0 2.32+0.16 0.06 +0.01 0.995 £0.054 0.4£0.1
50+04 21402
T/H,0 0.46 £ 0.02 0.464 +0.023
H/D,0 38420 23.9£0.9
c 33402 2.1+£0.1
T/D,0 11.6£0.6 _ 11.6 0.6 _
. 1.6+£0.2 — 1503 —
N 959 D/H;0 225413 0.4+0.1 16.8+0.6 0.9+0.2
21£02 1.6£0.1
T/H,0 105+0.5 105405
H/D,0 97.4£4.1 54.8+0.8
35402 20+0.1
I\ T/D,0 27.6+05 _ 27.6+0.5 443
NTNUN 9.82 20+02 — 24403 6+4
\ D/H,0 57.6£24 0.4+0.1 40.4+1.0 07402
1.9+0.1 13+0.1
T/H,0 30.4%0.4 304404

a At 37 °C and ionic strength 1.0 M (KCI) in 4O. ® Apparent X, of the conjugate acid at 37C and ionic strength 1.0 M (KCI) in JO (see
text). ¢ Values of ka/kr)obsa @aNd Ko/kr)obsa Were calculated from the observed rate constants obtained@nadbd HO, respectively (see text).
d Exponent to satisfy the SwairSchaad equatidrdefined by logkn/kr)obsa = Y log(Ko/kr)obsd (S€€ text) € Defined in Scheme I.Calculated from
eq 8.9 Calculated from eq 7! Calculated from eq 6 by usindd/kr)obsa @and &n/kr)obsa With KT/KH = 1.0 4 0.1 (see text). The calculated value
is not meaningful due to imprecision in the measured rate constants (see text).

or changef significantly. There are no deviations in the carbonyl® and iminium ion-activatet* carbon acids, as well
reactions of amines that provide evidence for unfavorable stericas carbon acids that require little electron delocalization and
effects by bulky catalysts or electrostatic stabilization of an ion desolvation upon ionizatioft; 23 when the proton-transfer step
pair intermediate involving the protonated amine and the C is strongly favorable in one direction.

carbanion/enolate2( Scheme 1). The negative deviations from the Bragnsted plots of the rate
The Brgnsted values of>0.8 suggest a late,sccarbanion/ constants for catalysis by the strongly basic alcoholate anion
enolate-like transition state, that proton transfer frogrp@®R/ of tris(hydroxymethyl)aminomethane-{0-fold) and deuteri-

proSto buffer bases in agueous solution is thermodynamically 1) (@) Lin. A C.. Ch Y Danbers DB K ATA

H H : a) Lin, A. C.] lang, Y.; Dal erg, D. B.; Kresge, A.dJ.Am.
unfavorable, and thqt diffusional sgparatlor! of the qomplex Chem. S0c1983 105 5380-5386. (b) Kresge. A. J.; Powell, M. .
betweer? and the conjugate buffer acid is partially rate-limiting  org. chem1986 51, 819-822. (c) Aroella, T.; Arrowsmith, C. H.; Hojatti,
with proton transfer to form the complex. These conclusions M.; Kresge, A. J.; Powell, M. F.; Tang, Y. S.; Wang, W.-H.Am. Chem.
are supported by the deviation of the valuesioiKr)onss and SO(Czés))SB?edlr?e% RA- Jentks, W. B. Am. Chem. S04985 107, 7117
(ko/kr)obsd from the Swain-Schaad equation (Table 2). Large 7126 ' ’ ‘ '

Brgnstedf values have been reported for deprotonation of  (23) Bernasconi, C. FPure Appl. Chem1982 54, 2335-2348.
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The observed primary kinetic isotope effects)/kr)opsqand
(kn/kT)obsa for catalysis of G-proRand proShydron exchange
from 1 in aqueous solution by oxygen-containing bases and
amines are in the range %8.0 for (kp/kr)obsaand 3.3-23 for
(kn/kT)obsd (Table 2). The relatively small values d€{{kr)obsd
4 could result from internal return or an asymmetrical transition
| stat@® or both. For example k{/kr)obsa = 3.3 for catalysis of
Cs-proR-hydron exchange from by chloroquinuclidine may
be compared with a value 8f19 that was calculated from the
differences in zero-point vibrational stretching frequencies of
| O Cs-H and G-D and the SwairSchaad equatiof?. The isotope
effects fit the Swain-Schaad equation (eq 1) with valuegiof
the range 1.62.3 (Table 2); these values differ significantly
from the theoretical value of = 3.34 for eq 1. These results
provide evidence for internal return of the transferred hydron
| to 2 from the conjugate buffer acid, which contributes to the
O decreased observed primary kinetic isotope effect. The primary
4 kinetic isotope effect is decreased because two transition states
(hydron transfer and diffusional separation of the products) are
partially rate limiting for base-catalyzeds®roR and proS
8+ hydron exchange frorin aqueous solution for these cataly®ts.
Significant internal return has been proposed to occur in several
o other carbanion-forming reactions according to a variety of
-2 experimental criterigP-18.260.30,31

1 —_ " Il — —

0 5 10 15 Streitwieset! 32 showed that the amount of internal return,
PKBD +log(p/q) or the extent that the transferred hydron L is returned to the

carbanion from the protonated buffer base before diffusional

separation of the products, can be estimated fromythelue

of eq 1. Equation 1 describes the relationship between the

L

A
ol

>0

.
]
T

=
N
T

log(ky/q) M's™)
DO

Figure 4. Statistically corrected Brgnsted plots for general base
catalysis of G-proR(panel A)- and GproS(panel B)-H— -D exchange
from L-dihydroorotate catalyzed by oxygen-containing buffety, (

primary amines @), tertiary amine [0), and deuterioxide ionA) in primary kinetic isotope effects,k/kr)obsa and  u/kr)obsa

D,O at 37°C, | = 1.0 M (KCI). Statistical corrections were made Internal return will contribute differently to the two isotope
according to Bell and Evarié® The solid lines are drawn with slopes  €ffects for reactions in whickp &~ k-3 andk-3" > k-1° > k4T

of 8 =0.844+ 0.05 (G-proR; panel A) and3 = 0.81+ 0.08 (G-proS (Scheme 1%831For example, in reactions wheke;“/k, is small,
panel B). kobsa@pproacheg; (see eq 3), and eq 10 is obeyed. In reactions

wherek_,'/k; is large, the observed isotope effects approach
oxide ion (~100-fold) are in the lower range of the negative the equilibrium isotope effects, and eq 11 is obe3fed.
deviations of between 10- and 1000-fold for catalysis by lyoxide
ion that are usually observed for thermodynamically unfavorable  (28) Melander, L.; Saunders, W. H., JReaction Rates of Isotopic
proton transfers from carbdfilt is unlikely that these negative ~ Molecules Wiley: New York, 1980; pp 154162.

. . - (29) A primary tritium kinetic isotope effect dfy/kt ~ 19 was calculated
deviations represent a change in the rate-limiting step to rate-¢,m the differences in zero-point vibrational stretching frequencies;of C

limiting diffusional encounter of the reactants because this would and G-D (ref 28, pp 136-131) by usingw/ko = explh(vy — vp)/2kKT] and
require a rate constant that is considerably smaller than theki/kr = (ki/ko)'** (ref 9); this treatment assumes that the differences in

Lo 11 - - stretching vibrations upon deuteration dominate the measured isotope effect.
!Imltlng value of 1_@ M™% s~ for diffusion controlleq encou_nt_er Although stretching vibrations contribute substantially to the total zero-
in aqueous solutioff: The fact that no such negative deviation point energies, contributions from other vibrational modes certainly make

is observed for proton transfer betweegOHand HO or H,O significant contributions to the zero-point energies. TheHCstretching

_ frequency of 3019 cmt for 1 was measured in a KBr pellet as described
anld O:—f alt Ale% ho' hmgy refle(t:t pmtl(l)n tranSfe.rththrOlégh previously (ref 4b); a €D stretching frequency of 2166 crhfor 1 was
solvent molecules; which does not usually occur with carbon  measured similarly.

acids?#26.27|t is possible to explain the negative deviations for ~ (30) (a) Cram, D. J.; Kingsbury, C. A.; Rickborn, B. Am. Chem. Soc.
the reactions in which hydron transfer is largely rate-limiting 1961 83, 3688-3696. (b) Hine, J.; Philips, J. C.; Maxwell, J.J. Org.

. . . L Chem.197Q 11, 3943-3945. (c) Zoltewics, J. A.; Helmick, L. Sl. Am.
by a requirement for partial desolvation of the lyoxide ion before <y, Socl97q 92, 7547-7552. (d) Macciantelli, D.; Seconi, G.; Eaborn,

reaction'® For reactions involving basic oxyanions as nucleo- ¢. J.J. Chem. Soc., Perkin Trans.1®78 834—838.
philes or catalysts, desolvation of the oxyanion appears to be  (31) (a) Streitwieser, A., Jr.; Hollyhead, W. B.; Sonnichsen, G.; Pud-

; SR e jaatmaka, A. H.; Chang, C. J.; Kruger, T. L. Am. Chem. Sod.971, 93,
ahead of bond formation to the oxyanion in the transition sfate. 05" 05" ¢ 'Seiwieser, A., Jr.. Owens. P. .. Sonnichsen, G.: Smith,
No satisfactory explanation is available for deviations when . k; Ziegler, G. R.: Niemeyer, H. M.; Kruger, T. L. Am. Chem. Soc.
diffusional separation of the products is largely rate-limitthg. 1973 95, 4254-4257.

(32) Two simplifying assumptions are required to calculate the extent

(24) Ritchie, C. D.; Lu, SJ. Am. Chem. S0d.99Q 112 7748-7756. of internal return from the breakdown of eq 1 (ref 31): (1) There is no

(25) (a) Meiboom, SJ. Chem. Physl961, 34, 375-388. (b) Lowenstein, isotope effect on the rate constant for diffusional separation of the
A.; Sztke, A.J. Am. Chem. S0d.962 84, 1151-1154. (c) Grunwald, E.; Cs-carbanion/enolate and the conjugate buffer akijl [This is supported
Eustace, D. InProton-Transfer ReactionsCaldin, E., Gold, V., Eds.; by the small isotope effect<(3%) on the diffusion of HTO in KO and
Chapman and Hall: London, 1975; pp 28%94. DTO in DO (Weingatner, H. Z. Phys. Chem., Neue FoldgE982 132

(26) (a) Bednar, R. A.; Jencks, W. B. Am. Chem. Sod985 107, 129-149). (2) The solvent isotope effect on the primary kinetic isotope
7126-7134. (b) Washabaugh, M. W.; Stivers, J. T.; Hickey, K.JAAm. effect is negligible, which implies th&t 1'/k; has no solvent isotope effect.
Chem. Soc1994 116, 7094-7097. (c) See, for example, Pohl, E. R.; Wu,  The difference inApK, of 0.5 unit that arises from a change from@to
D.; Hupe, D. JJ. Am. Chem. S0d.98Q 102 2759-2763. H,O for the catalytic base is expected to result in a small increase in the

(27) Hibbert, F. InComprehensie Chemical KineticsBamford, C. H., extent of internal return. However, this solvent isotope effect is similar to

Tipper, C. F. H., Eds.; Elsevier: Amsterdam, 1977; Vol. 8, pp-296. the experimental error in the values (ref 18).
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kKT = (k. Pk T)3-34 Resonance, Solvation, and the Intrinsic Barrier. The

y Tk = (k) (10) . : er. |
“normal” acid behavior of Gproton transfer frond, thiazolium

KT/KH:(KT/KD)3-34 (11) carbinols?*418 ethyl acetaté2 and glycine methyl esték,

suggests that carbonyl- and iminium ion-activated carbon acids

The values of the internal return ratik,;"/k;, that were can be as normal as any other acid with respect to rates of proton
obtained from eq 1 are in the range 0-84 (Table 2) and transfer if the mechanism for stabilization of the carbanion
indicate that internal return of the transferred hydror2ts minimizes the changes in bond lengths and angles of heavy
significant. The extent of internal return should be interpreted atoms, and associated unfavorable solvation changes, in the
conservatively because the errors #25% or more; these large  transition state for proton transfer.
errors arise because deviations from eq 10 as a consequence of A requirement for proper orbital alignment (stereoelectronic
internal return are typically smaif. The results show that control) is widely accepted as an explanation of the stereose-
proRhydron transfer catalyzed by tris(hydroxymethyl)ami- lective abstraction of protons. to carbonyl group¥ and
nomethane and propargylamine is subject to less internal returniminium ions2” although evidence supporting this explanation
than G-proShydron transfer catalyzed by these catalysts, or is limited and not without controvers§.The nonenzymatic &£
the reactions catalyzed by an oxygen-containing catalyst or proton exchange reactions of 6-substituted-5,6-dihydrouracils,
tertiary amines. A decrease in internal return is expected with including 1, exhibit stereoselectivity that is similar to the
decreasing basicity of the carbanion (see bef$Whe observed  stereopreferential abstraction of an axigbroton for enolization
increase in the primary kinetic isotope effects for catalysis of of conformationally locked cyclohexanon&stereopreferential
Cs-proR-hydron transfer by tris(hydroxymethyl)aminomethane abstraction of the &proR proton was observed and explained
and propargylamine is consistent with predominantly rate- as resulting from stabilization of thes{®roR carbanion by
limiting hydron abstraction for these catalysts. orbital overlap of the p-orbital of thguastaxial G—Hg bond

Correction of the value ok{y/kr)opsg= 2 for Cs-proShydron and the p-orbitals of the &&arbonylz-systemt! This explana-
abstraction catalyzed by 1,4-diazabicyclo [2.2.2] octane for the tion is supported by the observation of preferential internal return
effects of internal return according to eq 7 givaes/k," ~ 6 in nonenzymatic &proShydron exchange compared to the C
for the primary tritium kinetic isotope effect on the;-froS proRposition (Table 2). The values &f,7/k; for general-base
proton-transfer step itself. This shows that even moderate catalysis of G-proShydron exchange are-Z-fold greater than
internal return markedly depresses isotope effects (Tabl® 2). the values for @proRhydron exchange by the same catalyst.
This small isotope effect, compared to the calculated value of An increase in internal return is expected with increasing basicity
kiH/ky" ~ 192%is also consistent with an asymmetrical transition (and decreasing stability) of a carbani§and the demonstration
state for the proton-transfer stéf. that internal return is more important for the-@roScarbanion

The magnitude of the Branstgtlvalues and isotope effects  provides evidence thatsgproS is less stable than thes@roR-
provide evidence that transfer of the-@roR/proSprotons from carbanion in aqueous solution.
1 is similar, but not identical, to proton transfer from normal The stereoselectivities ofsproR-to Cs-proSproton transfer
acids with electronegative atoms. Proton transfers betweenfrom 1 of 1—10:1 reported here (Table 1) are similar to
normal acids and bases are almost completely diffusion- previously reported values in the range 2-11:1¥and other
controlled—only in a small region neakpK, = 0 is the proton  6-substituted-5,6-dihydrouracits Differences in the stereose-
transfer step even partly rate limiting, and for thermodynamically lectivity of Cs-proR- to Cs-proS+proton transfer froni of 11:1
unfavorable ApK, < —3) or favorable ApK, > 3) proton compared to 23:1 for 3 and4 were rationalized as being due
transfers, diffusion-controlled separation of the products or
encounter of the reactants becomes fully rate-limi&hg.The

Bransted plots for these reactions follow “Eigen curves” with s ',*S

. o> HN” uiHg HN™ oHg
slopes of 0 and 1.0 in the favorable and unfavorable directions, A A A om
respectively, and have a small transition region mgaik, = 0 0" N %cH, 07 N Yco,cH,
of slope 0.5 where the proton-transfer step itself gives rise to a
kinetic isotope effect. Bragnste@lvalues of<1 and significant 3 4

primary kinetic isotope effects are observed foand related ) ) ) N
carbon acids because the proton transfer step is at least partlyo neighboring electrostatic effects that destabilize the conformer
rate-limiting over a larger range @pKa. that would give rise to the $£proScarbanion. The progressive

Significant internal return of the abstracted hydror2 foom increase in stereoselectivity from 2.9:1 for cacodylate (one
the protonated buffer base establishes the Eigen mechanism fof ™~ (3g) (a) Corey, E. J.; Sneen, R. A. Am. Chem. Sod.956 78, 6269
proton transfer froml in aqueous solution, which involves  6278. (b) Subrahmanyam, G.; Malhotra, S. K.; Ringold, H. Am. Chem.
partitioning of this carbanion intermediate between products and 30%136%8& (13?132—_%322- ?Eg) g;;sgeﬁle'((dj)';TT‘efe'trtl'lIeréBBA';vOImStead'

H . H . . . D.J.0Org. em ) . rimitsis, G. b.; Van bam,

reactants. Th!s conclgsmn is relevant to th_e p_h_ysmlo_glc_al role & v Chem. Soc., Chem. Commas74 610-611. (e) Fraser, R. R..
of 1 because it establishes tfZatan have a significant lifetime  champagne, P. Tan. J. Chem1976 54, 3809-3811. () Fraser, R. R.;

in aqueous solution and on dihydroorotate dehydrogenases. Champagne, P. J. Am. Chem. Sod978 100, 657-658. (g) Pollack, R.
M.; Kayser, R. H.; Cashen, M. J. Org. Chem1984 49, 3983-3987. (h)

(33) High precision for measured rate constants is required to obtain Elvidge, J. A.; Jones, J. R.; Russell, J.X.Chem. Soc., Perkin Trans. 2
useful information about relative free energies of two transition states when 1985 563-565.

both are partially rate-limiting (Albery, W. J.; Knowles, J. R Am. Chem. (37) (a) Ferran, H. E., Jr.; Roberts, R. D.; Jacob, J. N.; Spencer, I.. A.
Soc.1977, 99, 637—638). Chem. Soc., Chem. Commur®78 49-50. (b) Liu, F.-T.; Yang, N. C.
(34) (a) Eigen, M.Angew. Chem., Int. Ed. Engl964 3, 1-19. (b) Biochemistryl978 17, 4877-4885. (c) Smith, J. K.; Bergbreiter, D. E.;
Fischer, H.; DeCandis, F. X.; Ogden, S. D.; Jencks, WJ.FAm. Chem. Newcomb, MJ. Am. Chem. So&983 105 4396-4400. (d) Hine, J.; Sinha,
So0c.198Q 102 1340-1347. A. J. Org. Chem1984 49, 2186-2190.
(35) (a) Bergman, N.-A Chiang, Y.; Kresge, A. IJ. Am. Chem. Soc. (38) (a) Feather, J. A,; Gold, \d. Chem. Socl965 1752-1761. (b)

1978 100 5954-5956. (b) Cox, M. M.; Jencks, W. B. Am. Chem. Soc. Finneman, J. |I.; Fishbein, J. @. Am. Chem. S0d.995 117, 4228-4239.
1978 100, 5956-5957. (c) Cox, M. M.; Jencks, W. B. Am. Chem. Soc. (c) Bordwell, F. G.; Scamehorn, R. G. Am. Chem. S0d969 90, 6749
1981, 103 572-580. (d) Yang, C. C.; Jencks, W. B. Am. Chem. Soc. 6751. (d) Lamatz, G. lisotope Effects in Organic Chemistiguncel, E.,
1988 110, 2972-2973. Lee, C. C., Eds.; Elsevier: Amsterdam, 1976; Vol. 2, p 71.
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, L CH+B C +B-H crystal structures of several 6-substituted-5,6-dihydrouracils,
) where the left half of the ring (Nto C,) is almost completely
4 planar?® In general, such an effect is possible when the atom

adjacent to the carbonyl group is a heteroatom. The extent to
which the relative resonance stabilization of the keto reactant
and the enolate product é&xpressed in the transition statell

dictate the magnitude of the decrease of the intrinsic barrier.

Reaction Coordinate

Figure 5. Gibbs free energy-reaction coordinate diagrams for ther-
moneutral proton transfer from carbons acids to an anionic base to
illustrate the “intermediate” intrinsic kinetic barrier for the @sitions

in L-dihydroorotate: (a) a carbonyl-activated carbon &&id(b) No satisfactory calculation is available at this time for the

“normal” carbon acids (HCR and thiamir®), and (c) the GproSand relative contributions from enthalpy and entropy to transition-

(d) Gs-proR positions oft-dihydroorotate. state complexity for proton transfer to and frdimin aqueous
solution.

negative charge) to 6.0:1 for phosphate dianion (two negative (2) Large intrinsic barriers are typically associated with a lack
charges) and 9.5:1 for phosphate trianion (three negative of synchronization between concurrent reaction events such as
charges), respectively, provides evidence that electrostaticbond formation/cleavage, solvation/desolvation, and develop-
repulsion resulting from the gxarboxyl group ofl on approach ment/loss of resonanéé.The contribution of solvent reorga-
of a negatively charged base contributes to the observednization effects to the intrinsic barrier could be minimized by
stereoselectivity. retaining partial solvation of the reactari) (n the transition

A principal reason for slow hydron exchange from carbon state. The observation that oxygen anions are strongly soiated
acids is the low acidity of most carbon acids, which arises from suggests that, in the absence of ground-state resonance stabiliza-
the low electronegativity of carbdii.Functional groups that  tion of 1, retaining solvation in the keto reactahand enolate
decrease thel, of carbon acids also tend to make the transition product2 would not be favorable. However, the negative charge
state for the hydron transfer more complex and less stable, andon the carbonyl oxygen would be partly maintained in going
this increase in transition-state complexity is accompanied by from reactants to products whenis stabilized by resonance

a decreased reaction rdfetl The intrinsic kinetic barrierg/2 involving N3 (Scheme 2), which could minimize solvent
AG¥ny, for deprotonation of -dihydroorotate of 8.8 kcal mot reorganization in the transition state for proton transfer. Since
at G-proR and 9.5 kcal moi! at G-proS respectively, are  amines are less strongly solvated than oxygen arfibihe loss
larger than the-5 kcal mol® barrier that is typical of “normal” of the partial positive charge onshh going from reactants to
acids?3 but smaller than the intrinsic barrier af12 kcal mot? products is not expected to contribute significantly to solvent
barrier typical of carbonyl-activated carbon aéfdd@-igure 5). reorganization. A similar explanation has been proposed to partly

There are several possible reasons for the smaller-than-expecteaccount for the “normal” acid behavior of the d{proton in
intrinsic barrier for proton transfer from the carbonyl-activated an iminium-ion activated carbon acitl.
Cs-proR/proSposition of 1 pKaCsM Value for L-Dihydroorotate. Values of .S in

(1) The intrinsic barrier to proton transfer may decrease when the range 2621 can be calculated for the:@roR/proSposition
the relative stability of the Ecarbanion/enolate?) is decreased  in 1 in H2O. This equilibrium constant in 40 was obtained
by ground-state resonance stabilization of the keto tautomer asaccording to Scheme 3. The value lgfo was calculated by
has been proposed for proton transfer from ethyl acétdte. multiplying the observed pseudo-first-order rate constant for the
the case ofl, this can be accomplished by electron donation pD-independent, buffer-independeni-@oton exchange reac-
from N3 to the carbonyl group (Scheme 2). Evidence consistent tion with DO by 2.6, to correct for the secondary solvent
with such ground-state resonance stabilization comes from thedeuterium isotope effect on the rate constankgb/kp,o =
2.6%8 A value of 2 x 10 M~1 s! was assumed for the
diffusion-controlled reaction in the reverse direction. Values for

(39) Buncel, E.Carbanions Mechanistic and Isotopic AspectElse-
vier: New York, 1975; pp £20.

(40) Kresge, A. JAcc. Chem. Red975 8, 354-360. k_ain the range (+4) x 10'°M~1 s71 have been reported for
(41) Hine, J.Adv. Phys. Org. Cheml977 15, 1-61. protonation of aminé42 and CN2226a py H;O'. To our
(42) Calculated usinh\G¥iny = RT In(KT/hkpny) usingkiny = 103 M1

s71 (Cs-proR) andkiny = 108 M~ 571 (Cs-pro9, where the intrinsic rate (45) (a) Rohrer, D. C.; Sundaralingam, Kcta Crystallogr.197Q B26,

constant,kiny = kg at ApKy = 0, was obtained by extrapolation of the  546-553. (b) Hambley, T. W.; Phillips, L.; Poiner, A. C.; Christopherson,
corresponding Brgnsted plot (Figure 4). We assume that the Brgnsted plotsR. I. Acta Crystallogr.1993 B49, 130-136.

do not curve appreciably with increasinggp. (46) (a) Bernasconi, C. FAcc. Chem. Resl987 20, 301-308. (b)
(43) Calculated using\G¥iny = RT In(KT/hKiyr) using Kingr = 10° M1 Bernasconi, C. FAcc. Chem. Red992 25, 9-16.

s 1 (Washabaugh, M. W.; Jencks, W. . Am. Chem. Sod989 111, (47) (a) Jencks, W. P.; Haber, M. T.; Herschlag, D.; Nazaretian, K. L.

674—683; ref 22). J. Am. Chem. Sod986 108 479-483. (b) Arnett, E. M.; Chawla, B.;
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Scheme 4 mechanisnf? however, the estimated value oKgs" = 20—
STEPWISE 21 for 1 shows that the &carbanion is quite unstable in aqueous
solution. Therefore, the enzyme either changes the relative
9@ @ thermodynamic stabilities ofl and its G-carbanion, or it
< H H-B . .
HN | provides a one-step, concerted pathway that avoids the unstable
o)\u 'ggz_ Eox carbanion intermediaf®. There is precedent for stabilization

of weakly acidica-carbanions by enzymes; for example, pig
kidney acyl-CoA dehydrogenase decreases the valuk gf g
for certain acyl-CoA analogues from 15 to 20 in aqueous

N\
/

o, o ® solution to 7 at the active sif8.
HNJ\i(f‘HR '|3 HN)iH H‘T A stepwise mechanism for dehydrogenaf[ion V\aﬂrtl ster-
AL 7N NCO; Hetes eochemistry (upper pathway, Scheme 4) |n\_/oIV|ngp@)S-
H CO; = CONCERTED hydron transfer from-dihydroorotate I), formation of the G-

H
1 5 carbanion/enolate intermediate, followed byltydride or G-
radical transfer to an enzyme-bound electron acceptor has been
knowledge, the smallest rate constant reported for diffusion- suggested for several dihydroorotate dehydrogenases; the en-
controlled reprotonation of a base by a buffer acid in aqueous zymatic reaction shows stereoselectivity atapposite to that
solution isk—a = 4 x 10° M~1 571,24 3 (K .G value of 17 is of nonenzymatic &proton exchangé>2This stepwise mech-
obtained with this minimum value &_,. anism is consistent with: (i) the aggregate isotope effects on
The assumption of diffusion-controlled reprotonatior? diy Vmax (PV) and on Vima/Km[P(V/K)] for the reaction with1
HsO" is supported by the demonstration of an Eigen mechanism catalyzed by the dihydroorotate dehydrogenase f@ithidia
for proton transfer, in which both proton transfer and diffusional fasciculata’ (ii) exchange at € in several 5,6-dihydro-
separation of the products are partially rate-limiting for relatively pyrimidines3’>53(iii) the fact thatl undergoes sodium ethoxide
basic catalysts. In this simple three-step model for proton catalyzed exchange of thes @rotons in refluxing ethanak
transfer, diffusion-controlled separation of the products becomesWwithout deuterium incorporation into the; @osition?? and (iv)
even more rate-limiting as the proton transfer becomes more speculation that an enolate intermediate would be more sus-
thermodynamically unfavorabtethe catalyst basicity decreases. ~ceptible to oxidation thaf on the basis of nonenzymatic model
For example, the large value of the internal return ratiqt/ reactions of enolates with riboflavii.However, a concerted
k. = 4, for catalysis by 1,4-diazabicyclo [2.2.2] octan&{p= mechanism, as observed for acyl-CoA dehydrogengsieas
9.82) (Table 2) is expected to become even larger for catalysisnot been strictly ruled out.
by the weak base # (pKa = —1.74). This assumption is also
supported by the Brgnstetlvalues>0.8 for catalysis of &
proR/proSproton exchange by buffer bases, which indicate that
the reverse protonation reaction has a Brgnetedlue of<0.2
and that reprotonation is likely diffusion-controlled with a strong JA992753Vv
aCId.“ke H3Q.+' The values of KaCSH n th.e range of 1721 (49) The limiting iK.SH value of <18 for enzyme-bound was calculated
provide additional support for the conclusion thgtgLoR/proS- as described previously (ref 4a) from, = 59 st at pH 6.0 for
proton transfer frond is always thermodynamically unfavorable  dihydroorotate dehydrogenase (ref 7a) and assuniag7 for a catalytic
in aqueous solution. base at the active _sne.
s . (50) Thibblin, A.; Jencks, W. Pl. Am. Chem. Sod.979 101, 4963-
Implications for Enzyme-Catalyzed Reactions.A funda- 4973.
mental problem in enzymology is how enzymes handle mod-  (51) Lau, S.-M.; Brantley, R. K.; Thorpe, ®Biochemistry1988 27,

i i i 5089-5095.
erately unstable intermediates such as thea&banion/enolate. (52) Blatimann, P Retey, Eur. J. Biochem1972 30, 130137,

Dihydroorotate dehydrogenases catalyze the oxidatioh tof (53) (a) Chambers, R. W. Am. Chem. S0d.968 90, 2192-2193. (b)
orotate b, Scheme 4). Scheme 4 shows that the enzyme could Grossman, L.; Rodgers, Biochem. Biophys. Res. Comm{@68§ 33, 975~
catalyze the reaction via either of two mechanisms: a stepwise 983. (c) Wechter, W. J.; Smith, K. @iochemistryl968§ 7, 4064-4069.

; . ; (d) Hayatsu, H.; Wataya, Y.; Kai, K. Am. Chem. Sod97Q 92, 724~
mechanism (upper pathway); or a concerted mechanism (lower;5¢ (€) Shapiro, R.; Servis. R. E.. Welcher, 3Am. Chem. $0497Q

pathway). A K. value of <18 is required for enzyme-bound 92, 422-424. (f) Skaric, V.; Gaspert, B.; Hohnjec, M.; Lacan,5Chem.

1 if the Cs-carbanion exists as an intermediate in a stepwise Soc., Perkin Trans. 1974 267-271.

(54) (a) Rynd, J. A.; Gibian, M. Biochem. Biophys. Res. Commun.
(48) The solvent isotope effect d&ti,0/kp,0 = 2.6 was calculated as 197Q 41, 1097-1103. (b) Weatherby, G. D.; Carr, D. Biochemistry1l97Q

described previously (ref 4a) from a fractionation factot?cf (0.69¥ for 9, 351-354.
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