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Abstract: Base-catalyzed hydrolysis of formamide in the gas phase and in agueous solution has been studied
using a combination of quantum chemical and statistical mechanical methods. A three-step procedure has
been applied which comprises the determination of a gas-phase reaction path by high-level ab initio calculations,
the calibration of empirical solutesolvent potentials, and classical Monte Carlo simulations of the solute
immersed in a bath of solvent molecules. These simulations yield the solvent effect as a potential of mean
force along the predetermined reaction coordinate. Each of the three consecutive steps of base-catalyzed
hydrolysis has been analyzed in detail: the formation of a tetrahedral intermediate, its conformational
isomerization, and the subsequent breakdown to products. The reaction is very exothermic in the gas phase
and involves only moderate barriers for the latter two steps. Aqueous solvent, however, induces a significant
barrier toward formation of the intermediate. On the other hand, it also facilitates conformational isomerization
and produces a more product-like transition state for the breakdown step. Solvent effects, as expressed by
differences in free energy of solvation, are found to reflect variations in the solute’s charge distribution and
are readily explained by the analysis of hydrogen bond patterns. The calculated free energy profile is in
satisfactory agreement with available experimental data for the solution-phase reaction.

1. Introduction - - | e P o >N—9 Ve >N_H e e "
The hydrolysis of amides serves as an important model 7N (:)\
reaction for the enzymatic cleavage of peptide bonds. In analogy N,

to its biochemical counterpart, it involves the formation of a

tetrahedral intermediate through nucleophilic attack at the simple aliphatic amides, benzamides, and toluamides in alkaline

carbonyl group. The details of the mechanism, however, dependmedia?6-1° The free energy of activation has been measured

on the experimental conditions applied. experimentally and varies between 20 and 30 kcalfbl,
Hydrolysis in neutral, aqueous solution has been obsér¥ed, depending on substrate and temperature (typicalylZ®°C).

but is known to be a very slow process that requires high The higher basicity of hydroxide thus provides for a substantial

temperature$.A free energy of activation of 55 kcal/mol (at  decrease in barrier height. Much of the experimental work has

25 °C) has been estimated by ab initio calculatighfor the focused on the probability of oxygen exchan®y 1%0) with

gas-phase addition of water to formamide (1), and similar values respect to hydrolysi%:®12 Assuming a rapid protonic equilib-

rium for the tetrahedral intermediate, these experiments yield

0 « A o valuable information about the barrier for the reverse reaction
N—C, + HO - ——» N—C/ ———= N—H + HO—C/ [¢))] .
¢ 71N N relative to that for &GN bond cleavage. A preference for
R—0 hydrolysis was found for tertiary benzamides and toluamides,

while the tetrahedral intermediates of primary amides tend to
regenerate reactarfts? This result was rationalized in terms
of amine basicity and leaving abilify® The hydrolysis of
amides involving amines of very low basicity (such as certain
anilines) is known to follow rate laws of second order in
hydroxide concentration, which is commonly explained with

(48—-51 kcal/mol) have been given for the aqueous-phase
reaction> Although there is some experimental evidence for
reaction 1 to occut, kinetic data favor a base-catalyzed
mechanism (2) even in neutral aqueous solutidithis corre-
sponds to a reaction first order in hydroxide concentration, a

(6) Bunton, C. A.; Nayak, B.; O’Connor, d. Org. Chem1968 33,

mechanism which has been suggested for the hydrolysis of57
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Base-Catalyzed Hydrolysis

doubly negatively charged intermediates which expel the amine
in its deprotonated form?10.13

Catalysis can also be achieved under acidic conditions. Two
mechanisms may be considered: The first involves N-proton-
ation, followed by addition of a water molecule, ané i€ bond

cleavage. The second mechanism assumes initial O-protonation

and proton transfer to N either concurrently with or after the
addition of water. Due to their zwitterionic character, amides
prefer O-protonatiot15 (by ca. 14 kcal/mol in the case of
formamidé®), which, however, also increases thei+ 8 bond
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strength and makes them less susceptible to nucleophilic attack.

Krug et al. have reported gas-phase ab initio calculations for
both pathways and conclude that the hydrolysis of O-protonated
formamide involves by far the higher energy barrier (24 vs 6
kcal/mol)16 They argue, however, that the presence of a second
water molecule might result in substantial stabilization of the
transition state and thus favor the O-protonation pathway. This
is supported by more recent ab initio and density functional
studies which predict much lower activation barriers for a
reaction involving a second water molecule as part of a six-
membered ring transition stae'® Unfortunately, these theoreti-
cal studies take limited or no account of the aqueous solvent.
From experimental evidence, however, the O-protonation path-
way is generally accepted for the aqueous-phase reactfoft.
The addition of water to the protonated amide is known to be
the rate-limiting step®19.22

Even though acids can promote amide hydrolysis, base
catalysis is generally more efficiehtn a number of studies on
aliphatic amides, acid- and base-catalyzed hydrolyses have bee
compared directly, and activation energies were found to be
3—4 kcal/mol lower for base catalysi2*The higher efficiency
is one reason, the closer analogy to the enzymatic proces
another, that makes the base-promoted pathway particularly
interesting for further theoretical investigation. Only the base-
promoted pathway affords the formation afiegatively charged
tetrahedral intermediate, which is considered to be a charac-

teristic feature of the reaction occurring in serine proteases (see

Figure 1). The catalytic triad (Asp, His, Ser) is known to be
the active site, initiating peptide cleavage by nucleophilic attack
of Ser to the substrate. The His residue provides for deproto-
nation of Ser to achieve the required basicity, and Asp is
assumed to stabilize the reactive center electrostatically.

The majority of the previously published theoretical work
on amide hydrolysis considers neutrall®-1825 or acid-
catalyzed®18.25 hydrolysis, while most investigations of the
base-promoted pathway are limited either to the gas-phase
reactiort®26or to the formation of the tetrahedral intermedizte,
or consider &N bond cleavage without water assistatct;2526
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Figure 1. Schematic representation of amide hydrolysis in trypsin and
under base catalysis.

which is known to be very unfavorable. Several authors have
pointed out the substantial stabilization of transition states by
ancillary water molecules. The catalytic effect of water in
proton-transfer processes has been established for feétf&l
and acid-promoted amide hydrolysid® as well as for the

A ddition of a water molecule to formaldehy&e8 Surprisingly,

such participation of a water molecule has rarely been considered
for base-promoted amide hydrolysis. In 1985, Weiner et al.

Ssuggested that a water molecule catalyzes th&l®ond fission

step by two consecutive proton transféi@s shown in Figure

2). Due to computational constraints at that time, however, the
authors only considered a few geometries on the reaction path
without full optimization of transition states, and were further
restricted to a very simple model based on molecular mechanical
energy minimization to study the effect of bulk solvent.

Here we report a theoretical study of base-promoted hydroly-
sis of formamide, using high-level ab initio electronic structure
theory combined with the statistical mechanical treatment of
aqueous solvation. Following a procedure suggested by Jor-
gensert? the potential of mean force for the solution-phase
reaction is obtained from the gas-phase reaction path and from
subsequent Monte Carlo simulati§hsf the solute immersed
in a box of water molecules. The reaction studied in this work
is outlined in Figure 2 (for atom numbering see Figure 3). The
mechanism is analogous to that proposed by Weiner & al.
Our main objective is to study the aqueous-phase reaction, and
to analyze the influence of bulk solvent. Solvent effects for
related reactions have previously been studied with reaction field
approachest317.28qr point dipole modeld® but the application
of statistical mechanical techniques is clearly more appropriate
in this regard. They not only provide a satisfactory description
of specific solute-solvent interactions, but also permit a more
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Figure 2. Schematic drawing of the formation (1), the conformational

isomerization (Il), and the breakdown (lll) of the tetrahedral intermedi-
ate. For clarity, the product is not shown in its final geometry (see
Figure 12).
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intrinsic reaction coordinat&s 38 have been calculated which
connect the transition states with the corresponding minima.

All geometries have been optimized at the MP2/6-&F
level of theory32 The basis set includes diffuse functions on
heavy atoms to ensure the appropriate description of the anionic
reactants. Additional energy calculations have been performed
at higher levels of theory to assess the effects of basis set
truncation, basis set superposition, and higher order electron
correlation. The largest basis set employed in our study (AUG-
cc-pVTZ)94is of triple< plus polarization quality, augmented
with one diffuse function of each function type used. Electron
correlatiorf! has been studied at the MP2 and coupled cluster
(CCSD}y243levels of theory. All results are collected in Table
1.

The ab initio calculations predict a very exothermic formation
of the tetrahedral intermediate (TET1) with no apparent barrier.
The subsequent isomerization of TET1 to TET is moderately
endothermic and involves a barrier of 8 kcal/mol. The water-
assisted breakdown of TET proceeds over an early transition
state and is even more exothermic than the first reaction. This
sequence of three reactions involves a net gain in energy of ca.
50 kcal/mol, not counting the complex formation between TET
and water. Nevertheless, formamide hydrolysis is unlikely to
be observed in the gas phase, due to the preference for hydrogen
abstraction (INCHO + OH~ — OHj--HNCHO™, AE =
—47.1 kcal/mol at the MP2/6-31G* level).

The “best estimates” given in Table 1 are based upon
counterpoise-correctéttMP2/AUG-cc-pVTZ energies and in-

Hz Hs H\3 . clude adjustments for higher order electron correlation (see
\01_,\,4/ o) “‘_01_Nf s footnote c of Table 1). Fortunately, the lower level MP2/6-
// ” O™ \H 31+G* energies are reasonably close to these reference data,
0z e H8/07 e with differences typically being smaller than 3 kcal/mol. This
good agreement with high-level ab initio calculations justifies
Hiy Hﬂ\ the use of MP2/6-3tG* reaction coordinates and energies for
O1o O1o the subsequent solution simulations.
l-{s e H H\3 ?HS Hg
o C&;:h\ eo 2\\CS y 9/N4\ 3. Aqueous-Phase Simulations
07 Hs 07 Hs To study the effects of aqueous solvation on base-catalyzed

Figure 3. Numbering scheme used in the text, tables, and figures,
shown for R, TET1, T1, and P. For clarity, atoms of classical water
molecules are referred to by letters (HW and OW).

detailed analysis which can help to understand the mechanism

by which solvent alters the energy profile.

amide hydrolysis, we followed a protocol suggested by Jor-
gensen. For the purpose of this paper, we shall outline the
procedure briefly and refer the reader to the original publications
for a more thorough discussigh#5-4°

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-Gordon,

Our paper begins Wit_h a descriptior_l of the_ab initio _reSU“S M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
for the gas-phase reaction. The following section describes ourJ. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;
simulation protocol and discusses the custom-tailored designﬁ‘f‘{"ag}t'tgb jr- E-;PTP::_%Q% Maussian 92/DFTRevision G4; Gaussian,
of appropriate force field models used in the Monte Carlo " (35 Frischg M. J.: Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
calculations. The main part of the paper is concerned with the Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
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. . . .G Oruz, J. V. Foresman, J. b.; Peng, C. Y.] Ayala, P. Y.; ong, M.
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the reaction shown in Figure 2. The paper concludes with a Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-Gordon,

discussion of our results and a comparison to available M.; Gonzalez, C.; Pople, J. A5aussian 94Revision D3; Gaussian, Inc.:

experimental data.

2. Ab Initio Calculations

The gas-phase reaction of base-catalyzed formamide hydroly-

sis has been studied using ab initio electronic structure tPedry
as implemented in the Gaussian suite of progréi#sStationary

points have been located by geometry optimization and identi-
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Table 1. Gas-Phase Reaction: Ab Initio Reséhts

R*—TET1  TET1—TET-T1 TET-TI—TET TET+H,O—TETW TETW—T1 T1—P
MP2/6-3H-G* —26.52 (K3.69)  7.43 (-0.54) —2.65 (0.76) —16.69 (+2.24) 8.45 (1.25) —42.57 (-0.43)
MP2/6-311-G(2d,p) —26.24 6.46 —2.29 ~15.64 9.17 —42.09
MP2/AUG-CC-pVTZ —24.83 6.26 —2.12 —15.53 8.82 —39.70
MP2/AUG-CC-pVTZ-CP  —22.32 ~14.63
CCSD/6-31%#G(2d,p)  —27.26 6.57 —2.54 —14.59 11.67 —44.70
best estimate 233 6.4 2.4 ~136 11.3 423

a All energies refer to geometries optimized at the MP2/6-G¥ level of theory. Zero-point energy corrections are given in parentheses. R*
separated reactants; TET, TET1, TET-Flconformations of the tetrahedral intermediate; TEPATET—water complex; T1= transition state;
P = product complex. See Figure 2CP = counterpoise correctioi.The “best estimate” is based on the counterpoise-corrected MP2/AUG-cc-
pVTZ result to which we adein the spirit of complete basis set methedke difference between the CCSD and MP2 energies for the 6-3{2d,p)
basis set.

3.1. Theoretical Model The procedure suggested by Jor- First, entropic effects are only considered for the solvent, but
gensen is based upon gas-phase reaction paths obtained fromot for the solute. This may be regarded as a minor problem
ab initio electronic structure theory. A suitable force field since the entropy of the solute is expected to change very little
representation is then sought which accurately describes theover the reaction coordinaté.Second, the geometry of the
interactions between the reacting solute and a single solventsolute does not adjust to its environment. This precludes the
molecule. Typically this requires separate calibrations of study of solvent-induced changes of the reaction pathway and
parameters for closely spaced points on the reaction coordinatewarrants the use of reaction coordinates which describe the
For reactions of charged solutes, solvent effects are likely to solution pathway appropriately. As a rule of thumb, Jorgensen
follow variations in the solute’s charge distribution. The careful has suggested one should use gas-phase reaction coordinates
choice of a reliable charge model is thus a central focus of our only for reactions which do not involve charge separation.
study. In the second step, the custom-tailored force field is usedWhile this requirement is fulfilled for the entire pathway of
in Monte Carlo (MC) simulatior?d of the solute immersed in ~ formamide hydrolysis, the first step of the gas-phase reaction
a box of solvent molecules. Differences in free energy of is still not an appropriate approximation of the solution-phase
solvation are calculated for adjacent points (“windows”) on the reaction. There are two competing reactions between formamide
reaction path, applying statistical perturbation th&dtg the and hydroxide?? proton abstraction of an NH and formation of
Monte Carlo generated ensembles. Repeating this procedure fora tetrahedral intermediate (TET). In the gas phase, the former
all the predefined geometries from reactants to products yieldsis much preferred (by-20.6 kcal/mol at the MP2/6-31G*
the potential of mean force as a function of the reaction level), disfavoring TET formation. In solution, however, the

coordinate. The sum of this free energy of solvatidvG(y) abstraction of a proton is a reversible process while TET

and the gas-phase internal energyEfw) is used to estimate  formation initiates the hydrolysis reaction (see the Results).
the free energy profile in solutioM\Gioy): Regular ab initio geometry optimizations will always follow

the (gas-phase) proton abstraction path and yield reaction

AGy = AEqy + AGyy ®) coordinates that are inappropriate for subsequent solution

. . . simulations. Solution-phase reaction coordinates ceuld
The progedure outlined gb_ove combines the hlgh-levgl qua_mumprinciple—be obtained using ab initio SCRF (self-consistent
mechanical (QM) description of the gas-phase reaction with a o cion field) methodé55which include a continuum dielectric
completely classical simulation of solvent effects. Hence, it yegription of the solvent. In practice, however, we experienced
prowdes_, an _alterngmve to the_ stil “”f?as'*?‘ﬂ'y q_ugntum convergence problems arising from the diffuse charge distribu-
mechanical simulation of chemical reactions in explicit solvent. o ¢ the anionic solute. More recent developments in
Quantum mechanical potentials at sufficiently high levels of ¢,ninum solvent methodology address this problem of outlying
(b initio) theory are currently too expensive to be used in cparge distribution& 57 For the purpose of this study, however,
simulations that_ require m|I!|c_)ns of sm_gle-pomt eyaluatlonS. we used an appropriately constrained gas-phase reaction path
More COStTeﬁe?t'Vel semiempirical potentials employmg MNDO' that showed a reasonable approach of the hydroxide ion to the
type Hamiltonians' (MNDO, AM1, PM3) are inappropriate,  4rhonyl function of formamide. Further details concerning the
on the other hand, since they give a poor account of lydrogen g gice ‘of reaction coordinates are given in sections-4.3.
bonding. In earlier studies on related reactions, semiempirical 32 Force Field Model As noted above. the solution

methods were found to be unable to reproduce the catalytic . . . . \

effect of ancillary water moleculé%or to predict reasonable S|.mullat|c.)ns require an accurate desprlptlon of the solute’s charge

barriers for reactions involving proton transféThe procedure distribution along t.he reaction (_:oord_lnate. Several charge models

suggested by Jorgensen avoids these problems and appears H)ave been tested in combination with standard OPLS?&Ad

be the r.net.hoc.j OT choice. . (52) Explicit calculations using ab initio geometries and vibrational
Despite its indisputable merits, however, the method has a frequencies have indeed shown that (gas-phase) thermal corrections normally

few shortcomings related to the static description of the solute. change very littleover the reaction coordinatef the solute. However,
noticeable differences in thermal corrections are found for reactions which

(45) Chandrasekhar, J.; Smith, S. F.; Jorgensen, Wl. IAm. Chem. involve bond formation betweeseparated reactants'he loss of transla-
Soc.1984 106, 3049-3050. tional (and rotational) entropy disfavors complex (or bond) formation and

(46) Chandrasekhar, J.; Smith, S. F.; Jorgensen, Wl.. IAm. Chem. requires free energy to be spent to constrain the reactants (here formamide
Soc.1985 107, 154-163. and hydroxide) to a productive reaction pathway. For details, see Table A1

(47) Madura, J. D.; Jorgensen, W. 1. Am. Chem. Socl986 108 in the Supporting Information.
2517-2527. (53) Lim, D.; Jorgensen, W. 1. Phys. Chenil996 100, 17496-17500.

(48) Jorgensen, W. LAcc. Chem. Red.989 22, 184-189. (54) Cramer, C. J.; Truhlar, D. ®Rev. Comput. Chem1995 6, 1—72.

(49) Carlson, H. A.; Jorgensen, W. . Am. Chem. Sod996 118 (55) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981 55, 117—
8475-8484. 129.

(50) Zwanzig, R. W.J. Chem. Physl1954 22, 1420-1426. (56) Klamt, A.; Jonas, VJ. Chem. Phys1996 105 9972-9981.

(51) Thiel, W.Adv. Chem. Phys1996 93, 703-757. (57) Chipman, D. MJ. Chem. Phys1997 106, 10194-10206.
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TIP4P* van der Waals parameters for the solute and the well- T y . y T ,
established TIP4P potential for the solv&hiThe force field -2 ]
energy is defined as a sum of alitermolecular interactions:
14 L 4
Q% Oilkz 0ﬁ< £ o2
EZZZ C— +dey|——— (4) g A6 ¢ x 1
I ik vl ) a "
% 18} e 1
where g and gy, rik (A), and ¢ denote atomic charges, the = x
interatomic distance, and a factor (332.0636) to convert to 20r o ESP/HF charges
kilocalories per mole, respectively. The van der Waals param- ol FIP |
eterseik and oy are obtained from atomic parameters using ‘ S . a .
standard combining rulesix = (eie)Y2 and oy = (cio) Y2 22 20  -18 16 -14 12
The force fields have been tested for their accuracy to MP2/6-31+G*
reproduce the hydrogen-bonding patterns of setstdvent . , . . , i
interactions. Reference data have been obtained from ab initio 42l i
(MP2/6-3H-G*) geometry optimizations of selected solute %
water complexes. For consistency with the static force field 14 b o0 wwe® «
description, only intermolecular degrees of freedom have been 5 R a
optimized using fixed solute (MP2/6-31G*) and solvent T sl bk O °
(TIP4P) geometries. 8
Among the most reliable charge models currently used are S -8}
those which fit the charge-generated electrostatic potential to 2
ab initio reference dat®.The simplest procedure (ESP) involves 20| QEq/PD charges 1
a linear least-squares fit for reference points on surfaces 1.4
2.0 times the van der Waals surface of the mole€tlEhis 221
method is known, however, to suffer from statistically ill-defined L . - ) . .
; 22 -20 -18 -16 -14 -12
charges of buried atoms and tends to show unreasonably large MP2/6-31+G*

Varia_tions with geo_metry. A more refined_ protocol_ (RESP_’ Figure 4. Hydrogen bond energies (kcal/mol) for structures along the
res_tncted ESP) subjects the Ieast-squares_flt to certain restraintS et preakdown path calculated ab initio (MP2/6433*) and with
which reduce the geometry dependence of ill-defined ch&fdés.  model potentials. Model potentials are based on ESP/HF charges (top)
The ESP and RESP models have been tested applying bothor QEq/PD charges (bottom). Hydrogen bonding sites are O-2 and O-7
RHF/6-3H-G* and MP2/6-3%+G* wave functions. (squares, type I, cf. Table 6) or O-7 and O-10 (crosses, type I, cf.
For the statistical evaluation, we selected 11 hydrogen-bondedTable 7).
complexes for reaction | (formation of TET), 5 for reaction Il i ) ) ) ) )
(isomerization of TET), and 31 for the more complex reaction potent_lal-denved charges in classical slmulatlﬁir@sg.The well-
Il (breakdown of TET). All electrostatic potential based charge €Stablished TIP3P and TIP4P potentials for water, e.g., repro-
models reproduce qualitative trends as predicted by ab initio duce bulk solvent properties very accurately, but they do so at
calculations. Hydrogen bond energies are typically overestimatedthe expense of a 20% increase in the water dimer erféjgo
by 5—10% with respect to MP2/6-31G* reference data, and ~common to a]l our model potential calculations is a consistent
by 20-30% if counterpoise corrections are taken into account. Underestimation of hydrogen bond lengths by about 0.2 A. This
ESP/MP2 and RESP/MP2 perform only marginally better than 1S another characteristic of effe(_:tlve tv_vq-body potentlals_su_ch
the RHF-based models, and reduce the average errors fronfS TIP3P and TIP4P and no major deficiency, since qualitative
5—12% (uncorrected) and 229% (corrected) to411% and trends are well reproduced. ) .
19-27%, respectivel§® These observations reflect the well- ~ While the ESP and RESP models provided satisfactory
known tendency of the 6-31G* (and 6-8G*) basis set to descrlpnon_s of the molecu_lar charge _dlstrlbutl_o_n, we also
overestimate electric dipole momeRt$166it should be noted, explored S|mple_r_ and_ less time-consuming empirical models.
however, that a moderate increase in polarity compensates for! "€ charge equilibration model (QEq) proposed by R
the multibody polarization neglected in effective two-body Goddard® and later implemented in a semiempirical frame-

potentials, making the 6-31G* basis set a popular choice for Work’® was found to be appropriate for many simple organic
molecules and has been successful in applications of combined

SO?%;E’%?QST?Z%'Ii?z“sf'gxwe”' D. S.; Tirado-RivesJJAm. Chem.  QM/MM potentials?* The semiempirical variant QEq/PD was
(5'9) Jorgensen, W. L; Chandrasekhar, J.: Madura, J. D.: Impey, R. W.; specifically parametrized to reproduce ESP/HF charges at the

Klein, M. L. J. Chem. Phys1983 79, 926-935. " 6-31G* level? Unfortunately it performs very poorly in treating

@ (7%0)0”11858)()“#2 \(/gr; 5de{) V1V7a)a|% garagﬂeégf{é)éé (Bcgggﬂ%)i gr(% %358 hydrogen bonds of structures along the TET formation pathway.
Mo, 0. , .29, U. , an .90, 0. , . y . .

0.15504), H3 (2.42. 0.015). and all polar hydrogen atoms (0.0, 0.0). F|gure*4 shows the correla}tlon between (uncorrected) MP2/6-
(61) Williams, D. E.Rev. Comput. Chemi991, 2, 219-271. 31+G* and model potential (ESP/HF- and QEq/PD-based)

(62) Besler, B. H.; Merz Jr., K. M.; Kollman, P. Al. Comput. Chem.  results for these hydrogen bond energies. While the ESP/HF-
199Q 11, 431-439.

(63) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. Phys. (67) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.
Chem.1993 97, 10269-10280. M.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,
(64) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Kollman, P. A. Am. P. A.J. Am. Chem. S0d.995 117, 5179-5197.
Chem. Soc1993 115 9620-9631. (68) Kollman, P. A.Acc. Chem. Red.996 29, 461—-469.

(65) Unsigned averages have been taken of the data for each of the three  (69) RappeA. K.; Goddard, W. A., 1I1.J. Phys. Chen1991, 95, 3358~
reactions. The given numbers show the spread in these averages. For mor8363.
details, see Tables A2/A3 in the Supporting Information. (70) Bakowies, D.; Thiel, WJ. Comput. Chenil996 17, 87—108.
(66) Cox, S. R.; Williams, D. EJ. Comput. Cheml981, 2, 304-323. (71) Bakowies, D.; Thiel, WJ. Phys. Cheml996 100, 10580-10594.
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based model potential follows the correct trends predicted by
ab initio calculations, the correlation between QEg/PD and ab
initio data shows considerable scatter. The failure of the QEg/
PD-based model potential to reproduce qualitative trends can
partly be attributed to an inappropriate distribution of excess
charge over the atoms of ionic solutes. Simple reparametrizations
of the charge model did not eliminate this problem. Hence, we
decided to use the well-established ESP and RESP models
which—as shown abovereproduce qualitative trends in hy-
drogen-bonding patterns. The use of restraints in charge gigyre 5. Direction of hydroxide attack in the formation of TET1.
derivation (RESP instead of ESP) was found to have little The angless and N4C107 have been fixed to values found for TET1.
influence on the calculated hydrogen bond properties. The
Simp|er ESP model was thus genera"y preferred, augmentedTable 2. Formation_ of the Tetrahedral Intermediate: Hydrogen
by specific restraints only for reaction Il where unphysical B°nd Complexes with Water
charge fluctuations produced considerable noise in the PMF (see ab initio (MP2/6-3}%G*) ref datd
section 4.2). Ret or Evol model potential data

3.3. Details of the SimulationsThe BOSS program (version A Eref (CP) Ruw-o7 Row-ts Emodel Ruw-07 Row-Hs
3.6)'>and the force fields specified above were used to perform 7 53 1555 1201 1.84  4.45 —16.63 1.63 225
constant-pressure (NPT) Monte Carlo (MC) simulations for the 1.6 ~16.06 —13.40 1.83 438 —17.54 160 2.18
solute immersed in a rectangular box of 2@D5 water 1.8 —17.84 —15.09 1.79 432 —20.88 156 2.09
molecules (see sections 4.4.3). Periodic boundary conditions Z-g —%g-g‘ll —%8-2‘31 i-gg g-gg —gg%g igg %gg
ey 30 18 2037 1o 20313 18 2%
. ) : . v .0 —30.99 —27.56 1.70 2.39 —31.44 1.50 2.67
figurations were accepted or rejected on the basis of thegg _—2834 —2557 1.74 3.10 —=29.92 151 3.45
Metropolis criterion, modified for preferential sampling in which 6.0 —26.85 —24.11 1.72 426 —29.13 150 5.06
the probability of attempting to move a solvent molecule was 7.0 ~ —25.16 —22.30 1.71  9.87 —28.94 150 6.61
made proportional to 1% + c).3! Herec is a constant (150 80~ —25.23 —22.35 171 10.85-28.79 150  7.92
A?) andr denotes solutesolvent distances as calculated to aOnly intermolecular degrees of freedom have been optimized, while
check the cutoff criterion (see sections-4413). This modifica- MP2/6-3HG* and TIP4P geometries have been assumed for the
tion affords enhanced sampling of solvent molecules which are reactant and the water molecule, respectively. Energies are in kilo-

; Foi - . calories per mole, and distances are in angstréydrogen bond
in close proximity of the solute. Standard statistical perturbation energies are reported with and without counterpoise (CP) correction.

theory® and double-wide samplifgwere appl_ied to the_ MC- ~ ©Model potential data are based on ESP/HF-derived point charges using
generated ensembles to perturb between adjacent points (“winthe 6-3HG* basis setd TET1.

dows”) on the reaction coordinate and thus obtain the free energy

of solvation as a potential of mean force (PMF). Data collection  4.1. Formation of the Tetrahedral Intermediate. The

over 6M—24M configurations per window was preceded by formation of the tetrahedral intermediate between formamide
equilibration over 1M configurations (first 0.5M under constant and a hydroxide ion is in competition with the reversible proton
volume to prevent box expansion). The spacing between someabstraction from the amino group of formamide. Since TET1
of the windows afforded free energy differences of more than formation is disfavored in the gas phase, a constrained reaction
KT, which was considered to be too large for accurate calcula- coordinate needs to be constructed which forces the hydroxide
tions. In these cases, intermediate geometries were constructeébn to attack the carbonyl group (see section 3.1). A series of
by linear interpolation inZ matrix space. Following this  geometry optimizations was thus performed for various fixed
procedure, all free energy differences between adjacent windowsC1—07 distances from 1.538 A (as in TET1) to 8.0 A, where
were below or aroun#T with standard deviations of less than the angles N4C1—-07 andw were constrained to the values
0.1 kcal/mol as evaluated by the batch means procedure (usingcalculated for TET1 (see Figure 5).

sampling batches of 0.5M configuratiorf)The convergence As discussed in the previous section, we used the ESP/HF
of the calculated PMF was monitored by comparing simulations model to generate individual sets of solute point charges for
of different lengths (typically 2M, 4M, and 6M configurations  closely spaced points on the reaction coordinate. The custom-
per window) and by propagating the standard deviations over tajlored model potential predicts hydrogen bond energies and
the entire reaction path. The latter method yielded errors of less geometries of solutewater complexes which are in satisfactory
than 0.3-0.4 kcal/mol for each of the reaction coordinates agreement with ab initio results (see Table 2). It reproduces
(assuming 6M configurations per window), which seemed to0 the more favorable hydrogen bonding for intermediate-OT
optimistic. The comparison of simulations of different lengths distances around 3:61.0 A, which is due to a strong HWO7
was thus given priority to judge the convergence of a calculation. (water-hydroxide) hydrogen bond supported by an attractive
OW-—HS5 interaction. At longer C1O7 distances, this additional
stabilization is impossible, leaving the isolated hydroxideter
This section is divided into three subsections discussing the interaction as the most favorable hydrogen bond. At shorter C1
MC results for the three consecutive reactions. Each of the O7 distances, charge transfer from the hydroxide ion to
subsections begins with a description of the reaction coordinateformamidé* causes the HWO7 hydrogen bond to become
and of the specific details of the simulations. much weaker and noticeably longer. The model potential,
— — however, suggests a relatively close ©W5 contact not only
op /2 Jorgensen, W. IBOSSRevision 3.6; Yale University: NewHaven, ¢ intermediate, but also for short €D7 distances. This
(73) Béveridge, D. L.; DiCapua, F. MFree Energyvia Molecular observation is not confirmed by the ab initio calculations which

Simulations: A Primer ESCOM Science Publishers: Leiden, 1989; pp
1-26. (74) See Table A4 in the Supporting Information.

4. Results
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Figure 6. Energy profile for the formation of the tetrahedral intermedi-
ate: (top) ab initio (MP2/6-3tG*) gas-phase energy and free energy
in solution obtained from simulations over 6M configurations per
window, (bottom) free energy of solvation obtained from 2M, 4M, and
6M configurations per window.

predict increasing OWHS5 distances for the latter part of the
TET1 formation reaction. However, trends in hydrogen bond
energiesare in good agreement with the ab initio data,
suggesting that the additional OWH5 stabilization is less
significant for short C+O7 distances than it is for intermediate
C1-07 distances.

The free energy calculations performed for this reaction cover
a total of 112 windows fronRc107= 1.4 A toRci07=8.0 A
(box dimensions 20 A« 20 A x 30 A, 395 water molecules,
cutoff radius 7.5 A). Good convergence is achieved afteBM
configurations per window as can be seen from Figure 6. While
TET1 formation is a steady downhill process in the gas phase,
our results indicate a significant solvent-induced barrier of 20
kcal/mol in the aqueous phase. The apparent agueous-phas
transition state TET-TS1 is very close to the product TET1 and
shows an almost entirely formed C107 bond (1.85 A). In
agreement with Hammond’s postulate, TET-TS1 and TET1 are
also very close in energy, differing by only 1.3 kcal/mol.

A closer analysis of the MC results sheds light on the
mechanism by which solvation alters the energy profile of TET1
formation (see Figure 7 and Tablé®8 The radial distribution
functions (RDFs) for the O20W and O7+OW distances
underline the clear preference for the reactants to form hydrogen
bonds between the hydroxide ion and water. The first peak in
the O~OW RDF of the reactants integrates to 5.9 hydrogen
bonds, compared to only 3.3 hydrogen bonds for TET1.
Conversely, the product shows better solvation of the carbonyl
oxygen O2 in formamide, with 3.9 hydrogen bonds integrated
for the first peak, which compares to only 2.5 hydrogen bonds

(75) RDFs are also shown in Figure Al (Supporting Information).
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Figure 7. Calculated solutesolvent energy pair distributions for R
(dashed) and TET1 (solid). Values are given in molecules per kcal/
mol.

Table 3. Formation of the Tetrahedral Intermediate in Water:
Analysis of the Monte Carlo Simulatio®s

RDF
D T N
struct AGew AGo NI N0 (OW-02) (OW-07)
R 000 000 579 6.59 2.50 5.94
TET1 4397 17.70 292 7.11 3.85 3.31

a All results correspond to simulations performed with ESP/HF (6-
31+G*) derived charges and are obtained from averaging over 6M
configurations per windowAGs.y and AGy (see eq 3) are given in
kilocalories per mole and refer #1-o7 distances of 8.0 A (R) and
1.538 A (TET1, gas-phase minimum), respectively. Using the solution-
phase minimum of R aRc1-07 = 5.65 A results in a slightly higher

free energy differenceAAGy = 18.7 kcal/mol) N™ and N;2°°

denote the number of hydrogen bonds calculated from the selute
solvent energy pair distribution (EPD) up to the first minimum and up
to —10.0 kcal/mol, respectively. The first minimum appears-a6.6
kcal/mol for TET1 and at-14.0 kcal/mol for RNys(OW — 02) and
NHe(OW — O7) give the number of hydrogen bonds calculated from
the radial distribution functions (RDF) for OWO2 and OW-O7 up

to an O-0 distance of 3.2 A¢Only TET1 shows two minima in the
energy pair distribution function. The area between the first and the
second minima amounts to 4.91 hydrogen bonds, with a total of 7.83
hydrogen bonds up to the second minimum.

for the reactants. The NdOW RDFs (not shown) depict a broad
distribution and have much less structure, indicating that the
amino group has little influence on the solvation pattern. This
conclusion is supported by the overall similarity of the free
energy profile with that for addition of hydroxide formalde-
dee“

The solute-solvent energy pair distribution (EPD) function
(Figure 7) confirms the importance of hydroxicl@ater interac-
tions for the reactants. It shows a large peak at very high energies
with noticeable distribution starting from28.4 kcal/mol and
with a maximum at-26.0 kcal/mol. The peak integrates to 5.8
hydrogen bonds, very similar to the number of hydrogen bonds
in the first peak of the O70OW RDF. This is clear evidence
for all six strong hydrogen bonds being entirely formed between
isolated hydroxide and water. A broad shoulder can be seen
for the central peak of the reactant EPD, covering energies
between—5 and—10 kcal/mol. Many of the interactions in this
energy range are likely to correspond to hydrogen bonds
between isolated formamide and water, which are expected to
be 7-10 kcal/mol strong® The EPD for TET1 shows a double
peak centering around17.2 and—12.4 kcal/mol which covers
the stronger O2 and the weaker O7 hydrogen bonds (see Table
2; cf. section 4.2 and Table 4). Integration of the EPDs16.0
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Table 4. Isomerization of the Tetrahedral Intermediate: Hydrogen
Bond Complexes with Watér

ab initio (MP2/6-31-G*) ref dat
Evot model potential data
Tel

Eref  (CP) Ruw-02 Riw-07n4 Emodel Raw-o02 Raw-o7ma

—19.93—-17.03 1.88 250 -20.98 1.62
TET1 -—-18.71-16.04 1.81 298 -19.68 157
TET1 —-15.55-1291 3.67 184 -—14.88 3.84
TET-T1 —21.21-18.16 1.85 237 —2294 164
TET —21.12—-18.06 1.87 232 —2251 1.65

1.511
(22.4,134.3)

1.490
(-24.6, 88.9)

1.291
AN

struct 1.307

TET1

(131.4)

TET1 TET-T1

aOnly intermolecular degrees of freedom have been optimized, while
MP2/6-31G* and TIP4P geometries have been assumed for the
reactant and the water molecule, respectively. Energies are in kilo-
calories per mole, and distances are in angstréiydrogen bond
energies are reported with and without counterpoise (CP) correction.
¢ Model potential data are based on combined fit RESP-derived point
charges using the 6-31G* basis set (see the texf)Hydrogen bond
distance with N4¢ Hydrogen bond distance with O7.

1.499

525
15 (-38.4, 80.5)

(-178.8,72.5) ; 1.283

1.295
X

1.584

kcal/mol yields a total of 6.6 and 7.1 hydrogen bonds for the 135.9)

reactants R and for TET1, respectively. Apparently, the differ-
ence in solvation between R and TETL1 is due only to hydrogen
bond strengths and not to the number of hydrogen bonds. The
localized negative charge in the hydroxide ion of the reactants
enables the formation of six very strong hydrogen bonds. In
TET1, however, this negative charge is distributed over the
entire solute, causing much weaker hydrogen bonds with the
hydroxide oxygen. This leads to much less favorable solvation

of TET1 and is responsible for the solvent-induced activation . 4< \weakened by antiperiplanar lone pairs has also been
barrier. These conclusions are completely in line with Madura ,p,car/ed experimentalf§.

and Jorgensen's MC study on the aqueous-phase reaction In the gas phase, the conformational isomerization of TET1

between formaldehyde and hydroxide. to TET requires 4.8 kcal/mol and proceeds over a barrier of

4.2. Isomerization of the Tetrahedral Intermediate When 7.4 kcal/mol (MP2/6-31G* data, Table 1). The transition state
the tetrahedral intermediate is formed in the gas phase, it adoptSrET_T1 shows rotations of the nitrogen lone pair and of the
a synperiplanar 0O2C107H8 conformation which is stabilized o7yg bond, both of which adopt eclipsed orientations with

/

1.504
(165.6)

TET TET-T2

Figure 8. Geometries of various conformations of the tetrahedral
intermediate. Atom types are coded as follows: H (white), C (light
gray), N (medium gray), O (dark gray). Selected MP2/6-&F bond

lengths and dihedral angles (H8O7C102, H5/6N4C107) are given.

by favorable dipole-dipole interaction (see Figures 2 and 8).
Further stabilization is achieved through hyperconjugative’p

respect to the C1H3 bond. The complicated nature of the
isomerization involving two independent rotations precludes the

interaction between the nitrogen lone pair and the trans-oriented,,qq of 54 single torsional angle to monitor the reaction. Instead,

C107 bond, an interactiéhcommonly discussed as the origin
of the anomeric effectt While TET1 appears to be the lowest-

we chose to use the intrinsic reaction coordinate (IRC) in mass-
weighted coordinate®. Further investigation of the reaction

energy conformer, it does not allow water-assisteeNCbond coordinate revealed a second transition state TET-T2 showing

cleavage. To proceed, the reaction requires isomerization 10 agcjipsed O7H8 and C1N4 bonds and an antiperiplanar orienta-
different conformer TET with antiperiplanar O2C107H8 and ion of the nitrogen lone pair with respect to C107 (Figure 8).

O2C1NA4(Ip) units (Figures 2 and 8). It is interesting t0 Note  ag confirmed by IRC calculations, this transition state connects

that this new isomer not only provides the correct conformation
for attack by water, but also shows the longerikCbond (1.525

Avs 1.490 A). This observation agrees with an earlier analysis

of stereoelectronic effects for hydrated formaldeh{fdehich
found polar bonds to be longer and weaker if they were in

antiperiplanar (app) orientation to lone pairs, but shorter and

stronger if one of their atoms had a lone pair oriented app with

respect to an adjacent polar bond. The former of the isomers

(TET1) shows a nitrogen lone pair app to-©Q7 and a shorter
C—N bond, while the latter (TET) exhibits an O7 lone pair app
to C—N and hence a longer €N bond. Lehn and Wipff
suggested that those tetrahedral intermediates with longer an
weaker C-N bonds were kinetically more labile and thus more
susceptible to hydrolysi®. The more facile hydrolysis of polar

(76) D. Bakowies and P. A. Kollman, unpublished results (MP2/631
calculations for formamidewater complexes, no counterpoise correction).
For N-methylacetamidewater complexes, see also: Dixon, D. A.; Dobbs,
K. D.; Valentini, J. JJ. Phys. Chem1994 98, 13435-13439.

(77) Hoffmann, R.; Radom, L.; Pople, J. A.; Schleyer, P. v. R.; Hehre,
W. J.; Salem, LJ. Am. Chem. S0d.972 94, 6221-6223.

(78) David, S.; Eisenstein, O.; Hehre, W. J.; Salem, L.; Hoffmand, R.
Am. Chem. Sod 973 95, 3806-3807.

(79) Lehn, J. M.; Wipff, G.J. Am. Chem. Sod974 96, 4048-4050.

two identical copies of TET1 via an unsymmetrical pathway.
Forming a closed thermodynamic cycle, this reaction path
provides an excellent test for the convergence behavior of our
PMF calculations.

Initial MC simulations using ESP/HF-derived solute charges
were unsatisfactory due to considerable noise in the computed
PMF. This problem resulted from unphysical charge fluctuations
along the reaction path, which could be attributed to the artificial
sensitivity of the ESP protocol to molecular geometry and
orientation. The application of one constant set of point charges
dcertainly eliminates the problem and seems justified for this

particular reaction, which involves no changes in covalency.
We decided to use RESP-derived point charges which were
constrained to give the best simultaneous fit to the electrostatic
potentials of TET and TET1. There were no significant
differences in accuracy between the ESP- and RESP-based
model potentials to describe soluteater interactions. Table

4 details some of the results obtained with the RESP-based
model potential. Three different solutevater complex geom-

(80) Deslongchamps, P.; Lebreux, C.; Taillefern. J. Chem1973
51, 1665-1669.
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Figure 9. Energy profile for the pathway connecting two identical Figure 10. Energy profile for the isomerization of TET1: (top) ab
copies of TET1 over an unsymmetrical transition state TET-T2: (top) initio (MP2/6-31+G*) gas-phase energy and free energy in solution
ab initio (MP2/6_3:H-G*) gas_phase energy and free energy in solution obtained from simulations OV.er 12M ) COnflgUrathnS per window,
obtained from simulations over 12M configurations per window, (bottom) free energy of solvation obtained from 2M, 6M, and 12M
(bottom) free energy of solvation obtained from 2M, 6M, and 12M configurations per window.

configurations per window. )

a fully converged number for the free energy difference between
etries have been chosen for TET1, with a water hydrogen TET1 and TET. We can only estimate the overall accuracy for
binding to either 02 or O7, and one complex each for TET-T1 @ given length of simulation by judging from the results obtained
and TET, with a water hydrogen binding to O2. As can be seen for the auxiliary pathway_. W|th_th|s in mlnd_, we shou_ld expect
from Table 4, the model potential nicely reproduces trends in "asonable results for simulations of 6 million configurations
energies and geometries. Hydrogen bonds between the anioni®€" window, but accurate results only for simulations twice as
02 and HW are preferred over those between the hydroxyl 07 [oNg- _ _
and HW. The strongest hydrogen bonds are formed by TET- _ Figure 10 summarizes our results. Solvation by water favors
T1 and TET, due to their 02C107H8 conformations which TET over TET1, diminishing the gas-phase preference for TET1.
allow stabilizing contacts between the second water hydrogen However, the computed free energy curve shows a steep slope
and O7 (cf. Figure 8). in the vicinity of TET1, indicative of significant structural

The agreement between model potential and ab initio results Shanges upon solvation. The true minimum in solution is
justified the use of RESP charges for all subsequent Monte Carlo2PParently not covered by the gas-phase reaction coordinate.
simulations. Solvent effects were studied for the main path, Stll it seems reasonable to assume that optimization of only
leading from TET1 to TET, and, additionally, for the auxiliary the hydrox_y group and nitrogen lone pair orientations suffices
path which connects two identical copies of TET1. The to determine the solution-phase structure. We have thus
simulations were performed for solvent boxes containing 262 Peérformed additional free energy calculations on a two-

water molecules (box dimensions 20420 A x 20 A, cutoff dimensional grid with the torsional angles H80O7C102 and
radius 7.5 A), and covered a total of 20 and 30 windows, HEN4C102 defining the two grid axés.
respectively. The results are summarized in contour diagrams of the (free)

energy around the gas- and solution-phase minima of TET1
d (Figure 11). An interesting observation is the high degree of

‘complementarity between the gas-phase energy and the free

energy of solvation. Regions of low gas-phase energy cor-
further increase to 12 million configurations per window, respond to less favorable solvation (HGN4C102 closeo O

: . hile regions of high gas-phase energy correspond to more
however, cuts the residual error by almost an order of magnltude.W . .
The free energy differences between TET1 and TET-T1 or TET favorable solvation (H6N4C102 close +00°). The resulting
on the main path vary much less with the length of the free energy landscape in aqueous solution is relatively flat but

simulation, which can be attributed to the shorter pathway and shows wo minima for intermediate HGN4C102 angles around

the smaller gas-phase barrier. However, the data do not suggest_50°’ one corresponding to positive H807C102 angles, the

other corresponding to negative H80O7C102 angles. The precise
(81) See Table A8 in the Supporting Information. orientation of the hydroxy group appears to be less critical than

Judging from the results for the auxiliary path (TEF&
TET1, Figure 9), the simulations converge slower than expecte
Closure of the thermodynamic cycle to within 1 kcal/mol is
achieved only after 8 million configurations per windéwA
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Table 5. Isomerization of the Tetrahedral Intermediate in Water:
Analysis of the Monte Carlo Simulatiohs

RDF
-90 LD&OO Nug Nug
struct  AGsow AGe NI Ni2%° (OW-02) (OW-07)
TET1 0.00 0.00 293 6.40 3.54 2.83
TET-TL -390 353 373 6.82 3.81 3.49
TET  —395 0.83 330 6.69 3.82 2.99
TET-T2 -9.17 082 400 7.06 4.05 3.28

a All results correspond to simulations performed with charges from
a combined RESP fit (see the text) and are obtained from averaging
over 12M configurations per windowAGsoy and AGy; (See eq 3) are
given in kilocalories per mole and refer to optimized gas-phase
geometriesN™™ and N2 denote the number of hydrogen bonds
calculated from the solutesolvent energy pair distribution (EPD) up
Free Energy of to the first minimum and—210.0 kcal/mol, respectively. The first
Solvation minimum appears at15.6 kcal/mol for TET, at-14.8 kcal/mol for
TET1 and TET-T2, and at14.0 kcal/mol for TET-T1.Nys(OW—
02) andNwg(OW—07) give the number of hydrogen bonds calculated
from the radial distribution functions (RDF) for O\YWO2 and OW-
O7 up to an G-O distance of 3.2 A

50

-90

than in the gas phase (4.8 kcal/mol; see above). Hence, the
general picture remains unchanged: Solvation reduces the gas-
phase preference for TET1 and lowers its barrier to isomeriza-
tion. The antiparallel orientation of the C102 and O7H8 dipoles
Figure 11. Energy contour diagrams for the tetrahedral intermediate. in TETL1 affords internal stabilization, but also reduces hydrogen
Gas-phase energy (bottom), free energy of solvation (middle), and freebond strengths due to steric congestion of O7 as the second
energy in solution (top) for conformations of the tetrahedral intermediate acceptor in a bidentate (02 and O7) sotuteater complex. This
with HEN4C102 and H8O7C102 in the range-e8(° to 0° and—60° can be seen from Table 4, which lists the hydrogen bond
It(o +|/60°,Irfespt)ﬁctltvely. Spﬁc'ngslbga"’esn aﬂaci?t co_r&tdolurllnéeiatrte O5energies and geometries of various optimized selutater
cal/mol ror the 1o ra| an . cal/maol 1or the mi ean ottom
graphs. Dotted Coﬂt%urp”nes are used for low-energy regions. complexes. The generally most favorable complex geometry
shows a strong hydrogen bond between a water hydrogen and
02 of the solute and a weaker interaction between the other
water hydrogen and O7. The latter distance is considerably
longer for TET1 than for TET-T1 and TET, rationalizing the
lower hydrogen bond energy of TET1. The generally reduced
hydrogen bond strength for complexes of TET1 may explain
its less favorable solvation. An analysis of our MC simulations
The solvent-related geometric distortion stabilizes TET1 by snrJ]pE)orts t?:s d?frsignt'{)t;]onE(sge ]:r?lblt? g)' I]h(\-fv S%e{xm:/e?rt n
about 1 kcal/mol. This result is in good agreement with ab initio energy pair distribution ( ) fu ctions Show fewer strong
A . . - hydrogen bonds for TET1 (2.9, integrated up to the first
geometry optimizations which treat the solvent as a dielectric minimum) than for TET (3.3) and TET-T1 (3.7). There are also
continuum ¢ =78.4)8 Taking the geometric relaxation into fewer short OW-O2 or .OV\/—O7 contacté for TETL as
account, the isomerization of TET1 to TET becomes slightly indicated by the radial distribution functions (RDFS). ’

more endothermic (ca. 2 kcal/mol), but it is still more favorable ) ) i .
Of all structures considered, TET-T2 is the highest in gas-

(82) Ab initio (MP2/6-31+G*) geometry optimizations have been carried  phase energy and the most favorably solvated. Both the EPD
out with these two angles constrained to their grid values. The resulting and RDF data indicate very strong hydrogen bonds, reflecting

grid with a 20 spacing in each direction was then refined by interpolation .
between adjacent grid points, yielding a final spacing &f Solution the simultaneous exposure of all three hydrogen bond acceptors

simulations have been carried out for given H807C102 angles to obtain (02, N4, O7). Such geometry is unfavorable in the gas phase,
one-dimensional potentials of mean force (PMFs) along the HEN4C102 1 \+ enables the formation ofvo differentbidentate complexes

coordinate. A total of three one-dimensional PMFs along the H8O7C102 .
coordinate were calculated at given HSN4C102 angles to be combined with With water (02, O7 and O2, N4). In summary, we may conclude

the former results and to obtain a two-dimensional PMF. Strictly speaking, that the solution geometry of the tetrahedral intermediate is
only one such “orthogonal” one-dimensional PMF is required to construct determined by the balance between two competing effects:

the two-dimensional grid, and we have chosen to use a value of HGN4C102 . . . .
close to the expected minimurs607). The calculation of two additional internal stability (electrostatic and orbital overlap) and solvent

orthogonal PMFs at either end of the HGN4C107 scale, however, allows accessibility.
us to evaluate the accuracy to which the thermodynamic cycles are closed. 4 3. Breakdown of the Tetrahedral Intermediate In our

The solution simulations have been performed for 6 million configurations h del inal t | | tal the break
per grid point and cover the H807C102 and H6N4C102 angles 067 gas-phase model, a single water molecule catalyzes the break-

to +30° and from—60° to +60°, respectively. On average, thermodynamic down of TET. The reaction is initiated by proton donation to
cycles formed from adjacent points on the HOCO axis and from reference the nitrogen atom, followed by-EN bond cleavage and proton
(~60") and end points on the HNCO axis are closed to within-0.3 abstraction from the carboxyl group. The water molecule is thus

kcal/mol (maximum error 1.3 kcal/mol). This allows for a semiquantitative . .
determination of free energy minima and is sufficient for our purposes.  regenerated (Figures 2 and 12). Interestingly, all three steps are

(83) A COSMG* geometry optimization has been carried out at the MP2/  covered by a single reaction coordinate, as confirmed by IRC
6-31+G* level, starting from the gas-phase structure of TET1. The energy -gjculations. There is only one transition state for the entire

difference between the initial and optimized structures is 1.0 kcal/mol. The . . .
optimized structure corresponds to a HGN4C102 angle 5E, in close reaction, and it corresponds to a structure with an almost formed

agreement with the simulation result. N4—H9 bond (1.139 A, MP2/6-3tG*) and a still intact C+

-90

HNCO Gas Phase

the orientation of the nitrogen lone pair, which, compared to

the gas-phase structure, is more perfectly antiperiplanar with
respect to the C107 bond. The preference for this geometry is
likely due to the more facile formation of bidentate complexes

with water (O2 and N4 as acceptors) and to reduced sterical
congestion (caused by the amino hydrogens).
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Table 6. Breakdown of the Tetrahedral Intermediate: Type |
Hydrogen Bond Complexes with Watér

ab initio (MP2/6-31G*) ref dat&
En model potential dafa
€]

struct  Erer (CP) Ruw-o02 Raw-07 Emodel Ruw-o02 Ruw-o7

TETW —20.02 —16.88 1.85 243 —21.76 1.65 231
T1 —19.55 —16.09 1.86 246 —20.22 1.66 2.38
TS1 —16.43 —13.33 1.96 241 -16.27 174 2.45
MAX —17.37 —14.16 2.07 223 —-16.83 1.78 2.38
P —17.39 —14.87 2.01 231 —-17.41 1.80 2.29

aOnly intermolecular degrees of freedom have been optimized, while
MP2/6-3HG* and TIP4P geometries have been assumed for the
reactant and the water molecule, respectively. Energies are in kilo-
calories per mole, and distances are in angstrém#.complexes show
one major hydrogen bond involving one water hydrogen atom and a
further stabilizing contact involving the other water hydrogen atom.
¢ Hydrogen bond energies are reported with and without counterpoise
(CP) correctiond Model potential data are based on ESP/HF-derived
point charges using the 6-3G* basis set.

Table 7. Breakdown of the Tetrahedral Intermediate: Type Il
Hydrogen Bond Complexes with Watér

ab initio (HF/6-31G*) ref dat&
Er model potential dafa
€]

struct  Erer (CP) Raw-o07 Ruw-010 Emodet Ruw-07 Ruw-o10

TETW —-12.36 —10.04 6.28 1.87 —12.39 5.44 171
T1 —18.52 —15.57 4.27 177 —-21.44 2.03 1.66
TS1 —19.51 —16.64 3.96 177 —-21.94 218 1.64
MAX —17.81 —14.72 2.26 1.97 —-19.61 2.16 1.72
P —14.68 —12.12 1.96 256 —16.26 1.78 2.00

Figure 12. Geometries of various structures along the TET breakdown
pathway. Atom types are coded as follows: H (white), C (light gray),
N (medium gray), O (dark gray). Selected MP2/6+&* bond lengths

a-d See footnotes—d in Table 6.

are given. model potential is still satisfactory as important trends observed
N for hydrogen bond strength and geometry are well reproduced.
N4 bond (1.658 A, MP2/6-3tG*). The transition state may Monte Carlo simulations have been performed for a total of

be considered early as both the-8 bond cleavage and the 81 windows covering the reaction coordinate from TETW to P
subsequent proton transfer correspond to the downhill section(box dimensions 20 A« 20 A x 20 A, 260 water molecules,
of the reaction coordinate. In line with Hammond's postulate, cutoff radius 7.5 A). The results are summarized in Figure 13.
the overall reaction is very exothermic. Apparently, solvation has rather little influence on the energy
Such a complex reaction cannot be described by monitoring profile. The reaction energy is reduced frorB4 kcal/mol
a single internal coordinate, and the lR€would be the natural (MP2/6-3H-G*, Table 1) to—26 kcal/mol, but the activation
choice for a suitable reaction coordinate. Unfortunately, parts barrier is almost unaffected. More conspicuously, the transition
of the reaction coordinate are so flat that many numerical state becomes rather product-like, which explains the reduced
problems are encountered when the IRC is calculated. We wereexothermicity. The solution-phase transition structure (TS1; see
successful at low levels of theory (HF/3-2G), but obtained  Figure 12) corresponds to an intermediate stage between proton
only part of the IRC at the desired level (MP2/6-3%*). The donation (016-H9 = 1.67 A) and proton abstraction (00
calculated sections of the IRC were sufficient, however, to obtain H8 = 1.73 A), and it shows a completely broken-€44 bond
the corresponding minima by extrapolation and subsequent(2.07 A). Interestingly, the gas-phase maximum is the most
geometry optimization. Finally, we chose a combination of the favorably solvated structure and appears to be a minimum in
N4—H9 coordinate (TET~ T1) and of the Cartesian IRC (T1  solution.
— P) to define the reaction coordinate used for the solution  The Monte Carlo calculations show satisfactory convergence
simulations. (Figure 13), and the results are quite insensitive to the details
ESP/HF-derived point charges were used to describe theof the simulation. Neither the use of ESP/MP2-derived point
solute’s charge distribution as a function of the reaction charges (instead of ESP/HF) nor the increase in box size and
coordinate. The quality of the force field was assessed in cutoff radius changes the results significarfflyThe latter
calculations of two different hydrogen-bonded complexes with observation is quite important since errors in absolute free
water: Type | refers to complexes with O2 and O7 as hydrogen energies of solvation are expected to be large for charged solutes
bond acceptors, while type Il refers to complexes with O7 and if finite cutoffs are applied. The results indicate, however, that
010 as hydrogen bond acceptors. The results are compared withelative free energies are almost unaffected due to efficient error
predictions at the MP2/6-31G* level (Figure 4, Tables 6 and  cancellation.
7). The model potential data are in close agreement with the - .
raw ab initio results, but as expected, they overestimate the gggg Baldridge, K., Klamt, A. Chem. Eggfﬁgﬁ;&%dﬁe&i 6033 o
counterpoise-corrected reference values. They also tend tomp2 charges (instead of ESP/HF) and one with a larger solvent box (box
overestimate the stabilization of a principal hydrogen bond by dimensions 25 Ax 25 A x 25 A, 505 instead of 260 water molecules,

a second contact. This is apparent from the very short-HW cutoff radius 10.0 A instead of 7.5 A). The calculated free energies are
’ very similar to the ones reported here, with deviations of less than 1 kcal/

O7 distances for type Il hydrogen bonds, but the effect is only moj (TETW — TS1) and 3 kcalimol (TS%- P), respectively. For further
moderate in energy (Table 7). The overall performance of the details, see Table A9 in the Supporting Information.
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Figure 13. Breakdown of the tetrahedral intermediate in the gas phase
and in aqueous solution: (top) ab initio (MP2/643&*) gas-phase
energy and free energy in solution obtained from simulations over 6M
configurations per window, (bottom) free energy of solvation obtained
from 2M, 4M, and 6M configurations per window. The reaction
coordinate is expressed BS= —rnang + e for R < 0 and asR =

Feina — My, for R > 0 whererd,,,, andr2,,, denote the N4H9 and
C1N4 distances of the transition structure T1.

The solvent effects seen in Figure 13 are readily explained
with changes in the solute’s electronic structure: The first proton
transfer is complete as soon as the reaction coordinate ap
proaches its maximum, producing an isolated hydroxide ion for

both the gas- and solution-phase transition states T1 and TS1

The second proton transfer follows TS1 and is partially complete
for MAX (O7—H8 = 1.23 A, H8-010 = 1.25 A). Conse-
quently, there is a high charge density at 010 for both T1 and
TS186 which results in strong and short hydrogen bonds with
water (type Il complexes; see Table 7). This is reflected in the
010-0W radial distribution functions which show a higher
peak at short distances for T1 than for TETW or MAX.

The C-N bond cleavage accounts for a second important
change in the solute’s electronic structure: In the beginning,
the carbonyl oxygen O2 carries a formal negative charge which
diminishes in size as soon as the-8 bond cleaves and a
formally neutral formic acid unit is formed. This simple valence

bond picture corresponds to a decrease in charge transfer Witha

increasing C-N distance, which results in a less polar charge
distribution for the carboxyl unit. The €N bond is still intact

for T1, but it is cleft for TS1, MAX, and P. Consequently, the
02 charge (ESP/HF) decreases sharply from T1 to 8S1,
resulting in much weaker type | hydrogen bond complexes for
TS1 (Table 6). Upon formation of a carboxylate anion (in MAX

and P), the O2 charge increases again, but it does not reach it

(86) For more details, see Table A6 in the Supporting Information.
(87) RDFs are shown in Figure A2 (Supporting Information).
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Table 8. Breakdown of the Tetrahedral Intermediate in Water:
Analysis of the Monte Carlo Simulatiohs

RDF
EPD

—s Nhs Nhs Nhs
struct AGeay AGr NP No22° (OW—02) (OW—07) (OW—010)
TETW 0.00 0.00 3.38 6.19 4.00 2.98 3.70
T1 —8.48 —0.02 7.79 7.45 3.58 2.45 3.38
TS1 2.44 6.74 8.39 6.88 3.39 2.17 3.96
MAX 9.87 —2.05 8.18 6.65 3.53 2.21 3.28
P 7.84 —26.28 8.46 6.62 3.42 2.16 2.51

a All results correspond to simulations performed with ESP/HF (6-
31+G*) derived charges and are obtained from averaging over 6M
configurations per windowAGsoy and AGy: (see eq 3) are given in
kilocalories per mole and refer to optmized gas-phase geometries
(TETW, T1, P), and maxima oAGs,y (MAX) and of AG (TS1),
respectively. N and N'%° denote the number of hydrogen bonds
calculated from the solutesolvent energy pair distribution (EPD) up
to the first minimum and up te-10.0 kcal/mol, respectively. The first
minimum appears at14.0 kcal/mol for TETW, at-9.2 kcal/mol for
T1, and at—7.6 kcal/mol for TS1, MAX, and PNus(OW-02),
NHs(OW—07), andNs(OW—010) give the number of hydrogen bonds
calculated from the radial distribution functions (RDF) for G\®2,
OW-—07, and OW-010 up to an GO distance of 3.2 A*Only
TETW shows two minima in the energy pair distribution function. The
area between the first and the second minima amounts to 4.88 hydrogen
bonds, with a total of 8.21 hydrogen bonds up to the second minimum.

initial value. Type | hydrogen bonds are thus strong for TETW
and T1, weak for TS1, and of intermediate strength for MAX
and P (Table 6). This analysis is supported by the-ORV
radial distribution functions which show preferred hydrogen
bonding for TETW and T#’

The role of O7 as a potential hydrogen bond acceptor is less
significant than that of O2 and O10. Judging from the radial
distribution functions, there are only-3 water molecules in
the first solvation shell of O7, compared te-8 for O2 and
010 (see Table 8). Geometry optimization of sokmeter
complexes generally yields O2 and O10 as primary binding sites,
with much longer hydrogen bond distances for O7 (see Tables
6 and 7). Only in the late stages of the reaction, there is
noticeable competition between O2 and O7 as hydrogen bond
acceptor, reflecting the balanced charge distribution in isolated
formate anions. Like O7, the nitrogen atom also plays a minor

role as hydrogen-bonding site. The N@W RDFs exhibit little
structure except for the product which contains an isolated
ammonia molecule. In the earlier stages of the reaction, however,
the nitrogen atom is buried, giving rise to a very broad plateau
in the RDF (not shown).

In summary, O2 is a particularly strong hydrogen bond
acceptor for TETW and T1, while O10 shows strong hydrogen
bonding in T1 and TS1. The gas-phase transition state T1 is
the only structure characterized by two strong hydrogen-bonding
sites, rationalizing its more favorable solvation. The energy pair
distributions for TETW, T1, and MAX support this explanation
(Figure 14): MAX is the least favorably solvated structure and
exhibits only one peak at relatively low energiesl@.4 kcal/
mol), which covers both type | and type Il hydrogen bond
complexes (Tables 6 and 7). TETW is more favorably solvated
nd shows two peaks &t18.0 and—10.0 kcal/mol, which most
likely correspond to strong type | and weaker type 1l hydrogen
bonds. T1 is the most favorably solvated structure with one peak
at —15.6 kcal/mol covering both type | and type Il hydrogen
bond complexes. The peak for T1 is at slightly lower energies

than the first peak for TETW, but covers more hydrogen bonds
éintegrated 7.8 vs 3.3). The total number of hydrogen bonds up

o the lowest energy minimum is very similar for each of the

structures (around 8), suggesting that the strength rather than
the number of hydrogen bonds determines the solvent effect.
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5. Discussion and Conclusions 3 10 i‘ P
@ 1
The base-catalyzed hydrolysis of formamide has been studied ¥ 20
for the gas phase and for aqueous solution, following a protocol & 54
previously suggested by Jorgensen. The theoretical approach
is very simple in concept, and combines the quantum chemical 40 Aqueous Phase
treatment of a gas-phase reaction with the completely classical ) ) . ) ) )
simulation of solvent effects. This allows for a high-level ab 0 2 4 6 8 10 12
initio treatment of the solute and a rigorous statistical mechanical ' . )
description of solvent effects, which would not be feasible with Reaction Coordinate (A)
hybrid quantum and molecular mechanical approaéh¥¥e Figure 15. Overall energy profile for formamide hydrolysis in the

have thus been able to study the solution-phase reaction withgas phase and in aqueous solution. The graphs for reactions | (formation

higher accuracy and in much more detail than was possible in of TET1), Il (isomerization), and IIl (breakdown) are separated by
the past. vertical lines. One unit on the abscissa corresponds A (reactions

. I and Ill) or 100 (reaction Il). See the text for discussion.
Our gas-phase model comprises a sequence of three consecu-

tive reactions: formation, isomerization, and breakdown of a the constraint free energy is far from straightforward and

g{\?gﬁf;ﬁggﬁ:lrgexﬁfh -[genlsafsetrge:m'g;;Cﬁgargztﬁg t(?;jl‘:‘bzl)r:glleprobably not accurate enough to improve the quality of our
P Y results. Hence, we decided to neglect this correction.

oxygen to the amino nitrogen. It is remarkable that this double According to Figure 15, the gas-phase reaction is very

Eirr?gt;?; rtergzzgenr \;av?[g ghrﬁf;ngi?gngliﬁixaggtgre covered by a exothermic and involves two barriers of approximately 8 kcal/
. ' ~_mol each (MP2/6-31G*; see Table 1). The initial formation

Figure 15 shows the gas- and aqueous-phase energy profilegy , tetrahedral intermediate is the only process without a barrier
for the complete sequence from reactants to products. The offset, proceeds with a net energy gain of ca. 27 kcal/mol (MP2/
between the gas-phase reactions of isomerization and breakdowiy_ 311 G* see Table 1). Nevertheless, this first step is in
accounts for the formation of a hydrogen bond_ be_tw_een_ TET competition with the even more favorable (by 20.6 kcal/mol,
and water (TEF H0 —~ TETW; see Table 1). This distinction  \\p2/6-314-G*) acid—base reaction between formamide and
between TET and TETW should become unnecessary inpyqroxide. In the gas phase, the latter process would trap the

aqueous solution. In practice, however, the single water molecule g5ctants and thus prevent titeermodynamically preferred
in TETW has been constrained and is thus treated in a mannertyyqrolysis reaction. The situation is different in solution,

different from that of the water molecules surrounding TET and o\yever. First, both processes involve significant solvent-
TETW. This gives rise to a constraint or “cratic” free energy
contribution which has not been considered sc®¥aiNe can
expect, however, that this free energy contribution is fairly small
since TETW is a strong hydrogen-bonded complex which would  (90) Monte Carlo simulations have been performed to perturb TET1 into
remain close to its ideal geometry even in an unconstrained the complex (Okt--HNCHO"). Using ESP/HF-derived point charges and

- . . . 6M configurations per window on a reaction path generated matrix
simulation. On the other hand, the numerical determination of ¢,y rinates, a free energy difference-o4.9 kcal/mol was obtained for

aqueous solution. Solvation apparently reduces the gas-phase preference
(88) For recent reviews on hybrid quantum mechanical and molecular (MP2/6-31+G*, —20.6 kcal/mol) for proton abstraction over TET1 forma-

induced barriers, and the calculations indicate a diminished
preference for proton abstraction by hydrox®&econd, and

mechanical approaches see: Mordasini, T. Z.; Thiel OMmia1998 52, tion. This result is in qualitative agreement with ab initio reaction field
288-291. Gao, JAcc. Chem. Re4996 29, 298-305. Gao, JRev. Compult. calculations using the COSMO mo#tto include the effect of water as
Chem.1996,7, 119-185. bulk solvent. COSMO MP2 energy differences between the two structures

(89) Strictly speaking, there is also an incompatibility between the are—12.3 kcal/mol (MP2/6-31G*) and —14.9 kcal/mol (MP2/DZ\-+-
guantum chemical and classical treatments of intramolecular (water) and (2d,p)), respectively, as evaluated for gas-phase geometries;ldn€l kcal/
intermolecular (TEFwater, waterwater) degrees of freedom. On the other  mol (—13.6 kcal/mol) for COSMO-optimized geometries (Baldridge, K.
hand, we should note that the classical description of intermolecular degreesK., private communication, 1998). Even though the agreement between
of freedom was calibrated to reproduce quantum chemical results. The reaction field calculations and Monte Carlo simulations is not quantitative,
remaining “error” should be well within the expected accuracy of the overall it seems clear that solvation reduces the preference for proton abstraction
approach. over TET1 formation.
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more importantly, the abundance of water makes this-acid importance. It should be kept in mind, however, that more
base reaction an equilibrium process. Hence, there should alwaysccurate results as well as meaningful analyses of solvent effects
be sufficient amounts of formamide to enable the formation of still require statistical averaging over representative ensembles.
a tetrahedral intermediate which is then hydrolyzed. The large  The origin of the various solvent effects seen in Figure 15
barrier of the reverse reaction-83 kcal/mol; see Table 8 and  has been studied and discussed on the basis of partial charges,
Figure 15) provides for the kinetic stability of the hydrolysis hydrogen bond energies, radial distribution functions, and energy
products and for the removal of the tetrahedral intermediate from pair distributions. From our analyses, variations in hydrogen
the acid-base equilibrium. bond strengths appeared to be the single most important factor
In summary, the solvent-induced barrier toward formation in determining differences in free energy of solvation. An
of the tetrahedral intermediate is the most significant solvent examination of the strongest hydrogen bonds between the solute
effect seen in our calculations. The gas- and aqueous-phaseand surrounding water molecules was thus sufficient to explain
energy profiles for the €N bond cleavage reaction are rather most of the effects of solvation. For the isomerization of TET,
similar, but the solution reaction shows a somewhat later variations in hydrogen bond strength reflect changes of the solute
transition state and, consequently, a somewhat smaller activationrgeometry. For the other reactions (TET formation and break-
barrier for the reverse process. The preceding isomerization ofdown), however, they reflect changes in the solute’s charge
TET1 to a reactive geometry (TET) is facilitated by the distribution along the reaction path. The accurate representation
solvent: TET1 and TET are almost isoenergetic in aqueous of the solute’s electrostatic potential was thus very important;
solution, and the barrier between the two structures is reducedhence, we decided to use ESP or RESP atomic charges
significantly. It is thus possible that TET1 is not even formed calibrated individually for closely spaced points on the reaction
in solution, and that the reaction proceeds directly to the reactive coordinate. Initially, we also considered the application of a
geometry TET. Furthermore, there is no necessity for the much simpler empirical charge scheme (QEXwhich, how-
participation ofonly onewater molecule in the breakdown of  ever, failed to reproduce subtle variations in the solute’s charge
TET. Itis equally plausible to assume that one water molecule distribution.
provides a proton and a different water molecule abstracts a The present study was stimulated by our interest in enzymatic
proton. peptide cleavage. In a recent paper, we applied similar meth-
With these limitations in mind, our model performs reason- odology to study the formation of a tetrahedral intermediate
ably well in a direct comparison with experimental results. For petween the serine protease trypsin and a small peftitte.
base-promoted hydrolysis &fN-dimethylformamide, Guthrie  this enzymatic reaction, the hydroxyl oxygen of Ser195 serves
reports values ot-4.7, 17.9, and 22.6 kcal/mol, respectively, as the nucleophile whiehdeprotonated by His5#orms a bond
for the free energy of reaction, the free energy of TET formation, with the scissile carbon of the substrate to initiate the subsequent
and the free energy of activatiéhFor N,N-dimethylacetamide, C—N bond cleavage (see Figure 1). While our present model
he gives similar values 0f6.9, 19.0, and 24.1 kcal/mol. Our  assumes a reaction under basic conditions, the enzyme still needs
calculated free energies for formamide hydrolysi&k — P, to deprotonate the hydroxy group to achieve the necessary
—5.7, R— TET1, 18.7; and R~ TS1, 27.3 kcal/mol) are thus  nucleophilicity. This in turn requires proper geometric arrange-
in satisfactory agreement with the experimental data. EXperi- ment of the substrate, Ser195, and His57, which (in the absence
ments on the ratio dfO exchange and hydrolysis of benzanfiide  of the rest of the protein) was estimated to cost 11 kcal/mol of
and toluamid&further indicate that the tetrahedral intermediates cratic free energy. The total free energy for TET formation was
of amides with primary amine groups tend to regenerate calculated to be 31 kcal/mol for a model containing only the
reactants rather than form products. This is compatible with our active site and the solvent. The protein, however, provides the
calculations which suggest a higher barrier for TET breakdown proper preorganization from the beginning, and further stabilizes
(TET — TS1, 6.7 kcal/mol) than for reversal of TET formation  the tetrahedral intermediate by favorable electrostatic interactions
(TET — TET-T1, 0.8 kcal/mol; TETE> TET-TS1, 1.3 kcal/l  (by ca. 5 kcal/mol). In summary, the enzyme-like formation of
mol), although the difference in free energies is probably TET with a neutral hydroxyl group and a neighboring proton
overestimated? acceptor requires significantly more energy than the correspond-
We may also compare our results to an earlier theoretical ing model reaction under basic conditions, but the geometric
investigation. Weiner et ahave studied the same reaction using preorganization and electrostatic stabilization of the protein
amuch simpler approach based on energy minimizations ratherprovide for substantial catalysis, which is likely to favor the
than free energy simulatiod8 These authors have obtained a enzymatic process over the corresponding base-catalyzed reac-
similar energy profile and have estimated barriers of 22 and 13 tjon.
kcal/mol for TET formation and TET breakdown, respectively.  From a methodological point of view, we may conclude that
Their results differ in a number of details, however, as, e.g., in Jorgensen’s conceptually simple approach has been successfully
a very early solution-phase transition state for the breakdown applied to study the rather complex hydrolysis of formamide
of TET. Sitill, there is reasonable overall agreement with the j, aqueous solution. On the basis of a quantum chemical

results obtained from our more thorough free energy simulation. determination of the gas-phase reaction path, this approach treats
ThIS |ndlcates that SOIVent eﬁects fOI’ reactions Of Charged SOlutesSolvent effects app|y|ng Stat|st|ca| mechar"CS in Comb|nat|on
are largely captured by solutsolvent and solventsolvent it calibrated classical potentials. Normally, such a procedure
interaction energies and that entropic effects are of lesser equires that the solvent does not alter the pathway. As shown

(91) Taking into account the additional free energy necessary to constrain ' this paper and in r_elated wofR however, it can be applied
the reactants (formamide and hydroxide) to a productive reaction paffiway, more generally, provided that reasonable assumptions about the
we expect somewhat larger free energies of activation and of TET formation. splution-phase path are implemented as constraints to the

Fozgfg)”gg: ?oﬁaﬂﬁidsgthﬁ)%g,Aalkz é@gi‘;gﬁgg&g lngszr?%ic%lysis) calculation. Ultimately, it would be desirable to include the

ratio of 3.7 has been measured, which corresponds to a difference of 1.5S0lvent reaction field in the quantum chemical calculation of
kcal/mol in free energies of activation at that temperature. See: Slebocka-
Tilk, H.; Bennet, A. J.; Keillor, J. W.; Brown, R. S.; Guthrie, J. P.; Jodhan, (93) Stanton, R. V.; Pékala, M.; Bakowies, D.; Kollman, P. AJ. Am.
A. J. Am. Chem. S0d.99Q 112 8507-8514. Chem. So0c1998 120, 3448-3457.
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the reaction path, and to continue with a statistical mechanical been provided by the NSF to P.A.K. at the supercomputer
treatment for a more thorough description of solvent effects. centers of Cornell University, Pittsburgh, and San Diego.
Such calculations have been reported by Lim and JorgensenFinancial support from the NIH (Grant GM-29072 to P.A.K.)
for apolar [2 + 2] cycloaddition reactiofi® The reaction field is gratefully acknowledged. D.B. thanks the Deutsche Fors-
treatment ofanionic solutes is more difficult, however, due to  chungsgemeinschaft for a postdoctoral research scholarship.
problems arising from diffuse charge distributions. Recent

developments in reaction field thedfy’ are very promising Supporting Information Available: Thermal corrections

in this regard and should allow for a more general applicability of gas-phase energies, statistical evaluation of hydrogen bond
approach. structures discussed in this paper, potential of mean force
convergence data, and radial distribution functions (PDF). This
material is available free of charge via the Internet at
http://pubs.acs.org.
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