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The dynamics of the double proton transfer in formamidine monohydrated complex has been studied by the
direct semiempirical dynamics approach with variational transition-state theory using multidimensional
semiclassical tunneling approximations. High-level ab initio quantum mechanical calculations were performed
to estimate the energetics of the double proton transfer. Dimerization energies and the barrier height have
been calculated at the G2* level of theory, which yielelg 50 and 16.6 kcal mot, respectively. A quantum
mechanical potential energy surface has been constructed using the AM1 Hamiltonian with specific reaction
parameters (AM1-SRP) which are obtained by adjusting the standard AM1 parameters to reproduce the
energetics by high-level ab initio quantum mechanical calculation. The minimum energy path has been
calculated on this potential energy surface, and other characteristics of the surface were calculated as needed.
The two protons are transferred synchronously, so the transition state possesgasnetry. The reaction

path curvature near the transition state is small, but that far from the transition state is large. Therefore the
microcanonical optimized multidimensional tunneling approximation was used to calculate the tunneling
coefficient. The tunneling amplitude initiated by reaction coordinate motion as well as that initiated by the
vibrational mode normal to the reaction coordinate is important over the entire reaction coordinate. The
distance that the proton hops during tunneling is about 0.62 A at 300 K. This is a very long distance compared
with the normal single proton transfer in solution. Before tunneling occurs, hydrogenic motion contributes
minimally to the reaction path, which consists primarily of the heavy atoms moving to bring the formamidine
and water molecules closer. This heavy-atom motion assists the tunneling process. The kinetic isotope effect
(KIE) was also calculated. The quasi-classical contribution to the KIE is quite large due to the synchronous
motion of the two protons. The tunneling contribution to the KIE determines the characteristics of the overall
KIE in terms of temperature.

Introduction complexes of hydroxyquinolines, azaindoles, and other hydrogen-
bonded systemi24

Recently many theoretical studies with ab initio quantum
chemical methods at various levels have been carried out to

Proton transfer has been studied extensively for a long time,
since it is one of the simplest and the most fundamental reactions

in chemistry and is important in oxidatiemeduction reactions predict the structures of the dimer and the potential energy

in many chemical and biological reactioh.Because of the g ace for the various double proton transfer proce¥sés.
light mass of the transferred atom, the importance of tunneling g.heiner et al. have studied and reviewed the potential energy

in proton-transfer reactions has been discussed for many years. g, itace for the proton transfer and the dimerization energy in a
However multiproton transfers in which more than one proton hydrogen-bonded systeth3s Hobza et al. have studied the

is transferred, either synchronously or asynchronously, have ”Otpotential energy surface (PES) for double proton transfer in the
been extensively studied. Examples of multiproton transfer are adenine-thymine base pair using various computational
proton relay systems in enzymes, proton transfers in DNA base ygthodgs-27 They have reported that the character of the PES,
pairs, certain proton transfers in hydrogen-bonded water com-gych as the barrier for the double proton transfer, strongly
plexes, and proton transfers in prototropic tautomerisms. gepends on the theoretical level of calculation: the size of the
Recently Limbach et al. have studied double proton transfer in pasis set and the inclusion of correlation enefgyHowever
prototropic tautomerisms for many formamidine systems and most of the earlier studies have focused on the geometrical
porphyrins using the dynamic NMR technigtié.They reported  change on dimerization and the energetic stabilization due to
rates and the kinetic isotope effects for both concéftethd  the hydrogen bonds in the dimer. Therefore the detailed
stepwisé ¢ double proton transfer. Ernst et al. have studied dynamic features of the double proton transfer, such as tunneling
double proton transfer in the crystalline benzoic acid dimer and and the effect of isotopic substitution, are not very well
measured the kinetic isotope effe@f8. They have suggested understood yet. To study the dynamics of such systems, one
that tunneling has a predominant effect on the double proton must know detailed information about the potential energy
transfer even at room temperature. Excited-state double protonsurface near the transition state and the critical configuration.
transfers in which two protons are transferred cooperatively have Formic acid dimer (FAD) is one of most extensively studied
been studied for hydrogen-bonded dimer, alcohol and water systems both experimentally and theoreticéfliy! and it is also
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Figure 1. Schematic potential energy diagram for the double proton
transfer in formamidine monohydrated complex.

one of the simplest examples of a multiproton transfer system
in which the constituents are held together by two hydrogen

bonds; so it can be used as a model of many chemically and

biologically important multiproton transfers. Recently, we have
carried out a direct semiempirical dynamics study for FAD; this

study showed that tunneling is very important and that the most

probable tunneling path is very different from the MEP.

Since most proton transfers occur in aqueous solution, one

must consider the role of water molecules in the proton
transfer*® Water can act not only as a solvent but also as a
mediator which gives or accepts protons to promote the long-

range proton transfer. Jang and co-workers have reported tha%xperiment and G2* calculations, respectively, and the geom-

tunneling is very important in the water-mediated stepwise
multiproton transfer of 7-hydroxyquinoline in aqueous solu-
tion** Liedl et al. have studied concerted proton transfer in a
cyclic water cluster using variational transition state theory with
interpolated correction and including a semiclassical tunneling
approximation, and they found that tunneling is significant in
this reaction tod®> Recently monohydrated formamidine has
been studied by several researcHéré4? since amidine mol-
ecules have many biological and pharmaceutical ¥sédono-
hydrated formamidine is also one of the simplest examples for

the water-mediated double proton transfer. The barrier for the

prototropic tautomerization in this system is reduced by about
20 kcal mof* when the proton transfer is mediated by a water
molecule?$4749 Truong et al'® have carried out a direct ab

initio dynamics study for the double proton transfer in mono-

hydrated formamidine, and they showed that two protons are
transferred synchronously, a water molecule reduces signifi-

cantly the barrier for the prototropic tautomerization, and the
tunneling effect is unusually large. However they have used

the small-curvature semiclassical adiabatic ground-state tun-

neling approximation to calculate the tunneling probability.

Since protons are transferred between nitrogen and oxygen

atoms, this reaction corresponds to the hedight—heavy mass

Kim

calculations, which suggests that the double proton transfer in
the FMC has a single transition state and proceeds through a
concerted mechanisffiz4° The dimerization energieAEq, and

the potential energy barrieAE*, have been calculated using
many different levels of quantum mechanical electronic structure
theory, and the values &Ey and AE* vary significantly with

the level of the quantum mechanical calculatiéfig? In the
present study, the G2* level of quantum mechanical calculation
has been used to estimateEy and AE*. In G2* theory,
polarization functions on hydrogen were added to the standard
G2 level basis sef®:5 The semiempirical molecular orbital
method at the NDDO level, such as used in the AM1 or PM3
general parametrizatioi$,was used with specific reaction
paramete® (SRP) to calculate the minimum energy path and
the potential energy along it. The standard NDDO parameters
were adjusted to reproduce the experimental dimerization energy
and the theoretical potential energy barrier height determined
by the G2* level calculations. Direct dynamics calculations
have been carried out for the double proton transfer by
variational transition state theory including tunneling contribu-
tions by multidimensional semiclassical approximations. The
AM1 Hamiltonian was used as a starting point for the SRP
adjustments, since it reproduces the dimerization energy and
the structure of FMC better than the PM3. However the AM1
method produced an unreasonably large barrier height for the
double proton transfer. So the standard AM1 parameters were
modified to reproduce the values &Ey and AE* from

etries of the monomer, dimer, and the transition state. The
modified parameters, called AM1-SRP, were used for the direct
dynamic calculations.

Theory

Rate constants were calculated by variational transition state
theory®6-62 The transition state was located at the position on
the minimum energy path (MEP) where the calculated rate is a
minimum. The Borr-Oppenheimer potential on the MEP is
called Vvep(s), wheres is the reaction coordinate parameter,
and the canonical variational transition state theory rate constant
is given by0:63

KV = min KeT(T,9)

kBT QGT(T,skCVT)
= GT T

exp[-Vyes(s” ]

(1)

The superscript GT denotes generalized transition state theory;
ks is the Boltzman constank is Planck’s constang®"" is the

combination; therefore the large-curvature tunneling approxima- Value ofsat whichk®Tis minimized, that is, the location of the

tion may be more appropriaté. In this study, we have studied

the double proton transfer in the formamidine monohydrated
complex (FMC) using direct semiempirical dynamics calcula-
tions including the small-curvature, large-curvature, and mi-
crocanonical optimized multidimensional tunneling approxima-

canonical variational transition staiejs the symmetry factor;
and Q®T and QR are partition functions for the generalized
transition state and reactants, respectively.

To include the tunneling effect, the calculated rate constant,
KCVT(T), is multiplied by a transmission coefficieCVTC,

tions. The kinetic isotope effects have also been calculated.

We have compared the calculated rates and tunneling prob- (2)

abilities using the small-curvature approximation with those

from the more complete direct ab initio dynamics calculation. The transmission coefficient is defined as the ratio of the
Figure 1 shows a schematic one-dimensional potential energythermally averaged quantal ground-state transmission prob-

diagram for the double proton transfer in the FMC. A single ability, PS(E), to the thermally averaged classical transmission

transition-state structure withs symmetry is obtained in many  probability for the effective potential along the reaction

kCVT/G(T) — KCVT/G(T) kCVT(T)
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coordinate that is implied by CVT theorpS"e(E):60.64 a component parallel to the reaction coordinate, then tunneling
is also initiated by the reaction coordinate motion. The
fwPG(E) e EeT 4E amplitude for the tunneling initiated by the reaction coordinate
K CVTe(Ty = 2 (3) motion is given by

‘/;”PgVT/G(E) o BT g
T.(E) = {[cosy(sp) + cosy(s))/2} exp[-0(sp)] (7)

Since the value ofPSY"(E) is unity above the threshold
energy of the CVT calculation and is zero below, this expression
reduces to

wherey(s) is the angle between the vector along the tunneling
path and the gradient vectorstalong the reaction coordinate,
and 6(sp) is the imaginary action integral along the tunneling
VTG L V(YT 206 ElkT path. _ The cor_ltrlbutlon from tunneling along the reaction
K (M= @_e ﬁ) P(B) e dE (4a) coordinate motion usually does not make a large contribution
when the reaction path curvature is large. The primitive

1 o G _ semiclassical transmission probability is given by
ZE_KCVT/CAG’[(‘) [PG(E) eV ’kBT]e E/kgT dE (4b)

PprimLCG3(E) = Tvib(E)2 + Trc(E)2 (8)
where
The uniform semiclassical transmission probability is calculated
(CVTICAG — JVE(S™VT) -V s lkgT (4c) yB0.63,65
and where VS(sCT) is the ground-state adiabatic barrier P-*®*= \
evaluated at the canonical variational transition state,\&%d 1 _ _
is defined by 1+ S{[Phim (VO] = PR (V)] " Prin (E)
VAG = man/C » {1+ Py B} Eg<E<V©
= msa a(s) ( ) 1— P:;Efn?f)’(szG _ E), VAG <E< 2VAG _ Eo
1, A —E <E

Several semiclassical tunneling approximations were used to /
calculatePS(E). When the reaction path curvature is negligible (9)
so that the tunneling path coincides with the MEP, the minimum
energy path semiclassical adiabatic ground state (MEPSAG) The microcanonical optimized multidimensional tunneling
method is appropriaté. If the reaction path is curved but the («OMT) approximation estimates the optimal transmission
curvature is small, tunneling is assumed to occur on a path probability as the larger of the transmission probabilities
defined by the classical turning points on the concave side of evaluated by the CD-SCSAG and LCG3 methods at a given
the MEP. This is an example of corner-cutting tunneling. For energy?® The MEPSAG, CD-SCSAG, and LCG3 methods are
a polyatomic system with small reaction path curvature, the called “zero-curvature tunneling” (ZCT), “small-curvature tun-
centrifugal-dominant small-curvature semiclassical adiabatic neling” (SCT), and “large-curvature tunneling” (LCT), respec-
ground state (CD-SCSAG) tunneling approximation is appropri- tively. The detailed mathematical derivations and computational
ate> When the reaction path curvature is large, which is typical formulas have been discussed and reviewed elsevihetes
for a bimolecular light-atom transfer between two heavy atoms,
the large-curvature ground-state approximation, version 3 Computational Method
(LCG3), is appropriaté?3:65 |n the LCG3 method, tunneling
amplitudes are evaluated along all possible straight-line tun- G
neling paths with equal kinetic energy before and after tunneling. f

All electronic structure calculations were done using the

AUSSIAN 94 quantum mechanical pack&§eGeometries

or formamidine, formamidine monohydrated complex, and the

transition state were optimized at the Hartré®ck (HF) level
—~ 5 (5) of theory and second order MgltePlesset (MP) level of theory

® VR(ES) (%) using the 6-31G(d,p) basis set. Energies at the stationary points
have also been calculated at the G2* level thé8fy. In the

In this equation, the primitive tunneling amplitudBun(So), is standard G2 method, MP2(full)/6-31G(d) is used for the

weighted by the sine of the angle between the vector along theoptimization of the geometry and energy. In this study

tunneling path and the gradient vectorsaialong the reaction  polarization functions on hydrogen were added because hydro-

coordinate, by the classical probability densigy/Ur(E,so) that gen bonding is important. So the G2 type of energies in this

is proportional to the time spent by the system betwgeand  study will be called G2* energies. Using MP2(full)/6-31G-

sot0s0, where Vr(E,s) is the local speed along the reaction (d,p) geometries, single-point calculations were completed at

coordinate, and by the number of collisions per unit time with the MP4/6-311G(2df,p), MP4/6-3315(d,p), MP4/6-311G(d,p),

the vibrational turning point in the tunneling directidr, where MP2/6-31HG(3df,2p), and QCISD(T)/6-311G(d,p) levels. The

7 is the vibrational period2365 The tunneling amplitude takes  MP4/6-311G(d,p) level was used as a starting point, and

into account tunneling initiated by the vibrational motion normal corrections were made for diffuse functions on nonhydrogen

to the reaction coordinate. To ensure microscopic reversibility, atoms,AE(+),

the total tunneling amplitude is calculated by

o) — [ TSNS

AE(+) = MP4/6-311G(d,p)— MP4/6-311G(d,p) (10)
Tuin(E) = To(E) + Ty(E) (6)
higher polarization functions on nonhydrogen atorkE(2df),
whereT1(E) is the amplitude along the outgoing trajectory in
the product channel from to +e. If the tunneling path has AE(2df) = MP4/6-311G(2df,p)}- MP4/6-311G(d,p) (11)
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with additional corrections for nonadditivithE(+,2df),

Kim

TABLE 1: Dimerization Energies and Barrier Heights for
the Double Proton Transfer in Monohydrated Formamidine?

AE(+,2df) = [MP2/6-311+G(2df,p) — MP2/6-311G AE, A
(d,p)] — [IMP2/6-311G(2df,p)- MP2/6-311G(d,p)] (12) computational level (kcal mot) (kcal mof?)
. HF/4-31G//STO-3G 21.56
basis set enhancemeE(3df,2p), HF/6-311G(d,p)//6-31G(d) —9.7(-12.4)  32.1(29.4)
MP2/6-311G(d,p)//HF/6-31G(d) —12.8(-12.8)  23.6(20.9)
AE(3df,2p)= MP2/6-311-G(3df,2p)— MP4(SDTQ)/6-311G(d,p)// —12.415.1)  24.6(21.9)
. HF/6-31G(d)
MP2/6-311+G(2dfp) (13) HF/6-31G(d,p)//6-31G(d) ~10.0-12.7)  31.4(28.6)
correlation effects beyond fourth-order perturbatia&(QCl), g;élzelé%f&apg)/mﬁ{:%%f((;%) —13.1(-15.8) 222-(}%1&%)2)
MP4(SDTQ)/6-31G(d,p)// ~12.7¢-15.4)  23.5(20.F
AE(QCI) = QCISD(T)/6-311G(d,p)- eaag P 154) (20.7)
MP4/6-311G(d,p) (14)  HF/6-31G(d,p) 29.3(26.0)
MP2/6-31G(d.p) 19.5(15.4)
higher level correctionAE(HLC), MP4(SDTQ)/6-31G(d.p)// 21.4(17.3)
MP2/6-31G(d,p)
AE(HLC) = —0.00019y — 0.00481p  (15) CCSD(T)/6-31G(d p)/f 21.9(17.8J
MP2/6-31G(d,p) .
. BLYP/6-31G(d, 13.
and the zero-point energphZPE. BH&H-LYP/G(-s%(d,p) 20.7(16.6)
The G2* energy includes all of these corrections: B3LYP/6-31G(d,p) 16.2
G2* ~10.22(-7.50)  20.49(16.59)

E(G2*) = MP4/6-311G(d,p) AE(+) + AE(2df) +
AE(+,2df) + AE(3df,2p)+ AE(QCI) + AE(HLC) +
AZPE (16)

aThe numbers in parentheses are with zero-point eneryiesfer-
ence 46° Reference 47¢ Reference 4% This study.

. . . ) energy correction, respectively. The barrier heights are 16.59
Direct dynamics calculations were performed using the gnq 20.49 kcal moft with and without zero-point energy
MORATE progrant Frequencies were calculated as needed correction, respectively. The barrier height from the G2*

from MOPAC implemented in the MORATE program. We  caicylation agrees very well with that from the BH&H-LYP
have correlated normal modes with a method implemented in a|eye| of density functional theory. These energies were used
new version of the prograf’® and checked that adiabatic and {4 adjust the semiempirical MO parameters.
diabatic interpolation of frequencies give almqst no change in  The NDDO level of semiempirical MO calculation of the
the rate constants. The Pagdclver method® is employed  gnihaipies of formation with standard AM1 parameters gives
to calculate the minimum energy path (MEP). The ME_P IS _59.27,—16.36, and-48.24 kcal mot? for H,O, formamidine,
scaled to a reduced magsof 1 amu. To take the tunneling  4nq FvC, respectively, so the calculated enthalpy of dimeriza-
effect on the double proton transfer into account, the CD- o js —5.33 kcal mot. The calculated barrier height for the
SCSAG (SCT), LCG3 (LCT), andOMT methods were used. 4o hje proton transfer is 50.9 kcal malwhich is very different
In the_ LCG3 method, tunneling amplitudes are calculated from om the corresponding G2* value. The structures of FMC and
the vibrational ground state of the reactant to all accessible y,q yransition state for the double proton transfer (FMCTS) from
vibrationally excited states of the product. Rates were calculated,o AM1 calculations are also quite different from those of high-
by canonical variational transition state theory using g 1 |gye| ab initio calculations. The geometries for the FMC and
above. the FMCTS, optimized at the MP2(full)/6-31G(d,p) level of
theory and at the NDDO level of theory using standard AM1
parameters, are shown in Figures 2 and 3, respectively. In the
The energies to form formamidine monohydrated complex optimized structure of FMC from the AM1 calculations, two
(FMC) from formamidine and a water molecule and the barrier protons in HO are weakly hydrogen-bonded to the nitrogen of
heights from the FMC to the double proton transfer transition imine in which the hydrogen bond lengths are 2.682 and 2.751
state were calculated at various levels of quantum mechanicalA, as shown in Figure 2; however only one proton ipCHis
electronic structure theory in the previous studies by several hydrogen-bonded from the MP2 level of ab initio calculations,
other groups, and the results are listed in Table 1. The resultsand the hydrogen bond length is 1.931 A. In the structure of
in Table 1 show that the computed dimerization energy and FMCTS from the AM1 calculation, the protons on two-M
the barrier height are very sensitive to the basis set and thebonds are equally hydrogen-bonded to the oxygen 40 kb
treatment of the electron correlation. In the potential energy form Cs symmetry, as shown in Figure 3, and the length of
surface for double proton transfer in formic acid dimer, the these hydrogen bondsis 1.666 A. The bond length for théiN
dimerization energy and the barrier height are also very sensitivebonds is 1.084 A. These results mean that the transition state
to the choice of basis sets and the inclusion of electron is a charge-separated ion-pair complex in which most of the
correlation3242 In the density functional theory calculation, the positive charge is located on amidine group and the negative
values from Becke's hybrid half-and-half exchange with the charge on oxygen. The reaction coordinate frequency at the
Lee—Yang—Parr correlation (BH&H-LYP) method agree very FMCTS from the AM1 calculation is 826i cmh. However, in
well with those from high-level ab initio calculations including the structure of FMCTS from the MP2 calculation, the lengths
electron correlation. To obtain energetic information about the for N—H and O-H bonds are 1.209 and 1.294 A, respectively,
double proton transfer that is accurate enough to be used for arand the reaction coordinate frequency is 1645 tmThe
effective potential for the direct dynamics calculation, the G2* geometries for FMC and FMCTS depend very much on the level
level of calculation was used. The results of the G2* calculation of theory.
are listed in Table 2. The formation energies for FMC are  The standard AM1 parameters were adjusted, first, to
—7.50 and—10.22 kcal mot! with and without zero-point reproduced the structures, frequencies, and the enthalpies of

Results and Discussion
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TABLE 2: G2* Level Calculation for the Energetics of Double Proton Transfer in Formamidine Monohydrated Complex®

FDW FDWTS FDM HO
MP2/6-311G(d,p) —225.905 094 6 —225.8723890 —149.620 376 2 —76.263901 8
MP2/6-31H-G(d,p) —225.921 593 6 —225.889 703 6 —149.630 890 1 —76.274 7141
MP2/6-311G(2df,p) —226.016 765 6 —225.987 532 3 —149.695 520 5 —76.299 1247
MP2/6-31H-G(2df,p) —226.031 2346 —226.0033715 —149.704 947 6 —76.309047 6
MP2/6-31HG(3df,2p) —226.055 654 6 —226.026 029 6 —149.720291 2 —76.318 268 3
MP4/6-311G(d,p) —225.959 680 2 —225.924 780 3 —149.663 3055 —76.276 279 4
MP4/6-31H-G(d,p) —225.976 366 8 —225.942 397 3 —149.673 786 8 —76.287 0326
MP4/6-311G(2df,p) —226.077 087 7 —226.045451 8 —149.742 206 6 —76.313603 1
QCISD(T)/6-311G(d,p) —225.958 968 1 —225.923 328 1 —149.662 84 —76.276 277 4
AE(+) —0.016 686 6 —0.0176170 —0.0104813 —0.010 753 2
AE(2df) —0.117 407 4 —0.1206715 —0.078901 1 —0.037 3237
AE(+,2df) 0.002 0300 0.0014754 0.001 086 8 0.000 889 4
AE(3df,2p) —0.024 42 —0.022 658 1 —0.0153436 —0.009 2207
AE(QCI) 0.0007120 0.001 452 2 0.000 4655 0.000 002
AE(HLC) —0.085 —0.085 —0.06 —0.025
ZPP 0.081882 4 0.075 664 6 0.056 749 2 0.020 804 5
E(G2%) —226.118 569 8 —226.092 1347 —149.769 73 —76.336 8811
E(G2*)-ZPE —226.200 452 2 —226.167 799 3 —149.826 479 2 —76.357 685 6

aThe energies were calculated using the geometries optimized at the MP2(full)/6-31G(d,p) level of theory. Units in hZgregsoint energies
were weighted by 0.95.The barrier height for the double proton transfer is 16.59 kcal fiakluding zero-point energy and 20.49 kcal ol
without zero-point energy. The formation energy for formamidine monohydrated comptek. 5 kcal mot? including zero-point energy and

—10.22 kcal mot! without zero-point energy.

MP2(full)/6-31G(d,p) Standard AM1

Figure 2. Geometries for the formamidine monohydrated complex
optimized at the MP2(full)/6-31G** and the AML1 levels of theories.
Lengths and angles are in angstroms and degrees, respectively.
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MP2(full)/6-31G(d,p) Standard AM1
Figure 3. Geometries for the transition state for the double proton

TABLE 3: Specific Reaction Parameters

atom parametér AM1 AM1-SRP
H s 1.188 078 1.002 000
H o 2.882 324 3.282 324
N Po —18.238 666 —17.238 666
N o 2.947 286 3.047 286
o o 4.455 371 4555371
o Gp2 12.98 12.88

als slater exponentr: core—core repulsion integrahi,: resonance
integral. G2: one-center electron repulsion integral.

coordinate frequency. The adjusted parameters are called
specific reaction parameters (AM1-SRP$?70and they are
listed in Table 3. The absolute values of heats of formation
for each species from the AM1-SRP method are different from
those of the standard AM1 method. It was very difficult to get
the specific reaction parameters that reproduce the structures,
energies, and frequencies from the high-level ab initio calcula-
tions at the same time. However, in the dynamics calculation
for the double proton transfer, the relative energies such as the
barrier height and frequencies for the FMC and the FMCTS
are most important. Therefore we paid more attention to
reproduce these properties when we adjusted the AM1 param-
eters.

The optimized structures for FMC and FMCTS from the
AM1-SRP method are shown in Figure 4. A proton in water
is hydrogen-bonded in FMC, and the bond length is 1.821 A.
The bond lengths for NH and O-H bonds in FMCTS are
1.202 and 1.305 A, respectively. The geometries for FMC and
FMCTS agree very well with those from the MP2(full)/6-31G-

transfer in formamidine monohydrated complex optimized at the Mp2- (d:p) method. The dimerization energy and the barrier height
(full)/6-31G(d,p) and the AM1 levels of theories. Lengths and angles for the double proton transfer from the AM1-SRP method are

are in angstroms and degrees, respectively.

—15.94 and 20.21 kcal mol, respectively. The dimerization
energy is slightly more negative compared with the G2* value,

formation for formamidine and the FMC and, second, to but the barrier height agrees very well with that from the G2*
reproduce the structure of the transition state, the barrier height,level of calculation. The frequencies for FMC and FMCTS from
and the frequencies from the high-level ab initio calculation. the MP2 and the AM1-SRP methods are listed in Table 4. The
We initially changed 45 parameters by hand (13 parameters eactHF values of frequencies are generally about 10% overestimated,
for C, N, and O, and 6 for H) and monitored the variation of so they are scaled by 0.9. Electron correlation reduces the error
energies and structures in terms of each parameter. Parametelis HF values to about 5% The frequencies calculated at the
that change the energies and structures were selected tdMP2 level were scaled by 0.95, but the AM1-SRP frequencies
reproduce the high-level ab initio calculation. Six parameters were not scaled. The AM1-SRP frequencies show fairly good
were chosen and adjusted further to reproduce the reactionagreement with those from the MP2(full)/6-31G(d,p) calculation.



3030 J. Phys. Chem. A, Vol. 102, No. 18, 1998 Kim

) 8 30 — . : — —— 70
R N 1305
1947 : -
. 1821 CD)147.7 O =
) 1399 % : . 1202 =
0-995 211 g ) 1175 E
TN 8
=
) =
2
(]
[
O i
Formamidine Monohydrated Transition State
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Figure 4. Geometries for the formamidine monohydrated complex and
the transition state optimized at the AM1-SRP level of theory. Lengths
and angles are in angstroms and degrees, respectively.
TABLE 4: Calculated Frequencies for FMC and FMCTS s (bohr)
FMCTS FMC Figure 5. Classical and the adiabatic potential energy for the double
MP2(full)/ MP2(full)/ proton transfer along the minimum energy path.
6-31G(d, AM1-SRP 6-31G(d, AM1-SRP . . .
( .pi . @p the barrier to obtain the MEP using the MP2/6-31G(d,p) level
152%3;' 15224(')' %’g %28 of theory, and they scaled the MP2 energies by a factor of 1.123
424 445 211 292 to match the CCSD(T)//MP2 barrier height, so their reaction
461 465 282 312 coordinate might be narrower than what it should be, which
480 551 361 327 generates larger tunneling probabilities. The results from the
565 632 409 331 direct ab initio dynamics calculations are also listed in Table 5.
ggg ggg ?gg ?gg The barrier height in this study is slightly larger than that of
769 718 782 773 the direct ab initio dynamics studies, therefore, the quasiclassical
979 952 787 822 rate constants without tunneling contribution are slightly smaller.
1055 1127 1016 957 The values ofkig’ and «;y; are smaller too. These are
1108 1149 1088 1073 reasonable since the imaginary frequency at the transition state
igg ggg iégg ngz) is smaller than that from the direct ab initio dynamics study.
Transmission coefficients and the rate constants using the LCT
1383 1285 1381 1501 s al : p
1404 1369 1587 1600 and the uOMT approximations are also listed. Thc%:|H
1479 1586 1639 1639 values are larger than th&' values at temperatures below
1663 1611 1693 1902 300 K; however they are smaller above 300 K. TH&"'
1733 1825 3012 3082 | | LCT o bel b | h
1927 1846 3373 3083 vg\CLTjes are closer ta;; values below 300 K, but closer to t e
3052 3113 3440 3302 kny Vvalues above 300 K. In general, the representative
3555 3521 3451 3459 tunneling path (RTP), where the thermally weighted transmis-
3558 3528 3605 3537 sion probability has a maximum, is close to the top of the barrier
3705 3574 3763 3500

at higher temperature, and it is further from the top at low
aMP2 frequencies were weighted by 0.95. temperature, since tunneling becomes more important at low
temperature. Therefore the fact that ﬂféf values are larger
The AM1-SRP imaginary frequency for the FMCTS also agrees than thet;, values at the higher temperature suggests that the
very well with that from the MP2/6-31G(d,p) calculation. The reaction path curvature of the potential energy surface is small
imaginary frequency is determined by the shape of the potential near the top of the barrier. The reaction path curvature further
energy surfaces along the reaction coordinate that is very yown from the top of the barrier is larger, so & value is
important to the tunneling effect. This frequency calculated at |5rger at low temperature. Figure 6 shows the ground-state
the MP2 level is thought to be about 5% overestimated t00, SO transmission probabilitied?(E), calculated by the SCT and

it was scaled by 0.95. the LCT approximations as a function vf at the reaction
Figure 5 shows the BornOppenheimer potential energy and - coordinate turning point. Th&®S(E) values from the SCT
the adiabatic ground-state potential energy along the MEP for gpproximation are larger than those from the LCT approximation
the double proton transfer calculated from the AM1-SRP gt energies above 58.5 kcal mbland are smaller below 58.5
method. The adiabatic ground-state potential enevdy,is kcal mol L. This means that the reaction path curvature of the
the sum of the BorrOppenheimer potentialV{;ep) and potential energy surface may be considered small at energies
the local zero-point energies. The shape of the barrier is above 58.5 kcal mot, but should be treated as large below
almost symmetric, and the double proton transfer is a synchro-58 5 kcal mot!. The thermally weighte@S(E) from the SCT
nous process. The transmission coefficients using the SCT,and the LCT approximations at 200, 300, and 400 K are shown
LCT, anduOMT approximations, denoted ag<, x5, , and as a function oMAG — E in Figure 7, where, as defined in eq
HQOHMT, respectively, and rate constants for double proton trans- 4d, VAC is the top of the adiabatic barrier. In this figure, the
fer with and without tunneling, calculated in the temperature thermally weightedPS(E) is scaled by exMAG/RT). The
range 156-500 K, are listed in Table 5. Bell and Truofig integral of these values divided ligT over energies gives the
have studied direct ab initio dynamics calculation for the same transmission probability, as shown in eq 4b. Since the relative
reaction. They followed a downhill gradient from the top of size of the thermally weighteB®(E) from the SCT and LCT
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TABLE 5: Calculated Rate Constants and Transmission Coefficients in Double Proton Transfer

T e & G i

150 2.79x 10713 5.68x 10° 2.13x 104 2.13x 104 1.59x 1073 5.94x 1072 5.94x 102
(4.29x 101y (1.91x 1) (8.18x 1079

175 9.62x 1071° 1.41x 10 2.73x 1¢® 2.74x 1 1.35x 1072 2.63x 10 2.63x 107t

200 4.23x 1077 2.25x 1¢° 246 x 10° 248 x 1¢° 9.52x 102 1.04 1.05
(177 x 10°5) (2.53x 107) (4.48)

225 4.73x 10°° 1.17 x 10 7.54x 10¢ 7.77x 10¢ 5.51x 10! 3.56 3.67

250 2.03x 1078 1.33x 1¢° 5.19x 10° 5.61x 1 2.70 10.5 11.4
(3.94x 1072 (2.72x 10°) (107)

300 5.55x 107t 80.9 123 160 44.9 68.0 88.8
(6.51) (200) (1.3 109

350 29.9 17.3 14.2 22.2 517 424 662
(246) (41.5) (1.02¢ 107

400 585 7.25 5.09 7.86 4.2410° 2.98x 1¢° 4.60x 10°
(3.7 x 109) (15.4) (5.71x 107)

500 3.71x 1¢¢ 3.08 2.38 3.12 115 1C¢° 8.85x 10* 1.16x 1¢°
(1.63x 109) (5.23) (8.52x 10F)

aNumbers in parentheses are from the direct ab initio dynamics 4tady.
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Figure 6. Transmission probability for the double proton transfer as (3_
a function of the adiabatic energy at the reaction coordinate turning : :
point. The open and fill circles are for the values from the LCT and 2.5x10% |
. . . . C: 200K
SCT approximations, respectively. Note th‘ehf at the reaction- 2.0x105 | & 5
coordinate turning point is the same as the total en&igy 1 5x105 | OO o)
methods varies with energy in such a way that neither one is 1.0x105 | o % .
always larger than the other, tp©MT approximation should 5.0%104 o) o |
be used to calculate the tunneling coefficients. At 200 K, the ' 3 D)
0.0 CEEIIIIININIIHY=——. 2

thermally weightedP®(E) from the LCT approximation are
larger than those from the SCT approximation, and the energy
at the RTP is 55.4 kcal mol, which is about 12.6 kcal mot VAG-E (kca| mo|-1)

belovy ?he tqp of the adlabatlc energy.barrler. The transmlsslon Figure 7. Thermally weighted transmission probability for the double
CoemC'?_n_t is almost entirely determined by the transmission proton transfer as a function of thé® — E at various temperatures,
probabilities from the LCT method. However, at 400 K, the  \here\~S is the adiabatic energy barrier maximum (67.95 kcal ol
thermally weightedPS(E) from the SCT approximation are  The thermally weighted transmission probabilities are scaled by exp-
larger than those from the LCT approximation at energies above (V*¢/RT). Note that the/A® — E becomes larger as the total energy is
58.5 kcal mot?, and the energy at the RTP is 65.9 kcal mol reduced from the adiabatic energy barrier maximum.

which is 2.0 kcal mot! below the top of the adiabatic energy

barrier. The transmission coefficient is mostly determined by €nhances the tunneling process at low temperature. The
the transmission probabilities from the SCT method. At 300 Arrhenius plots of calculated rates are shown in Figure 8.
K, the thermally weighte®S(E) from the SCT method are also ~ Tunneling noticeably enhances the rates, and the relative
larger at energies above 58.5 kcal rpbut smaller than those ~ importance of small and large curvature tunneling approxima-
from the LCT method below 58.5 kcal mdl The transmission  tions is changed at temperature between 300 and 350 K.
coefficient is determined by the tunneling probabilities from Figure 9 shows the lengths for the-l and O-H bonds
both the SCT and the LCT methods. The energy at the RTP isand the distance between O and C atoms along the minimum
57.7 kcal mot?, which is 10.3 kcal mol* below the top of the energy path. The RTP occurs freen= —1.07 tos = 1.07 at
adiabatic energy barrier. The potential energy at the pretun- 300 K. From reactant to the pretunneling configuration on the
neling configuration of RTP is 7.61 kcal md| which is 12.6 RTP (froms = —o to s = —1.07), the bond distances for the
kcal mol! below the top of the potential energy barrier. The N—H and O-H bonds are rarely changed, but the distance
tunneling coefficients from theOMT method increase rapidly  between O and C is changed from 3.140 to 2.846 A. The
with decreasing temperature, since the large curvature tunnelingdistance between O and C is 2.811 A at the transition state;

0 5 10 15
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Figure 8. Arrhenius plot for the double proton transfer. . . .
9 P P Figure 10. Angles between the LCG tunneling path and the reaction
3.1 I —— - 2.1 coordinate gradient vector at the classical turning painglong the
minimum energy path.
29 rC-O .. —41.9 . . . .
transfer in solution. Consider, for example the potential energy
sl e e surfaces for single hydride transfer between NA&nalogues

P e ] in solution’? Analytical potential energy functions were fitted

R to reproduce experimental kinetic isotope effects for the hydride-
25+ S —41.5 i
S transfer reactions. The RTP occurs about 1 kcalthbelow
sl S T ] i3 the top of the potential energy barrier, and the tunneling distance
' ) at the RTP for the hydride transfer between NABnalogues

is about 0.1 A’2 These results suggest that tunneling for the
double proton transfer in the FMC is very efficient, and the
N L L 0.9 RTP is very different from the MEP.
! 2 -1 0 i 2 3 The angle between the MEP and a linear tunneling path from
a pretunneling configuration to a posttunneling configuration
s (bohr) is shown in Figure 10 for the double proton and the double
Figure 9. Bond distances in angstroms along the minimum energy deuterium transfers. At the transition stase<{ 0), the angle
path. is zero. As the reaction goes toward either reactant (-)
therefore about 90% of the change in this distance occurs beforeor product ¢ = +w), the angle for the double proton transfer
the RTP. The N-H and the G-H bond lengths are changed increases slowly about 20rom s = 0 tos = +0.5 or —0.5.
from 1.013 to 1.651 A, and from 1.008 to 1.554 A, respectively, This indicates that the reaction path curvature is small near the
between the pre- and posttunneling configurations; however thetransition state. This angle increases rapidly from @064
distance between O and N atoms is changed only 0.02 A.betweens = 0.5 ands = 1.0 and increases slowly after=
Protons are moved about 0.62 A by tunneling. Thus itis mostly 1.0. Along the reaction coordinatessat —1.0, there is almost
heavy atoms that move when the reaction goes from the FMC no hydrogenic motion as shown in Figure 9. Mostly heavy
up to the pretunne”ng Configuration, and Sudden]y the two atoms move to bring water and formamidine molecules close
protons hop at that point. The-MH and the O-H bond lengths ~ together. Betwees = —0.5 ands = 0.5, where the angle is
are continuously increased from the posttunneling configuration small, there is almost no change in the distange, but large
to the product (frons = 1.07 tos = +), but in this case the ~ change in the hydrogenic motion. The angles at the RTP are
protons in flight are already on the acceptor atoms, and the 10.3" and 66.4 at 400 and 300 K, respectively, for the double
original bonds become the hydrogen bonds. These results aréProton transfer. These are also shown in Figure 10. The RTP
consistent with the previous studies for the double proton for the double proton transfer at 300 K is further from the
transfer in formic acid dimef2 At 400 K, the RTP occurs from transition state than that at 400 K, which is reasonable since
s= —0.3 tos = 0.3, and the distance between O and C at the tunneling is more important at lower temperature. At 400 K,
pretunneling configuration is 2.812 A, which is almost the same since the angle at the RTP is small, the SCT approximation is
as that at the transition state. The-N and the G-H bond ~ appropriate, but at 300 K, the angle at the RTP becomes large;
lengths are changed from 1.190 to 1.410 A, and from 1.112 to therefore the LCT approximation is appropriate. These results
1.310 A, respectively, between= —0.3 ands = 0.3, so both ~ also suggested that theOMT approximation, in which the
protons are moved about 0.2 A by tunneling. Truhlar and co- transmission probability is the larger of the transmission
workers have reported direct dynamics calculations for the probabilities evaluated by the LCT and the SCT approximations
hydrogen atom transfer in the [1,5] sigmatropic rearrangement at a given energy, should be used to calculate the tunneling
of cis-1,3-pentadiene, where the hydrogen atom moves aboutProbability. The angles at the RTP for the double deuterium
0.2 A by tunneling between two carbons at 478*KThey have  transfer are also shown in Figure 10, and they areahd 64.3
also studied the hydrogen-transfer reaction betwees 0 at 400 and 300 K, respectively.
CDsH, where the hydrogen atom moves about 0.39 A by  The transmission coefficients and rate constants for the double
tunneling but the €C distance changes only 0.08 A at 367.8 deuterium transfer are listed in Table 6. Tkﬁ%T values are
K.55 However, the distances that two protons jump in FMC larger than thecps' values at 300 K and above. They'
are larger than that for the typical single proton or hydride values increase very rapidly with decreasing temperature. The
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TABLE 6: Calculated Rate Constants and Transmission Coefficients in Double Deuterium Transfer

H

\ \
N---D N—D
Vi \ / AN
— O—H —=— H—C O—H
\ , A\ /
N—D N---D
/ /
H H
T KDD) = Koo Koo koo oo o
150 4.24x 10715 5.68x 10’ 8.13x 10° 8.13x 1¢° 2.41x 107 3.45x 10°° 3.45x 10°°
175 2.59x 1071t 1.52x 10° 1.26 x 10’ 1.26x 107 3.92x 107 3.26x 104 3.27x 104
200 1.74x 1078 3.04x 10® 1.01x 1C° 1.02x 1C° 5.28x 10°° 1.75x 1073 1.76x 1073
225 2.69x 1076 2.31x 1¢? 2.40x 10° 2.52x 1¢° 6.21x 104 6.46x 1073 6.78x 1073
250 1.49x 104 44.4 133 158 6.6% 1073 1.98x 1072 2.36x 1072
300 6.02x 1072 8.23 5.92 9.48 4,95 101 3.56x 10t 5.70x 10
350 4.27 3.93 2.82 3.98 16.8 12.0 17.0
400 103 2.65 2.10 2.66 274 217 275
500 8.90x 10° 1.79 1.57 1.79 1.5% 10 1.39x 10 1.59x 10

TABLE 7: Calculated Double Deuterium Kinetic Isotope Effects and Tunneling Contribution to the Kinetic Isotope Effects

T KHHOKOD) S e R GRS MEKS ke
150 65.5 100 26.2 26.2 6598 1980 1980
175 37.1 92.8 21.7 21.7 3444 807 804
200 245 74.0 24.3 24.3 1803 595 596
225 17.6 50.6 314 30.8 887 551 541
250 135 30.0 39.0 355 407 529 483
300 9.20 9.83 20.8 16.9 90.7 191 156
350 6.99 4.40 5.04 5.58 30.8 33.4 39.0
400 5.63 2.74 2.42 2.96 155 12.8 16.7
500 4.16 1.72 1.52 1.74 7.23 6.37 7.30

K“OMT values are closer te' values at 250 K and below, but ' ' ' ' sor RS

they are closer to theSS' values at 300 K and above. The 8t e 1

relative importance of the SCT and the LCT tunneling prob- 0 /'

abilities switches at a temperature between 250 and 300 K. In LeT R -

the double proton transfer, the same change occurs at a

temperature between 300 and 350 K. The calculated kinetic
isotope effects (KIEs) at the various temperatures are listed in
Table 7. The calculated KIEs at 300 K are very large, especially
when one considers that the KIEs in single proton transfers are
usually in the range 510, rising to about 20 in a few cases
near room temperatuf€. Limbach et al. have determined the
KIEs in other synchronous double proton transfers using the
dynamic NMR method:# The KIE in the double proton transfer
between acetic acid and methanol is 15 at 298afd that in

the substituted formamidine dimer is 237 at 189 KThe
calculated KIEs are also larger than those for the double proton
transfer in formic acid dimer. The tunneling contribution to
the KIE, kpn/kpp, is very large and it actually determines the
characteristics of the total KIE. Bell and Trudfy have
recently calculated the KIEs for the monodeuterated complex
using the direct ab initio dynamics method, and they obtained
32.5 and 0.3 fokS kST and (€5 TkaSN (kS TkaST), respec-
tively, at 200 K. From these two values, one can obtain 3520
for ko /k3ST, which is 2 times larger than the corresponding
value in this study. This is because the width of the barrier
from the direct ab initio dynamics study is narrower than that
in this study near the transition state. The KIEs from the LCT
and theuOMT methods are smaller by a factor of 6 than the
value of k37 7k3S" from the direct ab initio dynamics study.

1000/T

Figure 11. Plot of the KIEs vs inverse temperature with and without
tunneling approximations.

the KIEy for each proton becomes 3.03 at 300 K, which is
very reasonablé372

The values of KIEs increase with decreasing temperature.
Figure 11 shows an Arrhenius plot for calculated KIEs with
and without tunneling. The slope and intercept for the plot of
In KIEqc vs LIT are 588.6 and 0.255, respectively. From these
values, the difference in the enthalpy of activation between the
double proton and the double deuterium transfers is 1.17 kcal
mol~1, and that in the entropy of activation is 0.51 cal miol
K~1. From these values, one can estimate that the enthalpic
and entropic contributions to the K{Eare 7.12 and 1.29,

This is because the SCT method underestimates the tunnelingespectively, at 300 K. The enthalpic contribution is very

probabilities for double deuterium transfer. The quasiclassical
contribution to the KIE (KIE) is 9.20 at 300 K, which is also
large compared with the corresponding single proton transfer
values. This is due to the synchronous hydrogenic motion of
the two protons in flight, which raises the zero-point energy
contribution to the KIE. If we take the rule of geometric mean,

reasonable for the synchronous double proton transfer. The
values of KlE include contributions from the rotational and
translational partition functions, in addition to those from the
vibrational partition functions. The rotational and translational
partition functions do not vary much with temperature, so the
entropic contribution to Kl is mainly due to the change in
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0 difference is very small. These results are quite different from
those for the double proton transfer in formic acid dimer, in

-10 . which the [Tip(E)]? values are several order of magnitude larger
than the T(E)]2 values over all the reaction coordinate, so the

-20 1 tunneling amplitude initiated by the reaction coordinate motion

is not important to overall tunneling probabilit§. However in

. the FMC, the T(E)]? values are not negligible even at the
potential surface, where the reaction path curvature is large.
] Truong and co-workers have reported that the dynamical
coupling constants between the reaction path curvature and the
] eigenvectors for NH and O-H stretching vibrational modes
are fairly large!® These large dynamical coupling constants

In [T(E)]2

@ In [TrC(E)]2 for HH
40 o In [T, (E)I2 for HH
m In[T (E)Rfor DD
o In[T, (E)2for DD

vil

-60 ' ' ' reduce the effective mass for the reaction to give eventually
0 5 10 15 20 larger tunneling probability under the SCT approximation, and
VAG - E this may be considered to be our manifestation of vibrationally

Figure 12. Tunneling amplitudes for the double proton and the double assisted tunneling (VAT). The reaction coordinate motion at
deuterium transfers as functions of energy. The larger valueg*for the transition state is a synchronous motion which pulls one

— E mean the further apart from the adiabatic barrier maximum. A proton and pushes the other at the same time. This motion can
and B are the energies of the RTP fort_he double proton and the doublebe coupled with the ©H and N-H stretching vibrational
deuterium transfers at 200 K, respectively. motions. However the reaction coordinate motion far from the

the vibrational partition functions. This suggests that the transition state, where the RTP occurs at low temperature, is
isotopically sensitive vibrational modes are coupled with various mainly a heavy-atom motion which brings the two molecules
low-frequency vibrational modes. together, as shown in Figure 9. Therefore the dynamical
Initially, the calculated KIEs with tunneling increase very coupling constants for the €4 and N-H stretching modes
rapidly with decreasing temperature. However the increasing become smaller, which means that the eigenvectors for these
rate is slowed down at very low temperature; therefore the modes become closer to normal to the reaction coordinate vector,
overall shape of the Arrhenius plots of the calculated KIEs with so the Tin(E)]? values become larger. The tunneling amplitudes
tunneling is approximately sigmoidal. This behavior can be for the double deuterium transfer behave quite similarly to those
explained by the fact that the tunneling contributions for the for the double proton transfer except that the energy where
double deuterium transfer as well as those for the double protonthe [T,i,(E)]? values become larger than tHE[E)]? values is
transfer increase with decreasing temperature, as shown injower. The tunneling amplitudes near the RTP at 200 K for
Tables 5 and 6. Thep, and x5y values both increase the double deuterium transfer become close to those for the
rapidly with decreasing temperature, but the increasing ratesdouble proton transfer, as shown in Figure 12. This is consistent
are different. In particular the values fogg' increase slowly  with the fact that the hydrogenic motion is minimal in this
at high temperature, but very rapidly at low temperatures, which part of the potential energy surface, so the reaction path
produces the plateau on the plot of KIE vs reciprocal temper- curvature is not changed very much with the difference of the
ature. The RTP from the LCT method for the double proton isotopic masses. Figures 13 and 14 show the generalized
transfer at low temperatures is very far from the transition state. frequencies along the reaction coordinates for the double proton
The energy at the RTP for double proton transfer is 52.0 kcal and the double deuterium transfers, respectively. ThéiNnd
mol~* at 200 K, which is 13.2 kcal mot below the top of the  O—H stretching modes are indicated, and the protons-HN
adiabatic energy barrier. This RTP occurs between—1.57  and O-H bonds are hydrogen-bonded to O and N, respectively.
ands = 1.57 on the MEP, where there is almost no hydrogenic The RTP is represented as a vertical line. In Figure 13, the
motion, and only heavy-atom motion which brings two mol- |5ygest change in the vibrational frequencies is on theHN
ecules closer is important. The thermally weighB{E) for and O-H stretching modes. The same is true in Figure 14.
the double proton transfer behave quite similarly to those as The active N-H stretch. in Fi 13 h ided .
shown in Figure 7c. Since the hydrogenic motion is minimal . ' gure ~.5, has an avoided crossing
in this part of the potential energy surface, the reaction path with the C_I_.' stretch ats ab_outil.z, \.Nh'Ch Is very close to
curvature is not changed very much with the difference of the _the RTP' This r_lqr_rowly avo_lded crossing has not been_observed
isotopic masses. Therefore the tunneling probability for the in the direct ab initio dynamics study in which freql_Jenmes were
double deuterium transfer becomes closer to that of the doublec@/culated by the MP2 level of theof§: So a reviewer was
proton transfer at low temperature. concerned about the possmlt_a error in the avoided crossing. We
have correlated the frequencies using the REORDER option by

Figure 12 shows the tunneling amplitudes initiated by the ; > ! ]
reaction coordinate motionTE(E)]3 and by the vibrational calculating the overlap between vibrational modes from point

motion normal to the reaction coordinatd,§(E)]2 in terms to point on the MEP/® but the avo_ided crossing remains the
of energy. The Ti(E)]? values are larger than tha(E)]2 same. Ats= £1.2, the protons in flight are already transferred
values near the transition state. This means that the LCG10 the end atoms, as shown in Figure 9, so theHNmode
tunneling path has a large component parallel to the reactionshould be very close to that of the reactant and the product.
coordinate, and the reaction path curvature is not large. This The eigenvector for the NH mode at the reactant has a small
is consistent with the fact that tHR®(E) values from the LCT ~ amount of the €&H stretching component, which makes an
method are smaller than those from the SCT methods near theoverlap between the NH and the G-H modes and gives a
transition state, as shown in Figure 9. When the reaction goesnarrowly avoided crossing. This smal-Ei stretching com-
further down from the transition state, th&,[(E)]? values ponent exists in the NH mode from the MP2 method too. The
becomes larger than th&{(E)]2 values at energies below 60.4 step size for the Hessian in the direct ab initio dynamics study
kcal mol® (7.5 kcal mot? in terms of VA¢ — E), but the was 0.1 bohf8a which was too large to detect a narrowly
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Figure 13. Generalized frequencies for the double proton transfer as
functions of reaction coordinate. The vertical line is the point where
the RTP occurs at 200 K.
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Figure 14. Similar to Figure 13, except for the double deuterium
transfer.

avoided crossing. We increased our step size from 0.01 to 0.1
bohr, then the avoided crossing disappeared, and the transmis
sion coefficients from the LCT method became 8%, 6%, and
1% smaller at 150, 300, and 500 K, respectively. These
differences in the transmission coefficients are probably due to
the small number of points that were used to calculate tunneling
probabilities. The characteristics for the PES and the transmis-
sion coefficients in terms of temperature are all the same. Thes
results suggest that the narrowly avoided crossing is not in error,
and this does not affect the characteristics of the PES and th
tunneling probabilities.

The curvatures for the IA[E)]? plots are changed at the RTP,
A and B in Figure 12. There is no unusual behavior in the
frequencies near the RTP, as shown in Figures 13 and 14.
Therefore the NH and O-H stretching modes might be
responsible for the curvature of the TigE)]2 plots. Since the
RTP depends on the temperature, the relative contribution of
the [Ti(E)]? and [Tvib(E)]? values to the tunneling probabilities

S .. . .
transition state, where the reaction path curvature is almost

J. Phys. Chem. A, Vol. 102, No. 18, 1998035

[Tvin(E)]? values, as shown in Figure 12; however the SCT
method gives larger tunneling probability, as shown in Figure
7. Therefore the contribution from th&{(E)]? and [Tvin(E)]?
values to the tunneling coefficient is minimal. At 200 K the
energy at the RTP is 55.5 kcal mé) where [T,in(E)]? values
are slightly larger than theT[(E)]? values. The tunneling
coefficients are mostly calculated from thE[E)]2 and [Tyip-
(E)]? values by the LCT method. At 300 K, as shown in Figure
7, the transmission probabilities from both the LCT and the
SCT paths are important.

The tunneling amplitude initiated by reaction coordinate
motion is reduced faster than that initiated by the vibrational
motion normal to the reaction coordinate; however, these two
amplitudes become quite close at the potential surface far from
the transition state, and the difference is very small, as shown
in Figure 12. This result means that the tunneling initiated by
reaction coordinate motion is still important, and the motion in
this part of the potential surface is mostly the heavy-atom motion
to bring two molecules closer. Klinman and co-workers have
reported kinetic isotope effects in enzyme reactions that are very
large and almost independent of temperafdé. These results
may be explained if there is a large tunneling effect, possibly
due to the VAT, and the RTP at the experimental temperature
is so far from the transition state that the reaction path curvature
is almost independent of the isotopic mass. The reaction
coordinate motion that can assist tunneling in this case might
be the protein motion.

Concluding Remarks

The double proton transfer reaction of the FMC has been
studied with canonical variational transition state theory using
multidimensional semiclassical tunneling approximations. The
MEP was calculated by a direct semiempirical dynamics
approach using the AM1-SRP method. The barrier height for
the double proton transfer has been calculated with high-level
ab initio calculations. From calculations at the G2* level the
barrier height is estimated to be 20.49 kcal mol

The reaction path curvature varies considerably along the
reaction coordinate, so the microcanonical optimized multidi-
mensional tunnelingy{OMT) approximation should be used.
The tunneling amplitude initiated by reaction coordinate motion
and that initiated by the vibrational mode normal to the reaction
coordinate are both important over the whole reaction coordi-
nate. The representative tunneling path (RTP) at 300 K occurs
about 12.6 kcal moft below the top of the potential energy
barrier and is very different from the MEP. The distance that
the proton hops from the NH bond is 0.63 A, and that from
the O-H bond is 0.54 A. These distances are very large
compared with the tunneling distance in typical single proton

etransfers in solution. The kinetic isotope effect is also very

large, and there is a plateau on the Arrhenius plot of the KIE.
This can be explained by the VAT at the RTP far from the

independent of the isotopic mass. The large quasi-classical
contribution to the KIE is due to the synchronous hydrogenic
motion of the two protons in flight.
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