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Primary and Solvent Kinetic Isotope Effects in the Water-Assisted Tautomerization of
Formamidine: An ab Initio Direct Dynamics Study
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We present an ab initio direct dynamics study of the primary and solvent kinetic isotopes effects (KIEs) for
the water-assisted tautomerization in the formamidivater complex. These calculations are based on a
variational transition state theory plus multidimensional semiclassical tunneling corrections with potential
energy information calculated at the MP2 level of theory using the 6-31G(d,p) basis set. We found that both
the primary and solvent KIEs are large at low temperatures and are due not only to tunneling but also to
guantum effects in vibrational motions. The primary KIEs were larger than the solvent KIEs. This results
from differences due to the effect of deuteration on vibrational modes. Bending modes show significant
inverse KIEs, while those of the reactive OH and NH vibrations show both inverse and normal effects. Such
effects can be explained by examining changes in the zero-point energies of these modes. The adherence of
the HH/HD/DD rates to the rule of the geometric mean is also examined.

. Introduction H H
. . .. H
For decades, studies of kinetic isotope effects (KIEs), whether H /C\ A forward H\N y C\ N
primary, secondary, or solvent, have been carried out to aid in \N N “overse |
the determination of chemical and biochemical pathways and "\D A D.._ W
reaction mechanisnis?! Since many reactions of chemical ~No o

and biochemical interest occur in aqueous solution, the study \ |

. . . ; H H
of water-assisted proton-transfer reactions is of great |mportance.Figure 1. Water-assisted tautomerization in the formamidinater

The study of KIEs in such reactions is of particzlilglr interest. complex. The forward direction is used to model the solvent KIE, and
There have been numerous experimentd?223 and the reverse direction is used to model the primary KIE.

theoretical® 21,2434 studies performed on proton transfer in
systems of chemical and biochemical interest. _ R _
While recognizing the importance of experimentally deter- !N this study, we present an ab initio direct dynamics
mined KIEs, theoretical studies can examine further details of investigation of the primary and solvent deuterium KIE on the
chemical processes that are not easily accessible to experimental/ater-assisted tautomerization in the formamieinater com-
determination. For instance, within the transition state theory Plex for the forward and reverse reactions as shown in Figure
formalism, one can factor the rate constant into contributions 1. The forward reaction can be viewed as a model for the
of individual motions, i.e., translation, rotation, vibration, and solvent KIE and the reverse as a model for the primary KIE.
tunneling. An examination of the effect of these individual As mentioned in our previous studyin addition to its own
contributions on the KIE will give detailed information on the biological importance, this system can be used as a model
mechanism of a particular chemical procé&s® system for proton-transfer reactions in DNA ba%esThis
Another aspect of KIEs involves the rule of the geometric tautomerization can also be viewed as a simple model for the
mean (RGM), which has been used to help determine the Study of solvent kinetic isotope effeét$®“2in the case where
mechanisms (i.e. whether concerted or stepwise) of variousWater solvent molecules participate directly in the proton-transfer
double proton-transfer reactiohd:3%11 This rule states that ~ Process. This can be viewed as a first step toward modeling
isotopic disproportionation equilibrium constants are nearly SOlvent KIEs in solution. A more complete solvation model
identical with the classical valui. It was proven to be exact ~ Would have to include the effect of hydrogen bonding from the
for systems obeying partition functions with small quantum first solvation shell and longer range solvesblute interactions.
corrections®® As a consequence, isotopic rate constants for The former may be accounted for through the specific inclusion
concerted double proton-transfer reactions are relateklly of additional waters in the supermolecule approach and the latter
kip = kup/kop, Which resulted from combining equilibrium by using a dielectric continuum model.

isotope effects and transition state the#r?’ Double proton- In our previous study on this systeftwe calculated thermal
transfer reactions deviating from this rule mostly have been rate constants of the gas phase and water-assisted tautomeriza-
interpreted as being either the result of tunnélinge or the tions in formamidine using a canonical variational transition
result of a stepwise process via an intermedidté! %39 The state theory (CVT) with multidimensional semiclassical tun-

validity of the RGM has not yet been investigated theoretically neling corrections. We found three important results, namely:
on a double proton-transfer reaction where tunneling is signifi- (i) the addition of a water to the gas phase molecule significantly
cant. Such a study would be of fundamental interest for further stabilized the transition state, thus lowering the classical barrier
understanding mechanisms of double proton-transfer reactionso tautomerization by 26.9 kcal/mol, (ii) tunneling is significant

at low temperatures; even at 300 K it enhances the rate by 3
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  orders of magnitude for the water-assisted tautomerization of
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formamidine, and (iii) vibrational excitation of the solvent kCVT/G(T) = KCVT/G(T) kCVT(T) (4)
(water) symmetric stretch enhanced the rate of this tautmeriza-
tion. There exists several approximations to account for tunneling

In this study, we continue our investigation of the dynamics effects along the reaction coordinate. Only two will be used in
and mechanics of this proton-transfer reaction. In particular, this study, namely, the one-dimensional Wigner (W) and the
our goals are to examine (i) the temperature dependence of thenultidimensional semiclassical small-curvature tunneling (SCT)
primary and solvent KIEs and (ii) the adherence of the KIE to approximations, which are the most accurate and feasible
the rule of the geometric medh. This paper is organized as methods within our ab initio direct dynamics approach.
follows. Section Il gives a brief outline of variational transition The SCT approximation is a generalization of the Mareus
state theory and semiclassical multidimensional tunneling. Coltrin approximatiorf? which assumes that the tunneling path
Section Ill outlines the computational details. Section IV gives is distorted from the MEP out to a concave-side vibrational
an analysis of the kinetic isotope effects and the rule of the turning point in the direction of the internal centrifugal force.
geometric mean. Section V gives the results and discussion,The path is not actually calculated, but instead the centrifugal

and section VI provides the conclusion. effect is included in the reduced mass, yielding an effective
reduced mass. It is called the centrifugal-dominant small-
Il. Theory curvature semiclassical adiabatic ground-state (CD-SCSAG)

approximation, which is abreviated SCT (small-curvature tun-
neling). Both the Wignéf and the SCT approximations are
discussed in detail elsewhefe?”

The canonical variational transition state theory (CVT) rate
constant is determined by minimizing the generalized transition
state (GTS) rate constakE™(T,s), with respect to the location
of the dividing surface that is perpendicular and intersects the
reaction coordinate at s. The reaction coordingtes defined
as the distance along the minimum energy path (MEP) with The minimum energy path for the forward and reverse
the origin at the transition state. Negative and positive values tautomerization in the formamidirevater complex was cal-
of s correspond to reactant and product sides of the reaction culated using the second-order Gonzalez and Schfegethod
path, respectively. The CVT rate constant is thus given by in mass-weighted Cartesian coordinates with a step size of 0.04

amu2 g for a total of 50 points on each side of the transition
keyr(T) = min ke(T,9) = K¥(T,s.V7T) 1) state. This was done for the protonated, monodeuterated, and
s double-deuterated systems. Note that since the MEP is sym-
metric for the protonated and double-deuterated systems, only
where s°VT is the CVT temperature-dependent dynamical half of the MEP was calculated. However, for the monodeu-
bottleneck, i.e., the location afthat minimizes the GTS rate  terated system, the MEP is not symmetric and therefore both

[ll. Computational Details

constant. The GTS rate constant is given by sides of the MEP were calculated. Hessian calculations were
performed at 40 selected points along the MEP according to
ke TQ°TS(T,s) _ the focusing techniqu®. All geometry optimizations, MEP,
KeT(T,5) = OTQR—() g VierlkeT 2) and frequency calculations were done at the MP2/6-31G(d,p)
Q™ (M level of theory using the G98 program.

) To obtain more accurate energetic information for rate
whereo is the symmetry factor and has a value of 1 for both ca|culations, the potential energy along the MEP was scaled
the forward and reverse reactioig,is Boltzmann’s constant,  py a factor of 1.123 to reproduce the classical barrier height
h'is Planck's constantVie(s) is the Born-Oppenheimer  cajcylated at the more accurate CCSD(T)/6-31G(d,p)//MP2/6-
potential along the MEP that is the steepest descent path fromz1G(d,p) level of theor§?5! Rate calculations were carried
the transition state toward the reactant and prodQ€tXT,s) out using our TheRate (theoretical r&)rogram.
is the internal partition function at the generalized transition
state at, andQR(T) is the reactant partition function. The total |v. Analysis of Kinetic Isotope Effects
internal quantum partition functions can be written as products
of the individual quantum partition function@eee Qro, @and
Quib, by assuming that the electronic, rotational, and vibrationa
degrees of freedom are separable. Due to small energy level®Y
spacing, rotational partition functions can be treated classically. CVT/SCT,
The electronic partition functions for both the generalized KIE(T) = H M
transition state and reactant are assumed to cancel. Vibrational CYTISCTT)
partition functions were calculated quantum mechanically within

the harmonic independent normal mode approximation (INM) where the subscripts HH and HD denote rate constants for the

A. Contributions to the Kinetic Isotope Effect. The
| monodeuterated kinetic isotope effect in this study is defined

(®)

and can be written as a product odl3- 7 GTS individual protonated and monodeuterated systems, respectively. This can
vibrational partition functions for nonlinear moleculegy,,;, as be decomposed into individual factors from tunneling, (
rotational (rot), and vibrational (vib) motions, and also from
SN—7 the potential energy) due to the isotopic shift of the variational
Quib = [ | ib; 3) transition state, and is given by
1=
KIE(T) = n7000 Moo 19 (6)

whereN is the number of atoms in the system. Note that in
the calculation of the CVT rate constant, motion along the where theyS'™ and )" factors are defined as
reaction coordinate is still treated classically.

Quz_mtum mec_:hanlcal effects, ie., t_unnellng, along the reaction - S;’HH(T,&CVT) QrFi)t,HD(T)
coordinate are included by multiplying the CVT rate constant Mot = ot VI <R
by the ground-state transmission coefficie«ftYT’C, to give Qrotrn(T:S ) Qrornr(T)

)
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and 4000 ——r—

yCVT = Q\(lgi;)r,HH(T,SxCVT) Qo.M ®) 3500}
e A
! Q\(/BibT,HD(TaSkCVT) Q\I}b,HH(T)

where the generalized transition state partition functions are
evaluated at the CVT transition stage;VT. The effect on the
KIE of the potential is incorporated in

W\SVT = exp[_ﬁ(VMEP,HH(S*CVT) - VMEP,HD(S*CVT))] 9
where eachVyep(s:®VT) is the classical potential energy

calculated at the corresponding CVT transition state. The o
tunneling factor is given by the ratio of the transmission : O:E _____7/ E ; 3 E'

coefficients i T——— 1
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In our previous studg we foun_d that the.OH and ND modes Figure 2. Plot of generalized frequencies vs reaction coordinate for
are strongly coupled to the reaction coordinate. For this reason,ihe double-proton system. Important modes and frequencies are
we expect these two modes would also have large contributionshighlighted. Bars indicate where Hessians are available. Some low
to the KIE. For analysis purposes, we further decomposed thefrequencies were not shown.

vibrational contribution to the KIE;Sy', into contributions

. 4000 | T T T T |
from the two active OH and NH modes, other stretches and 0; 1
bends as given by D—C
3500 _\< To 3559 To 3624 >/_
CVT _ _ CVT_CVT_CVT CVT [ i
Tvib - = Mon MINH Ystretchelbends (11) 30001 . g -
where each;$"" is defined as e [
< 2500
qCVT qRHD §
M= 2E R (x=OHandNHmode) (12) & ¢
OxHD O HH & [
3
and 5 1500 =
g r =
CVT R S E >
vt o i ; S - —
ny = |_|— (y = bending and stretching modes) 2 ]
y CI%BCIRHH s0f 5
) Y, (13) ! 4
Stretches are defined as modes with frequencies greater than O a5 ao 05 o0 s 10 15 ae
1800 cn1?, and bends are defined as modes with frequencies "
less than 1800 cnit in the reactants and products. Vibrational s (amubohs)

modes of the transition state classified as bends or stretches ar&9ure 3. Similar to Figure 2 except for the protewleuterium system.
based on the frequencies to which they correlate in the reactant

and product channels (see Figures 2 and 3). chemically equivalent sites, we carry out this calculation by
B. Rule of the Geometric Mean. The rule of the geometric ~ Making the assumption that the NH and OH bonds of the form-
mean amidine-water complex are nearly chemically equivalent. This
assumption is based upon the fact that the difference in the
Kan Ko forward and reverse zero-point corrected barriers for the mono-
% = E (14) deuterated system (see Figure 1) is only 0.04 kcal/mol. More

importantly, we believe that the quantal effects in the vibrational

rests on the following assumptions: (i) rotational partition motions and tunneling thrqugh the potential barrier are the
functions are assumed to cancel and the vibrational partition IMPortant factors for deviation from the rule of the geometric
functions within the harmonic approximation are evaluated in Mean. This expectation is in fact confirmed in this study.
the high-temperature limit, (ii) there is no tunneling along the
reaction coordinate, (iii) no secondary kinetic isotope effects
and (iv) reactive sites are chemically equivalent (chemical As we reported in a previous stuhof this system, single-
equivalence allows for the cancellation of the vibrational point energy calculations at the CCSD(T)/6-31G(d,p) level at
partition functions). the MP2/6-31G(d,p) optimized geometries yielded classical and
Here, we examine the applicability of this rule to the zero-point energy barriers of 21.9 and 17.8 kcal/mol, respec-
concerted double proton transfer of this study by calculating tively, for the double-protonated system. On the basis of our
the three rate constanksy, kup, andkpp for the temperature  previous studie4-5! the level of theory utilized is accurate
range 206-1000 K. Though the validity of eq 14 requires enough for the purposes of this study.

V. Results and Discussion
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Figure 4. Calculated CVT/SCT solvent kinetic isotope effects and  Figure 6. Individual contributions to the vibrational components of
their individual components for the double proton-transfer reaction in the solvent kinetic isotope effect for the double proton-transfer reaction
the formamidine-water complex (forward reaction). Circles indicate  in the monodeuterated formamidineater complex forward reaction.
where data is available. Circles indicate where data is available.

“r ‘ T o the entire temperature range. This is due to a negligible shift

in the CVT dynamical bottleneck upon deuteration. For
instance, the CVT transition state lies-a0.007 amif? a, at
300 K. The rotational factor shows a similar behavior, also
being about 1.00, for the temperature range from 200 to 1000
- K. This result is expected since changes in the moments of
25 KIE 1 inertia of the structure are negligible upon deuteration due to
[ / the small mass of a hydrogen atom compared to those of the C,
20 | . N, and O atoms.
i 2. Tunneling and Vibrational ComponentBhe tunneling
15 F N and vibrational components of the total KIE are also shown in
. Rotation ] Figures 4 and 5. Note that the tunneling compongiitas the
10 b ] same magnitude in both the solvent and primary KIEs. As
Tunneling ] expected, the magnitude of the tunneling contribution increases
- Potential Vibration as the temperature decreases, particularly from 1.0 to 6.25 as
TN ] the temperature drops from 1000 to 200 K. However, it is
________________ e S S TR e surprising to find that the vibrational components for both
200 300 400 500 600 700 800 900 1000 solvent and primary KIEs also show similar magnitudes. In
particular, for the solvent KIE, the vibrational component
decreases monotonically from 5.20 to 1.46 as the temperature
Figure 5. Similar to _Figure 4 except for the primary kinetic isotope  drops from 1000 to 200 K. For the primary KIE, this component
effect (reverse reaction). varies from 5.64 at 200 K to 1.42 at 1000 K.

In this study, we find that for the monodeuterated system, Th(_a larger zero-point energy corr(_ected b_arrier for the reverse
the forward zero-point energy barrier is 16.08 kcal/mol while "€action of 0.04 kcal/mol also contributed inja, component
for the reverse it is 16.12 kcal/mol. The zero-point energy for the primary KIE being larger than that for the solvent by
barrier of the double-deuterated system is 16.81 kcal/mol. 19% at 300 K.

A. Total Kinetic Isotope Effect. The solvent (forward At low temperatures, particularly below 400 K, the tunneling
reaction) and primary (reverse reaction) KIEs display similar components for both the solvent and primary KIE were found
features (see Figures 4 and 5). As expected, the magnitude of0 be larger than the vibrational ones. For instance, at 300 K,
the KIEs and the components decrease as the temperaturéhe tunneling component is larger by 44% in the solvent KIE
increases for both KIEs. The magnitude of the total solvent and 17% in the primary KIE.

KIE decreases from 32.5 to 1.61 as the temperature increases The surprisingly large vibrational component in both the
from 200 to 1000 K. The magnitude of the total primary primary and solvent KIEs motivated us to further investigate
(reverse reaction) KIE shows similar behavior, decreasing from the nature of vibrational modes that are responsible for such
35.2 to 1.56 with increasing temperature from 200 to 1000 K. effects. To do this, we factored the total KIE into individual
The primary KIEs are larger than that of the solvent, particularly contributions from bends, inactive stretches, and the active NH
at low temperatures, for instance by 23% at 300 K. and OH stretches as described by eq 12. The vibrational

B. Individual Components of the Total KIE. 1. The component of the solvent and primary KIEs displayed in Figures
Potential and Rotational Componenin Figures 4 and 5, the 6 and 7 show interesting similarities and differences. In both
contibution from the potential factogy, is close to 1.00 over cases, it was found that certain modes show normal while others

35 71

30 [ 1

Hll/kﬂl))

Kinetic Isotope Effect (k.

Temperature (K)
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Figure 7. Similar to Figure 6 except for the primary kinetic isotope
effect (reverse reaction).

yield inverse KIEs. The normal KIE can be explained as b)
follows. Deuteration yields a decrease in the zero-point energy
in the reactant greater than in the transition state (see Figure
8a). The net effect of deuteration is an increase in the zero-
point energy corrected barrier. The opposite effect, i.e., an
inverse KIE, can be seen in Figure 8b. Here deuteration lowers
the zero-point energy in the transition state more than in the
reactant, which results in a decrease in the zero-point energy
corrected barrier. kyk, < 1 AV < AV,

The contributions from stretchegsietches to 7vib for both KIEs Figure 8. Schematic on the relationship between zero-point energy
are small and normal, which indicates that they behave ascorrected barriers and kinetic isotope effects. (a) The barrier of the
spectator modes and are sufficiently decoupled from the reactiondeuterated system is larger resulting in a kinetic isotope effect greater

coordinate. Over the entire temperature range studied here, theyhan 1. (b) The barrier of the deuterated system is smaller resulting in
vary from 1.03 to 1.01. a kinetic isotope effect less than one.

The contributions from bending modefends show signifi- The contributions of the OH and NH modes to the KIE are
cant inverse KIEs for both reactions (see Figures 6 and 7). They consistent with their changes in vibrational frequencies and thus
vary from 0.56 for the solvent KIE and from 0.67 for the primary  their changes in zero-point energy corrected barriers upon
KIE to about 1.00 as the temperature is increased from 200 to deuteration as shown in Table 3. For instance, the zero-point
1000 K. An examination of the effect of deuteration on the energy of the OH mode in the reactant decreased by 1.41 kcal/
reactant, product, and transition state bending modes shows thanol upon deuteration. In the transition state, it decreased by
all decrease in frequency (see Table 1). The decrease in thep.68 kcal/mol. As a result, it contributes to an increase in the
zero-point energy of the bending modes is greater in the zero-point energy corrected barrier by 0.73 kcal/mol. This leads
transition state than it is in the reactant and product structures.to a normal contribution to the solvent KIE from the OH mode.
Thus, the bending modes effectively lower the zero-point Thijs situation is reversed for the primary KIE. The zero-point
corrected energy barriers for both reactions and hence yieldenergy of the OH mode in the product decreased by only 0.01
inverse KIEs (see Figure 8b). In particular, the decrease in total kcal/mol. Effectively, it contributes to a decrease in the zero-

zero-point energy at the transition state upon deuteration duepoint energy corrected barrier of 0.67 kcal/mol and therefore
to the bending modes is 1.04 kcal/mol, while it is 0.79 at the |eads to an inverse KIE contribution.

reactant and 0.86 kcal/mol at the product (see Table 2). Thus As for the NH mode, it displays increases in its zero-point
these bending modes upon deuteration lead to decreases in thenergy in both the reactant and transition state by 0.02 and 0.15
zero-point energy corrected barriers by 0.25 and 0.18 kcal/mol, kcal/mol, respectively, while in the product it decreases by 1.32
respectively, for the solvent and primary KIEs. kcal/mol. Consequently, these changes contribute to increases
As for the contributions from the NH and OH modes, in the zero-point energy corrected barriers by 0.13 and 1.47
differences in each reaction can be seen in Figures 6 and 7. Foikcal/mol for the solvent and primary KIEs, respectively, and
the solvent KIE, the OH contribution is normat {) and the thus yields normal contributions.
NH contribution is also normal but small. However, for the A comparison of the various levels of rate calculation is in
primary KIE, the NH contribution is normal but large while order. The solvent KIEs for the TST, CVT, TST/W and CVT/
the OH mode exhibits a largaverse(<1) contribution. For SCT levels are 3.17, 3.18, 3.91, and 17.5, respectively. There
instance, at 300 K, contribution factors to the solvent KIE are is a small difference between the TST and CVT levels. Of
3.41 for the OH mode and 1.10 for the NH mode, while these particular note is the large difference between the TST/W and
factors in the primary KIE are 0.33 for the OH and 14.5 for the CVT/SCT levels. The CVT/SCT value is larger than the TST/W
NH modes. value by a factor of 4.5, which is significant, especially in the
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TABLE 1: Reactant, Transition State, and Product TABLE 3: Changes in Total Zero-Point Energies (kcal/mol)
Vibrational Frequencies (cn?) in the Harmonic of Active Vibrational Modes of Reactant, Product and
Approximation for the Protonated and Monodeuterated Transition State Upon Deuteration and
Formamidine—Water Complex Shifts in the Zero-Point Energy Corrected Barriers AVS,; and
reactant transition state product AVSr (kcal/mol) for the Forward and Reverse Reactions,

protonated deuterated protonated deuterated protonated deuteraterBeSpeotlvew’ in the Formamidine-Water Complex
zero-point energies of individual

Bends : . 2
155 155 1643 1414i 155 149 individual active vibrational modes
180 179 209 209 180 178 modeéd  reactant transition state productAVS,  AVS
221 218 436 434 221 218 ; -
296 294 484 473 296 295 OH(HH) 5.19 2.90 5.19
376 321 501 499 376 372 OH(HD) 3.78 2.22 5.18
430 429 598 580 430 425 AHH—HD -1.41 —0.68 —-0.01 +0.73 -0.67
591 578 607 604 591 549 NH(HH) 5.07 2.61 5.07
763 615 689 688 763 609 NH(HD) 5.09 2.76 3.75
821 763 807 789 821 810 AHH—HD  40.02 +0.15 -1.32 +0.13 +1.47
826 823 1026 995 826 817
1067 1066 1109 1020 1067 1054 a@Mode (HH) and mode (HD) refer to a property of the mode in the
1143 1143 1168 1095 1143 1073 protonated and monodeuterated molecules, respectively. See Table 5.1
1179 1172 1236 1160 1179 1152 for the classification of bends and stretchAsiH—HD refers to the
1400 1400 1368 1197 1400 1318 change in property upon single deuteration.
1452 1452 1448 1333 1452 1436
1667 1466 1475 1436 1667 1538
1722 1666 1554 1462 1722 1721
1778 1778 1747 1757 1778 1753
Stretche3
(CH)3167 3167 3209 3209 3167 3167
(NH)3548 3559 1824 1934 3548 2626
(NH)3618 3618 3739 3739 3618 3616
(OH)3632 2648 2027 1555 3632 3623 ;
(NH)3792 3792 3743 3743 3792 3772 “a |
(OH)3958 3948 3897 3897 3958 3958 5“ o7 L .i b
=) 1 ) 4
a Stretches are correlated from reactants to products whereas bends e\f " cvmser

are not.? Bonds formed and broken in reaction. "8 i i

~ 0.6 - ) —
TABLE 2: Changes in Total Zero-Point Energies (kcal/mol) £ !
of Vibrational Modes of Reactant, Product, and Transition = [ ,-' ]
State Upon Deuteration and Shifts in the Zero-Point Energy 05 ]
Corrected Barriers AVS,and AVS, (kcal/mol) for the Lo ]
Forward and Reverse Reactions, Respectively, in the Eo
Formamidine—Water Complex 04 - ]

total zero-point energies of [
— roups of vibrational modes L
vibrational grotp — 200 300 400 500 600 700 800 900 1000
mode$  reactant transition state productAVS,  AVS,
- - Temperature (K)

bends(HH) 22.97 23.53 22.97 , o ,
bends(HD) 22.18 22.49 2211 Figure 9. Plot of deviations from the rule of_the geometric mean vs
A(HH—HD) —0.79 ~1.04 ~086 —-0.25 —0.18 temperature (K) for rate constants TST (solid), TST/W (dash), CVT
stretches(HH)  20.78 20.58 20.78 (dotted), and CVT/SCT (dash dotted).
stretches(HD)  20.76 20.85 20.75 . . . .
A(HH—HD) = —0.02 +0.27 —003 +0.29 +0.30 a far more important factor for this deuteration particularly at

low temperatures.
aModes (HH) and modes (HD) refer to a property of the modes in P

the protonated and monodeuterated molecules, respectively. See Table .
1 for the classification of bends and stretchAsi—D refers to the VI. Conclusion

change in property upon single deuteration. In this study, using an ab initio direct dynamics methodology,

) o ) we have examined in detail the primary and solvent KIE of the
context of this work. This indicates that the Wigner level for \yater-assisted tautomerization of the formamidinater com-
tunneling correction is inadequate for the purposes of this study. pjex. |n particular, we found that the primary and solvent KIEs

3. Rule of the Geometric Mearkigure 9 shows the are large at low temperatures. However, it is not only due to
deviations (i.e. deviations from unity) from the RGM or classical tunneling effects as one normally expected but also to the
behavior of the various rate constants for the solvent KIE. The quantum effects in the vibrational motions. In fact, both
two rate constants where no tunneling is included, namely thosecontributions have similar magnitudes. For tunneling contribu-
of TST and CVT, show significant deviations from classical tions, the Wigner correction significantly underestimates the
behavior at low temperatures. This is due to the fact that at tunneling probability and consequently predicts the KIE to be
low temperatures quantal effects in vibrational partition functions too small at low temperatures. By examining individual
become important and thus the assumptions of classical partitioncontibutions of different vibrational modes we are able to
function with small quantal correction is no longer valid. Such understand the difference in the total primary and solvent KIEs,
assumption is quite good at high temperatures (see Figure 9).and how the two active OH and NH stretches can have drastic
The CVT/SCT ratio displays the largest deviation from this rule. different contributions to the overall KIE.

This is due to quantum effects in both the vibrational motions ~ We have used this reaction as a means to examine the validity
and the reaction coordinate (tunneling). However, tunneling is of the rule of the geometric mean for concerted double proton-
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transfer reactions. We found that at low temperatures (below
400 K in this case) quantum effects in the vibrational motions
and tunneling become important. This leads to a significant

Bell and Truong

(26) Fujisaki, N.; Ruf, A.; Gamann, T.J. Phys. Cheni987, 91, 1602.

(27) Viggiano, A. A.; Paschkewitz, J. S.; Morris, R. A.; Paulson, J. F.;
Gonzalez-Lafont, A.; Truhlar, D. Gl. Am. Chem. S0d 991, 113 9404.

(28) Zhao, X. G.; Tucker, S. C.; Truhlar, D. G.Am. Chem. Sod991,

deviation from the rule of the geometric mean, which assumes 113 826.

no tunneling along the reaction coordinate and small quantal

effects in the vibrational motions.
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