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toward the inward portion of the molecule. This is in full
agreement with the predictions based on the arguments of chemical
graph theory.?

Conclusions

On the basis of the aforementioned examples we believe that
the GAPT atomic charges can be a useful tool in the analysis of
the electronic structure of molecules. The computed atomic
charges are remarkably insensitive to the basis sets used for
computing the wave function. Electron correlation effects can
be significant in molecules possessing multiple bonds; however,

(25) Gutman, |. Theor. Chim. Acta 1979, 50, 287.

they are predictable since they tend to decrease the atomic charges.
This effect is especially pronounced in unsaturated molecules. It
should be mentioned that similar observations concerning the
influence of electron correlation on natural atomic charges® have
been published very recently.26
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Abstract: Proton transfer between MeO™ and HOMe has been studied using ab initio molecular orbital theory. At the highest
level employed (MP2/6-31+G(d)//6-31G(d) + ZPE), ~AH**® and —~AG*® for the formation of the ion-molecule complex
MeO~-HOMe from the separated reactants are 26.3 and 15.2 kcal/mol, respectively. At the 6-31G(d)//6-31G(d) level of
theory, the (MeO-H-OMe)™ transition structure is 2.19 kcal/mol higher in energy than the ion—molecule complex (AE* =
2.19), but this barrier disappears when zero-point energies are taken into account. The performance of AMI on this system
is quantitatively different (-AH?® = 13.3; -AG™® = 6.9; AE* = 4.91; ky/kp = 5.13, increasing to 5.79 when quantum mechanical
tunneling is invoked) but appears to be acceptable for the research envisaged in the title. The effect of an enforced separation
of the heavy atoms upon proton transfer barriers and isotope effects (which simulates “steric effects”) has been studied briefly
at the 6-31G(d) level and in some detail using AM1. As predicted by a simplified two-parabola model of the barrier, AE*
increases linearly as the square of the heavy atom distance, and such plots extrapolate to the heavy atom distances of the fully
optimized transition structures. The increase in the barriers is accompanied by a small increase in the semiclassical kinetic
isotope effect, as expected from KIE theory, and a much larger increase in the tunneling correction, using Bell’s treatment,
in which the correction factor Qy/Qp depends upon the height of the barrier. Because of the relationship between barrier
heights and widths, this correction becomes substantial when “steric hindrance” exists. Thus, in proton transfer between pyrrole
anions and pyrroles, the KIE including the tunneling correction increases progressively from 6.6 to 9.0 to 15.6 as methyl groups
are attached to the 2,5-positions and coplanarity of the two rings is enforced; for proton transfer between pyridinium cations
and pyridines, the KIE’s including the tunneling correction change from 5.2 to 4.6 to 5285(!) as methyl groups are attached
to the 2,6-positions and coplanarity of the two rings is enforced. The energetics of proton transfer between pyridines conform
to the Marcus equation, but the isotope effect and tunneling correction are smaller in the exoergic direction. The implications
of the present findings for effects of pressure upon proton tunneling and tunneling effects in enzymatic hydrogen-transfer reactions

are noted.

It has been the practice for some time to derive conclusions
concerning the positions of transition states along the reaction
coordinates of hydrogen-transfer reactions on the basis of ex-
perimentally determined slopes of Bronsted plots!' and magnitudes
of kinetic H/D isotope effects (KIE).2 However, since the use
of a Bronsted slope to deduce transition-state structure has recently
come under attack,’ the interpretation of a KIE and the factors
that contribute to this effect have acquired renewed significance.

If quantum mechanical tunneling were unimportant for the case
of a proton-transfer reaction, e.g., eq 1, most of the KIE would
originate?# in a zero-point energy difference (dZPE) between H-
and D-substituted hydrogen-(deuterium-) bonded reactants (shown
as their hydrogen-bonded complexes), which is only partly ov-
ercome by a residual dZPE in the transition state. The magnitude
of the observed KIE would depend, inter alia, upon the degree
of proton (deuteron) transfer in the transition state, and this would
depend, in turn, on the separation between the proton donor and
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National University, Chinju 660-701, South Korea.

‘Permanent address: Department of Chemistry, Bar 1lan University,
Ramat Gan 52100, Israel.
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proton acceptor (X and Y in eq 1). As this separation increases,
ZPE’s and dZPE’s of hydrogen-(deuterium-) bonded reactants
will remain approximately the same. However, since the trans-

(1) Leffler, J. E; Grunwald, E. Rates and Equilibria of Organic Reactions;
John Wiley: New York, 1963; pp 238-241.

(2) (a) Melander, L. Isotope Effects on Reaction Rates; Ronald Press:
New York, 1960. (b) Melander, L.; Saunders, W. H., Jr. Reaction Rates of
Isotopic Molecules, John Wiley: New York, 1980. (c) Bell, R. P. The Proton
in Chemistry, 2nd ed.; Chapman and Hall: London, 1973. (d) Lewis, E. S.
In Proton Transfer Reactions; Caldin, E., Gold, V., Eds.; Chapman and Hall:
London, 1975, Chapter 10. (e) Bell, R. P. The Tunnel Effect in Chemistry;
Chapman and Hall: New York, 1980. (f) Kreevoy, M. M.; Truhlar, D. G.
In Investigations of Rates and Mechanisms of Reactions; Bernasconi, C. F.,
Ed.; John Wiley: New York, 1986; Volume 6, Part |.

(3) For a summary of these caveats and a response, see: Jencks, W. P.;
Bull. Soc. Chim. 1988, 218.

(4) Bell, R. P. Chem. Soc. Rev. 1974, 3, 513.
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Table I. Total Energies, Thermodynamic Parameters (298 K, I atm) and Kinetic Isotope Effects for the System MeO™ + MeOH = MeOH +

“OMe with Structures Optimized at the HF/6-31G(d) Level

total energy (hartrees)

basis set MeO~ MeOH (MeO-.-HOMe)~ (MeO-H-OMe)- AE* AE*®
6-31G(d) —114.38447 -115.03542 -229.46358 -229.46009 27.4 2.19
6-31G(d,p) -114.38954 —115.04669 -229.47997 -229.47752 21.8 1.54
6-314+G(d) -114.41047 -115.04092 -229.48831 -229.48367 23.2 291
MP2/6-31G(d) -114.70162 —115.34494 -230.09862 -230.09931 32.7 -0.43
MP2/6-31G(d,p) -114.,72826 -115.38128 -230.16190 -230.16400 329 -1.32
MP2/6-314+G(d) -114.74262 -115.35645 -230.14330 -230.14326 27.8 0.03

kn/kp

basis set -AH? -AG? AGH KIE; KIEy On/ 0ot KIEg
6-31G(d) 26.0 149 4.18 395 4.08 i
6-31G(d,p) 20.3 9.3 4.83
6-314+G(d) 21.7 10.6 3.46
MP2/6-31G(d) 31.2 20.1 6.80
MP2/6-31G(d,p) 314 20.3 7.69
MP2/6-31+G(d) 26.3 15.2 6.34

“Refers to the complexation energy, in kcal/mol. ®Refers to the energy difference between (MeO-H-OMe)™ and (MeO:--HOMe)" in kcal /mol.
Frequencies have been scaled by 0.9. “In kcal/mol. ¢Isotope effect at 298 K, based on dZPE. lsotope effect at 298 K, using the Bigeleisen
equation (see text). #Tunneling correction, using Bell’s equation (see text). *Isotope effect, after correction for tunneling. ‘The tunneling correction
cannot be calculated in this case, because the zero-point energy correction leads to a negative barrier (see text).

B

1.173

Figure 1. Optimized structures of (MeQ-~HOMe)™ and (MeO-H-OMe)" at the 6-31G(d) level.

ferred proton (deuteron) is less bound, there will be a smaller
residual dZPE in the transition state, and the KIE should increase.

[(XH-Y]" = [X-H-Y]" = {X--HY]" M
XY TSXY CYX

The theory of KIE allows a second prediction. In the transition
state of a symmetrical proton-transfer reaction (X = Y), the
asymmetric stretch depicted in Scheme I° is the reaction coordinate
and does not contribute to dZPE. Since the hydrogen which is
transferred also does not participate in the symmetric stretching
vibrations, only the bending vibrations can affect dZPE. On the
other hand, in an unsymmetrical reaction (X # Y), the transferred
hydrogen moves in the symmetric stretch with one of the heavy
atoms and contributes to dZPE, thus lowering the KIE.

To our knowledge, the foregoing predictions of the theory of
KIE have not previously been tested explicitly. The present
research was undertaken as an attempt to illustrate these points
computationally, using AM1,5 to gain some insight into the cir-
cumstances in which an enforced X-Y separation may affect a
KIE” and to assess the consequences of such a separation.

Although AM1 is parameterized to reproduce hydrogen bonding
to oxygen and nitrogen, this computational procedure had not

(5) Lowry, T. H.; Richardson, K. S. Mechanism and Theory in Organic
Chemistry, 2nd ed.; Harper and Row Publishers: New York, 1981; pp
206-210.

(6) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F; Stewart, J. J. P. J. Am.
Chem. Soc. 19858, 107, 3902.

(7) (a) Mihel, L; Knipe, J. O.; Coward, J. K.; Schowen, R. J. Am. Chem.
Soc. 1979, 101, 4349. (b) Hegazi, M. F.; Borchardt, R. T.; Schowen, R. L.
J. Am. Chem. Soc. 1979, 101, 4359. (c) Rodgers, J.; Femec, D. A.; Schowen,
R.L.J. Am. Chem. Soc. 1982, 104, 3263. (d) Wong, O. S.-L.; Schowen, R.
L. J. Am. Chem. Soc. 1983, 105, 1951. (e) Gray, C. H,; Coward. J. K;;
Schowen, K. B.; Schowen, R. L. J. Am. Chem. Soc. 1979, 101, 4351. (f)
Huskey, W. P.; Schowen, R. L. J. Am. Chem. Soc, 1983, 105, 5704. (g) Cha,
Y.; Murray, C. J.; Klinman, J. P. Science 1989, 243, 1325. (h) Grant, K. L.;
Klinman, J. P. Biochemistry 1989, 28, 6597.

previously been applied to a study of the type envisaged here, and
it seemed prudent to provide an ab initio benchmark. This was
done for the MeO™ + HOMe system, for which some experimental
data are available.® As is customary for gas-phase ion-molecule
reactions,’ proton transfer in this system is presumed to proceed
via an ion—-molecule complex, which has been found to be stabilized
by ca. 28% or ca. 19-21 kcal/mol®® relative to the separated
reactants. An experimental investigation of the proton-transfer
step is currently in progress.’® There is no information regarding
the primary KIE but, in the related CsHsNH* + NCH; system,!!
isotope effects close to unity have been reported.

Results and Discussion

Ab Initio Calculations of Proton Transfer between MeO™ and
MeOH. The most comprehensive theoretical work related to the
present study is that of Jorgensen,!2 who found that optimization
at the 6-31G(d) level,!® followed by one-point correlation cor-
rections at the MP2 level' with a 6-31+G(d) basis set'* led to
anion-water complexation energies in good agreement with ex-
periment. In the case of CH,O(H,0)", four structures with C,

(8) (a) Mautner, M.; Sieck, L. W. J. Phys. Chem. 1986, 90, 6687. (b)
Moylan, C. R,; Dodd, J. A.; Han, C.-C.; Brauman, J. I. J. Chem. Phys. 1987,
86, 5350. (c) Grabowski, J. J.; DePuy, C. H.; Van Doren, J. M.; Bierbaum,
V. M. J. Am. Chem. Soc. 1985, 107, 7384.

(9) Olmstead, W. N.; Brauman, J. 1. J. Am. Chem. Soc. 1977, 99, 4219.

(10) Brauman, J. I. Personal communication.

(1) Jasinski, J. M,; Brauman, J. I. J. Am. Chem. Soc. 1980, 102, 2906.

(12) Gao, J.; Garner, D. S.; Jorgensen, W. L. J. Am. Chem. Soc. 1986,
108, 4784,

(13) Hariharan, P. C.; Pople, J. A. Theor Chim. Acta 1973, 28, 213.

(14) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J. S. Int. J.
Quant. Chem. Symp. 1979, 13, 325. Handy, N. C.; Schaefer, H. F.. Il J.
Chem. Phys. 1984, 81, 5031.

(15) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R.
J. Comput. Chem. 1983, 4, 294.
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Table II. Calculated O-O Separations, Barriers and KIE’s for Proton
Transfer between RO~ and HOR’ (AM1 Calculations)

0-0

separation (A) AE?

R.R' complex TS (kcal/mol) KIE; KIEy® OQu/Q@p KIEg®
Me. Me 2756 2403 491 4.71 5.13 1.13 579
Et. Et 2.843 2403 7.06 4.82 5.13 1.14 5.84
Et. Me 2,760 2.403 5.55 4.61 5.02 1.12 5.63

4See footnotes to Table 1.

symmetry were examined, and their energy differences were found
to be very small, with an anti-staggered geometry preferred.
Accordingly, this geometry of the ion—molecule complex and
transition structure for proton transfer in CH;O(HOCH,)™ were
taken as starting points for optimization at 6-31G(d), using
GAUSSIAN 86,'¢ and one-point calculations were performed on the
optimized structures at 6-31G(d,p), 6-31+G(d), MP2/6-31G(d),
MP2/6-31G(d,p). and MP2/6-31+G(d) levels. The results,
summarized in Table I and Figure 1, show that the ion—-molecule
complex is stabilized enthalpically relative to the separated
reactants by 26.3 kcal/mol, in fair agreement with Mautner’s
value.® The proton-transfer barrier (AE*) is 2.91 kcal/mol at
the highest HF level (6-31+G(d)//6-31G(d)), but correlation
and/or zero-point energy corrections lower the energy of this
structure below that of the ion—-molecule complex.

GAUSSIAN 86 does not allow calculations on isotopically labeled
molecules,!” and it was necessary to modify LINK 716 to permit
frequency calculations on both CH,O(HOCH;)" and CH,O(D-
OCH,)". A program was written to convert the data to semi-
classical KIE’s, i.e., isotope effects based on zero-point energy
differences or on the Bigeleisen treatment (eq 2),'®

L]

_7
ku/kp = [v*yu/v*p] 1]_[

by e vtui/2 | - gmutni
utp evtoil2 | —gTuthi

L e UDif2 | — o UHi
3ﬁ(“_o_,e l-e ) Q)

i\ Uy e vHil2 | — otp

in which »*y or »*p is the imaginary frequency at the saddle point,
u'H,- = hV'Hi/kT, u'D,- = hV'Dj/kT, and u = hl/i/kT.l9 It should
be noted!? that kinetic isotope effects calculated in this way assume
a Boltzmann energy distribution for the ion-molecule complex,
but gas-phase ion—molecule experiments are normally conducted
at low pressure, and the energy of the complex formed is the energy
of the reactants which is above the height of the barrier to proton
transfer. Consequently, experimental KIE's in the gas phase are
expected to be lower than the theoretically computed values. As
seen in Table I, for the reaction MeO~ + HOMe = MeOH +
“OMe, the calculated ky/kp is 4.1 at 298 K. However, the
significance of this value is questionable, because of the disap-
pearance of the barrier at higher computational levels.

AM1 Calculations of Proton Transfer between MeO™ and
MeOH. Table II contains the AM results for this reaction (eq
3). The complexation energy is 13.6 kcal/mol, the barrier is 4.91
kcal/mol, and the isotope effect (neglecting tunneling) is 5.1.
Compared to the ab initio calculations, the quantitative per-
formance of AM1 seems acceptable, although the ion—-molecule
complexation energy is underestimated significantly.

AM1 Trends in Symmetrical and Unsymmetrical Proton-
Transfer Reactions. Table 11 also includes the AMI results for
a second symmetrical reaction (eq 4) and an unsymmetrical re-

(16) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K,;
Melius, C. F.; Martin, R. L,; Stewart, J. J. P.; Bobrowicz, F. W.; Rohlfing,
C. M,; Kahn, L. R;; Defrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J,;
Fluder, E. M.: Pople, J. A. gaussiaN 86. Gaussian, Inc.: Pittsburgh, PA.

(17) We have been advised by Professor H. B. Schlege!l that the forth-
coming GAUSSIAN 88 will have this capability.

(18) Bigeleisen, J. J. Chem. Phys. 1949, 17, 675.

(19) This program, which employs calculated frequencies to calculate
dZPE, isotope effects from dZPE's, isotope effects using the Bigeleisen
equation, and tunneling corrections to semiclassical isotope effects based on
the Bell equation (see text) is available as Supplementary Material.

Wolfe et al.

Table III. Effect of an Enforced O—O Separation upon the Barrier
to Proton Transfer between MeO™ and HOMe (6-31G(d)

Calculations)

0~ separation (A)

AE* (kcal/mol)

2.60 6.86
2.75 13.73
2.90 21.84

Table IV. Effect of O—O Separation on the Calculated Barriers and
K1E's for Proton Transfer between MeO~ and HOMe (AM1

Calculations)

0-0 (A) AE** KIEz; KIEy Qu/0p KIEg
2.5 416  4.03 4.63 L1l 5.16
2.6 799 429 4.80 3.65 17.50
2.7 1267 423 4.74 19.87 94.27
2.8 1760  4.44 4.95 135.14 668.65
2.9 2260 4.59 513 969.88 497241

1n kecal/mol.

Table V. Effect of O-O Separation on the Calculated Barriers and
KIE's for Proton Transfer between EtO~ and HOEt (AM1

Calculations)

0-0 (A) AE** KIE; KIEy Qu/0Op KIEg
2.5 545 396  4.54 1.65 7.47
2.6 9.64 418  4.68 5.90 27.57
2.7 1472 425 471 41.95 197.67
2.8 2005 4.40  4.82 332.41 1601.70
2.9 2556 466 507 273868  13879.56

¢1In keal/mol.

Table VI. Effect of O-O Separation on the Calculated Barriers and
KIE's for Proton Transfer between MeO™ and HOEt (AM!1
Calculations)

0-0 (A) AE*? KIE, KIEy Qu/Op KIEg
2.5 481 407 467 1.38 6.45
26 9.00 4.31 485 4.90 23.76
2.7 1383 422 477 30.99 147.72
2.8 19.33 444 497 269.97 1341.55
2.9 2488 459 514 234556  12047.12
¢1In kcal/mol.

action (eq S). For reaction 5, the direction shown is exoergic, and
the calculated AE for the uncomplexed reactants and products
is 1.36 kcal/mol, compared to the 3.1 kcal/mol difference in the
experimental gas-phase acidities of methanol and ethanol.?°

MeOQ --HOMe = [MeO-H-OMe]* =2MeOH..."OMe 3)
EtO-+HOEt = [EtO-H-OEt]* =EtOH.."OEt 4)
MeO~-HOEt = [MeO-H-OEt]* =MeOH-."OEt (5)

N

i

The optimized O—O separations (Table I1) are almost the same
in the Cxx and Cxy complexes and exactly the same in the
transition states. It is noteworthy that the O-O separation de-
creases by ca. 14% during the process, as is also found in meth-
yl-transfer (Sy2) reactions.?!

Uncorrected KIE’s were calculated initially from the zero-point
energies provided by use of the FORCE option of the AMPAC pro-
gram. However, these were later found to be in error, because
the program does not ignore the imaginary frequency of a tran-
sition structure.?2 The isotope effects listed in Table 11 were

(20) Bartmess, J. E.; Scott, J. A.: Mclver, R. T, Jr. J. Am. Chem. Soc.
1979, 101, 6046.

(21) Wolfe, S.; Mitchell, D. J; Schlegel, H. B. J. Am. Chem. Soc. 1981,
103, 7692. Mitchell, D. J.; Schlegel, H. B.: Shaik, S. S.; Wolfe, S. Can. J.
Chem. 1985, 63, 1642,

(22) The problem does not exist in AMPAC if THERMO calculations are
performed, but in a FORCE calculation the summation has been taken over
3n—6 rather than 3n-7 indices in the case of a transition state. We thank
Professor M. J. S. Dewar and Dr. E. F. Healy for a helpful discussion of this
point.
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Figure 2. Plots of AE*® for proton transfer between MeO™ and HOMe

(C), EtO~ and HOEt (A), and MeO™ and HOEt (B) as a function of the
square of the enforced O—O separation (AM! calculations).

obtained following the appropriate correction of the program. The
KIE is marginally larger for reaction 4, which has the larger AE®,
compared to reaction 3. The unsymmetrical reaction 5 has AE*
intermediate between the other two but a lower KIE, as predicted
by KIE theory.

Effect of Enforced Separation (Increasing Barrier Widths) on
Barrier Heights and Kinetic Isotope Effects. If the barrier of a
symmetrical proton-transfer reaction, e.g., eqs 3 and 4, is taken
as the crossing point of two parabolas separated by a distance d,
it is qualitatively apparent that an increase in d leads to an increase
in the barrier.?® Analysis of this model as in the two-parabola
derivation of the Marcus equation?*? leads to the prediction that
the height of the barrier is proportional to 42

Since this specific relationship between barrier heights and
widths had not previously received comment, it was first tested
using 6-31G(d) ab initio calculations on reaction 3, with the results
summarized in Table III. As the O-O separations in the ion—
molecule complexes are made equal and then increased pro-
gressively from 2.6 to 2.9 A, AE* increases progressively from
6.86 to 21.84 kcal/mol. The plot of AE* versus the square of the
0-0 separation (not shown) is linear, and the extrapolated O-O
separation for AE* = 0 is 2.58 A; this is close to the optimized
value (2.55 A) in the ion-molecule complex.

The corresponding AM 1 data are presented in Tables IV-VI,
for reactions 3—5. Figure 2 summarizes the variation of AE* with
(O-0)2 Each of these plots extrapolates to (O-0)? = 5.70-5.75
at AE* = 0, corresponding to O-O = 2.39-2.40, the O-O sepa-
ration in the optimized transition structures. It seems clear that,
for these proton-transfer reactions, barrier heights are related to
barrier widths.

The third and fourth columns of Tables IV-VI are the un-
corrected KIE’s (based on dZPE) and the KIE’s provided by the
Bigeleisen equation, all at 298 K. Although there is a progressive
increase in both data sets with an increase in barrier height (barrier
width), as predicted by the theory of KIE, it is evident that an
analysis based only on bending and symmetric stretching vibrations
cannot account for the anomalous isotope effects observed ex-
perimentally in sterically hindered proton-transfer reactions.?

(23) Scheiner, S. J. Am. Chem. Soc. 1981, 103, 315. Hillenbrand, E. A.;
Scheiner, S. J. Am. Chem. Soc. 1984, 106, 6266. Scheiner, S. Acc. Chem.
Res. 1985, 18, 174,

(24) Dogonadze, R. R.: Kuznetsov, A. M.; Levich, V. G. Electrochim. Acta
1968, /3, 1025. Koeppl, G. W.; Kresge, A. J. J. Chem. Soc., Chem. Commun.
1973. 371. McLennan, D. J. J. Chem. Educ. 1976, 53, 348.

(25) Marcus, R. A. J. Phys. Chem. 1968, 72, 891.
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Table VII. Calculated Barriers and Kinetic Isotope Effects for
Proton Transfer between Pyrrole Anions and Pyrroles (Eq 7)
N-N
separation (A)
R complex TS AE*¢ KIE; KIEy Qu/0Qp KIE;
H 28255 2570 4.77 4.08 430 1.54 6.64

Me 28826 2.575¢ 6.05 433 4.57 1.97 9.0t
Me 28826 26027 7.19 434 457 341 15.61

%In kcal/mol. ®The two rings are coplanar. “The two rings are
twisted (¢ = 45°). 4Coplanarity of the two rings enforced.

We have, therefore, computed the tunneling corrections for the
data of Tables IV-VI, using eq 6 given by Bell,?

u* - 2nz
exp| ———«
0.5u? i( Iy u’, )
' sin0.5u%, =i ut, - 2nx
u?

where 1 = H or D, u*, = hv? /kT, and a (=AE*/kT) includes
dZPE. These corrections, expressed as Qy/Qp,'? are given in the
fifth columns of Tables IV-VI, and the final KIE’s are shown in
the last columns of these tables. Equation 2 is derived with the
assumption that the shape of the barrier can be treated as an
inverted parabola, and it has been suggested?® that the first term
leads to a reasonable approximation when the imaginary frequency
of the transition state is less than about 1000 cm™. Our data
confirm this point: with a standard correction factor of 0.9 for
the frequencies, only the transition states of Table 11 exhibit
imaginary frequencies less than 1000 cm™, and only in these cases
is the second term of eq 2 negligible. It has also been stressed?®
that the barrier height used in the second term of eq 2 includes
the zero-point energy difference between the transition state and
the initial state and, therefore, depends upon the nature of the
isotopic species. This is taken into account in the calculations.'®
Since, as we have already noted (Table I), the ab initio barrier
for the reaction of MeO~ with HOMe disappears when the
zero-point energy correction is applied, a tunneling correction to
the semiclassical isotope effect would be meaningless.

Since Q, depends on «, the tunneling correction will vary with
the height of the barrier. The data of Tables IV-VI illustrate
this point clearly. Indeed, taking 20-30 as the range of anoma-
lously large KIE'’s that has typically been observed for sterically
hindered proton-transfer reactions,? our data suggest that, with
the assumption of tunneling, this kind of KIE can be achieved
by an 8% increase (from 2.4 to 2.6 A)in the heavy atom distance
and that this increase in the width of the barrier approximately
doubles the barrier height.

Tunneling is thus the major factor leading to anomalously large
kinetic isotope effects, as has long been conjectured.?® Inter-
estingly, both narrow?® and wide barriers?’ have been postulated
for sterically congested proton-transfer reactions. Although our
results are consistent with the latter view,2’ they do refer to model
systems, and it seemed desirable to obtain additional information
regarding the relationships between barrier widths, barrier heights,
and kinetic isotope effects. The systems selected for study are
shown in eq 7 and 8, with R = H, Me. It was recognized that
nonplanar (twisted) structures would probably be preferred en-

(26) Funderburk, L.; Lewis, E. S. J. Am. Chem. Soc. 1964, 86, 2531.
Lewis, E. S.; Funderburk, L. H. J. Am. Chem. Soc. 1967, 89, 2322, Caldin,
E. F. Chem. Rev. 1969, 69, 135. Harmony, M. D. Chem. Soc. Rev. 1972,
1,211. Caldin, E. F.; Mateo, S. J. Chem. Soc., Chem. Commun. 1973, 854,

(27) (a) Kreevoy, M. M.; Ostovi¢, D.; Truhlar, D. G.; Garrett, B. C. J.
Phys. Chem. 1986, 90, 3766. (b) Professor D. G. Truhlar points out (Truhiar,
D. G. Personal communication and Garrett, B. C.; Joseph, T.; Truong, T. N;
Truhlar, D. G. Chem. Phys. 1989, 136, 271, and references cited therein) that
conventional transition-state theory may be inadequate for the treatment of
a symmetrical H-transfer reaction, and the observed kinetic isotope effect may
result almost entirely from tunneling. In the opinion of these workers, Bell’s
correction, involving tunneling through the parabolic region near the saddle
point, is qualitatively incorrect for the type of reaction considered in the
present work.
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Figure 3. Structures of the ion—molecule complex and transition state for proton transfer between ArH* and Ar (Ar = 2,6-dimethylpyridine) when

the two rings are constrained to planarity (AM1 calculations).

Table VIII. Calculated Barriers and Kinetic Isotope Effects for
Proton Transfer between Pyridinium Cations and Pyridines (Eq 8)
N-N
separation (A)

R complex TS AE*s KIE; KIEy Qu/0p KIEs
H 2.825 2600 4.11 388 4.06 1.28 5.20
Meb 2876 2.606 439 4.18 438 1.05 4.60
Me® 3605 2792 21.72 545 580 912,11 5285.59

“In kcal/mol. ®The two rings are twisted (¢ = 90°). ¢Coplanarity
of the two rings enforced.

ergetically to minimize steric effects,?® Constraining the two rings
to planarity would then allow such effects to be “turned on”.

R R R R

t
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- N—H + (<N _

R R R R
R R R R
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Q Ne—H + N /> P <\ N+ H=N /> (@)
R R R R

Proton Transfer between Pyrrole Anions and Pyrroles. Table
VII summarizes the results obtained for reaction 7, using AM1.
With R = H, the ion-molecule complex is planar, but the ca. 9%
decrease in the N~N separation that accompanies the proton
transfer causes the transition structure to be twisted. The in-
troduction of four methyl groups leads to an increase in the N-N
separation in the ion-molecule complex, which remains planar.
Since the N—N separation in the twisted transition state is only
marginally increased by the attachment of the methyl groups, the
decrease in the N-N separation that accompanies the proton
transfer is ca. 11%. The barrier, the semiclassical isotope effect,
and the tunneling correction all increase slightly.

When the transition state is now constrained to planarity for
R = Mg, the N-N separation of this structure and the barrier
increase slightly, but the semiclassical isotope effect is unchanged.
The “steric effects” are manifested mainly in the increase in the
tunneling correction that accompanies the increase in the width
of the barrier and leads to an anomalous KIE.

Proton Transfer between Pyridinium Cations and Pyridines.
Some of the effects just described are reproduced in reaction 8,
but the consequences of enforced planarity in the R = Me tran-
sition state are much more pronounced (Table VIII). That proton
transfer in this system is inherently more hindered than in the
pyrrole system follows from the observation that all optimized
structures are twisted, for R = H and R = Me. The attachment
of the methyl groups therefore has only a small effect upon the
barrier and upon the isotope effects.

ot —
-~ NG+ H—N _ @

(28) Wheland, G. W. Advanced Organic Chemistry; 3rd ed.; John Wiley:
New York, 1960: pp 272-288.
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Figure 4. Calculated energetics of proton transfer between pyridinium
cation and 2,6-dimethylpyridine.

Figure 3 shows the structures of the ion—molecule complex and
transition state that result when the two rings are required to be
coplanar. The N~N separation in the complex increases much
more than in the transition state, so that the N-N shortening which
accompanies the proton transfer is ca. 23%. There is a significant
increase in the barrier and also in the semiclassical KIE, but, as
in all other examples of the present work, the large increase in
the barrier that is caused by the steric effects is accompanied
mainly by a large increase in the tunneling correction.

In the experimental work of Jasinski and Brauman,"! gas-phase
proton transfer between pyridine bases was analyzed in terms of
the double well reaction coordinate shown in Figure 4, and RRKM
theory was employed to estimate the overall reaction efficiency
as a function of E, and E,; with the assumption of a 20 kcal/mol
well depth for the ion—molecule complex, the barrier for proton
transfer in the parent system (eq 8, R = H) was found to be 5
kcal/mol, with ky/kp = 1.3~1.6. The calculated barrier for this
reaction (Table VIII, AM1, AE*) is 4.11 kcal/mol, with ky/kp
= 5.2, i.e., larger than the experimental value, as predicted by
Brauman.! The calculated well depth is 13.3 kcal/mol; since
AM1 appears to underestimate this quantity (op cit), Jasinski and
Brauman’s estimate of 20 kcal/mol seems reasonable.

These workers!! also examined a number of unsymmetrical
proton transfers between pyridine bases, including the reaction
of pyridinium cation with 2,6-dimethylpyridine, for which the
overall energy change, —AG, is 6.8 kcal/mol. The data included
in Figure 4 refer to the calculated results for this reaction. The
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Figure 5. Optimized structures of the reactant and product ion—molecule complexes and transition state for proton transfer between pyridinium cation

and 2,6-dimethylpyridine (AM1 calculations).

calculated ~AFE is 7.38 kcal/mol, and the well depths on the
reactant and product sides of the reaction are 14.0 and 11.3
kcal/mol, respectively. The barrier in the exoergic direction is
2.46 kcal/mol, and the isotope effect, after correction for tunneling,
is 2.10. Figure S shows the optimized structures of the reactant
and product ion—molecule complexes and transition state of this
reaction. All of these are twisted, with the result that any steric
effects associated with the presence of the methyl groups are
minimized. Interestingly, the tunneling correction in this case
is 0.54, less than unity. Since each of Qy and Qp is calculated
as the difference between the first and second terms of eq 2, there
is no a priore requirement that Qy/Qp always be greater than
unity. For the endoergic direction of this reaction, the barrier
is 7.19 kcal/mol, and the isotope effect, after a 2.43 correction
for tunneling, is 11.05. Such KIE differences in the exoergic and
endoergic directions have been discussed by Melander and
Saunders.?

The internal consistency of the data of Figure 4 and Table VIII
can be tested by using the Marcus equation (eq 9),2° where AE
= —4.73 (the energy difference between the reactant and product
ion-molecule complexes), and AE*, = 0.5 (4.11 + 4.39) kcal/mol,
respectively. This predicts AE* for the cross reaction to be 2.21
kcal/mol, compared to the 2.46 kcal/mol computed directly.?!

AE Y

4AE*,

AE* = AE'O(I + 9)

Barriers Widths and the Effect of Pressure upon KIE's. The
effect of pressure on proton-transfer rate constants and on kinetic
isotope effects has been studied for systems that exhibit both
normal and anomalous KIE’s®+° and commented upon by Kreevoy
and Truhlar.Z7# Since the volume of activation is directly related
to the separation of reactants at the transition state, our results
lead to the expectation that an increase in pressure will lead to
a decrease in the width of the barrier; this should lead, in turn,
to an increase in the reaction rate (decreased barrier height), a
decrease in the tunneling contribution, and a decrease in the
observed KIE.

The reaction of diphenyldiazomethane with benzoic acid in
dibutyl ether proceeds via rate-determining proton transfer and
exhibits a normal KIE (ky/kp = 4.5). Increasing the pressure
from 1 to 1090 atm leads to an increase in reaction rates, but no
change in the KIE.??® On the other hand, in aqueous fert-butyl
alcohol, the enolization of 2-nitropropane, catalyzed by 2,4,6-
trimethylpyridine, exhibits ky/kp = 16.4. In this case, increasing
the pressure from 1 to 1285 bar leads to a 3—4-fold increase in
the rate and a decrease in the KIE to 11.4.2%® The volumes of
activation for 'H and 2H are -3 and —40 cm? mol™), respectively.

(29) (a) lsaacs, N. S.; Javaid, K.; Rannala, E. J. Chem. Soc., Perkin
Trans. 11 1978, 709. (b) lsaacs, N. S.; Javaid, K. J. Chem. Soc., Perkin Trans.
111979, 1583.

(30) Sugimoto, N.; Sasaki, M. J. Chem. Soc., Faraday Trans. I 1985, 81,
2959,

Although the latter results are consistent with the view that
tunneling and, therefore, an anomalous KIE will decrease with
an increase in pressure, we note that other workers find these
effects to be sensitive to solvent and to the nature of the reaction.’
In addition, Truhlar argues?™ that the “critical configuration”
is often far removed from the saddle point, and the barrier width
at the saddle point does not control the reaction dynamics.

Barrier Heights, Barrier Widths, and the Role of Tunneling in
Enzymatic Reactions. In a classic series of papers,’> Schowen
and his co-workers demonstrated, mainly through the use of
multiple isotope effect studies, that the transition state for O-
methylation of 3,4-dihydroxyacetophenone enolate anion by S-
adenosylmethionine (a methyl transfer reaction) is tightened by
0.15-0.30 A per bond when the reaction is catalyzed by catechol
O-methyltransferase. This tightening (narrowing of the barrier)
is accompanied by a rate enhancement of 10'6, Since tunneling
is probably not a factor in the case of methyl transfer, much of
this rate enhancement must result from the decrease in the barrier
height that is associated with the decrease in barrier width.
However, the overall effect seems larger than that suggested by
the data of Table Il and may reflect desolvation of the transition
structure.’!

For the transfer of a particle having a mass smaller than that
of a methyl group, tunneling can be significant, as we have seen,
but its role will be reduced by a tightening of the transition
structure. Conversely, when tunneling is found to play a greater
role in an enzymatic hydrogen-transfer reaction”™® than in the
corresponding nonenzymatic process, a loosening of the transition
structure should be inferred. It will be of interest to obtain KIE
data for enzyme-substrate and drug-receptor interactions having
a nonoptimal fit between enzyme and substrate or between drug
and receptor.
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