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Tunneling Governs Intramolecular Proton Transfer in Thiotropolone at

Room Temperature**
Deepthi Jose and Ayan Datta*

The role of quantum mechanical tunneling has been found to
be significant in a variety of reactions like oxidative additions
and reductive eliminations in organometallic complexes,!!!
proton transfer and proton-coupled electron transfer
(PCET) processes in molecules and enzymes,>? 1,5-hydride
shift reactions in hydrocarbons and free-radical polymeri-
zation.”! Schreiner et al. have recently reported hydrogen
tunneling in hydroxymethylene to form formaldehyde. This
tunneling reaction has a half-life of only 2 h and tunneling
occurs through a large energy barrier.) But its congeners,
mercaptocarbene and selenocarbene, do not show quantum
mechanical hydrogen tunneling.”! Recent experiments have
confirmed computational predictions® of heavy atom tunnel-
ing in the ring opening of radical clocks.”) However,
experimental detection of tunneling in chemical reactions
are confined mostly to low temperatures and hence, examples
of tunneling at room temperature are rare.[!*!!

In a recent paper, Yamabe and co-workers reported an
extremely fast intramolecular proton transfer between the
thione (1a) and the enethiol (1b) tautomers in thiotropolone
(1), the sulfur analogue of tropolone in the solid state (see
Scheme 1)."” The crystal structure of 1 showed no signatures
of intermolecular hydrogen bonding with the molecules being
almost perpendicular to each other. The S---O distance in 1 is
(2.804 +0.001) A and therefore much smaller than the sum of
their van der Waals radii (3.2 A). The computed harmonic
(anharmonic) IR stretching modes for C=S and C=O in 1a
and 1b are 11204cm™" (1102.0cm™') and 1627.0 cm™
(1594.0 cm™"), respectively, at the B3LYP/6-311G(d) level,
while the measured values for C=S and C=O are 1088-
1109 cm™" and 1566-1600 cm'. For a detailed comparison of
the important vibrational modes at various levels of theory
see the Supporting Information. Anharmonicity is observed
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Scheme 1. Proton transfer reaction in thiotropolone and tropolone and
their derivatives.

to be significant. Based on this observation, it was concluded
that 1 exists in the solid state as a monomer with substantial
intramolecular O—H--S and S—H--O H-bonding for the
tautomers la and 1b, respectively. Variable-Temperature
(VT) NMR studies showed that the proton hops rapidly
between the two tautomers with a measured AG™ < 6 keal
mol ™! for 1a=1b at 238 K. The computed free-energy barrier
height at G2(MP2) level was 5.0 kcalmol™!. The energy
difference between the minima of 1a and 1b is 3.4 kcalmol ™
at MP2/TZVP (3.8 kcalmol * at CCSD(T)/cc-pVTZ level on
the MP2/TZVP geometry). The tunneling correction based on
the Wigner approximation for an Eckart potential® was
estimated to be 0.8 kcalmol ™' thereby leading to an effective
computed free-energy barrier height of 4.2 kcalmol ™. How-
ever, the PC and 7O NMR spectra in 1 showed no temper-
ature dependence at various temperatures of 143, 173, 213,
and 298 K. In fact, even in the molten state at 333 K, the
BC NMR signals for 1 are similar to the low-temperature
measurements. This we find interesting, since based on
a classical over-the-barrier mechanism as predicted by the
transition-state theory (TST), the reaction should have a large
temperature dependence across a span of 190 K (from 143 K
to 333 K)."! But, for a reaction occurring purely through
quantum mechanical tunneling such a behavior is expected
since the probability of tunneling is independent of the
temperature.¥

The significance of quantum tunneling in keto—enol
tautomerization is well established in the literature." Thon-
son et al. have studied the significance of tunneling in the
hydrogen atom transfer reaction in 6,9-dimethylbenzosuber-
one.™ To understand and quantify the contribution of
quantum mechanical tunneling for this reaction, we per-
formed DFT calculations using the MPW1K hybrid func-
tional.® The success of the MPWIK functional has been

established in many H-transfer reactions.'”) The 6-31+ G-

(d,p) basis set was employed."! Calculations were also done
at MP2"TZVP) Jevel for comparison. CCSD(T)?"Ycc-
pVTZP calculations at MP2/TZVP reference geometry have
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also been performed for the energetics of the reaction. The
transition-state between la and 2a were located using
canonical variational transition-state theory (CVT).”® Quan-
tum effects on the reaction dynamics were computed, using
the small-curvature tunneling (SCT) approximation.” Direct
dynamics calculations were carried out with GAUSSRATE®!
as the interface between Gaussian 03" and POLYRATE.?"

Without inclusion of tunneling, the CVT rate constants
(kcyr) for proton transfer in 1 at 143, 173, 213, 298, and 333 K
are 1.81x10% 5.55x10° 1.22x107, 5.89x10% and 1.67 x
10° s™!, respectively. Therefore, based on classical over-the-
barrier reaction dynamics, the rate constants increases by
a factor of about 10° within the experimental temperature
range. At 238 K, the CVT value for the activation energy (E,)
is 5.8 kcalmol™' which is in reasonable agreement with the
classical free-energy barrier at 298 K at the G2(MP2) level.
The energy barrier at 298 K for MP2/TZVP and CCSD(T)/cc-
pVTZ levels on the MP2/TZVP geometry are 6.6 kcalmol ™!
and 7.5 kcalmol™', respectively. The value for the pre-
exponential factor (A) is 9.77 x 10" s,

However, calculations with the inclusion of small-curva-
ture tunneling were found to give CVT 4 SCT rate constants
(kevriscr) of 3.67 x 10', 4.05 x 10", 4.53 x 10, 5.47 x 10'°, and
5.88x 10" s at 143, 173, 213, 298, and 333 K, respectively.
The rate constant increases only 1.6 times for an increase of
190 K which is clearly a nonclassical behavior. At 238 K, the
CVT + SCT value for E, is 0.3 kcalmol * suggesting that the
reaction occurs entirely through quantum mechanical tunnel-
ing. Even in the molten state at 333 K, E, is 0.5 kcalmol ' and
much lower than the classical CVT barrier for the reaction
with a keyryser/kevrratio of 34.8 with 97.0 % of the reactions
occuring through a tunneling pathway. The value for the pre-
exponential factor A reduces to 1.35x 10" s7.

In Figure 1, an Arrhenius plot is shown for the CVT +
SCT rate constants for la=1b. The curvature in the
Arrhenius plot becomes quite evident below 400 K. Below
400 K, the Arrhenius plot becomes flat and is hardly affected
by further reduction in temperature with a small decrease in
the slope of the plot from an E, of 0.3 kcalmol ! at 238 K to
0.1 kcalmol™' at 125K and further down to an E, of
0.06 kcalmol™! at liquid N, temperature. Similarly, the pre-
exponential factor A exhibits a small decrease from 8.91 x
10"s™" at 238K to 5.01 x10"s™" at 125K and 10.61s™" at
77 K. The CVT+ SCT rate constant increases by only three
times for the increases in temperature of 500 K from 100 to
600 K.

For a qualitative understanding of the reasons why the
reaction occurs entirely by tunneling even at such high
temperatures, we analyze the structures of 1a and 1b. The
H--S distance in 1a is 2.06 A while the H-S distance in 1b is
1.35 A. Therefore, the proton effectively moves by only about
0.7 A from the reactant to the product (see the Supporting
Information for details). Considering also the fact that the
free-energy barrier height is only 5 kcalmol ', tunneling from
the lowest vibrational level®! is expected to be highly
efficient.””

Substituting the proton in 1 by its heavier isotope
deuterium should slow down the rate of the reaction by
simultaneously increasing the barrier height of the reaction®™
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Figure 1. Arrhenius plots of the CVT and CVT + SCT rate constants for
intramolecular proton transfer in 1 from 125 to 400 K.

as well as rendering the tunneling effects less prominent
(because of a pure mass effect) in 2. The CVT+ SCT rate
constants for 2 are 3.01 x 107, 3.68 x 107, 4.50 x 107, 6.10 x 107,
and 6.89 x 107 s ' at 143,173, 213,298, and 333 K, respectively.
The increase in the rate constants is 2.3 times within this
temperature range and it is 1.4 times more than that for 1. The
primary kinetic isotopic effect (PKIE) are 1.22x 10°, 1.11 x
10%, 1.01 x 10°, 9.22 x 10, and 8.53 x 10* at 143, 173, 213, 298,
and 333 K, respectively. Though in general, a large PKIE is
considered as an indication of preferential tunneling by the
lighter isotope relative to the heavier isotope in a chemical
reaction, we find that the tunneling is also significant in 2. The
CVT+SCT activation energies are only 0.8, 0.4, 0.3, and
0.2 kcalmol ' at 333, 238, 125, and 77 K, respectively. Though
the activation energies in 2 are marginally higher than in 1 at
the same temperatures, these are much smaller than the
barrier height of 6.3 kcalmol™' for 2. At 333 K, the ratio
kevraser'keyr 18 122 for 2 with 92.2% of the reaction
occurring through quantum mechanical tunneling. Therefore,
even though for both 1 and 2 tunneling from the lowest
vibrational level controls the reaction, the higher probability
of tunneling of H with respect to D ensures a large PKIE.F"

While direct experimental evidence for tunneling of
proton is still awaited for thiotropolone (1), tunneling in
tropolone (3) is well-known. Several experimental as well
theoretical studies have established tunneling in 3.°%) The
computed barrier height for proton transfer for 3 at MPW1K/
6-31+G(d,p) is 3.1 kcalmol™, which matches well with
a previously reported value of 3.6 kcalmol™' at MP2 level
using a 6-311G(df,pd) basis set for the atoms of the five-
membered COH-+-O=C ring, and a 6-311G(d,p) basis set for
atoms of the (CH)s loop.”*! The barrier heights at MP2/TZVP
level and CCSD(T)/cc-pVTZ level on the MP2/TZVP
geometry are 4.7 kcalmol™! and 6.2 kcalmol ™', respectively.
Interestingly, the barrier height for 3 is 2.5 kcalmol ™' lower
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than for 1. This arises due to the fact that even though in the
ground state O—H--O hydrogen bonding (in 3) is stronger
than O—H--S hydrogen bonding (in 1), the TS for the
symmetric double-well potential for 3 is more stabilized
because of a much stronger O---H---O interaction than that for
the O--H:--S interaction in the unsymmetric double well for 1.
Nevertheless, since an O—H bond is shorter than an S—H, the
effective distance covered by the proton in 3 between the
reactant and the product is larger (by 0.15 A) than in 1. Thus,
3is different from 1 in having a smaller but wider barrier. The
barrier width is a potent factor in tunneling as pointed out by
Carpenter.’ Schreiner et al. have illustrated the significance
of the barrier width in competing H tunneling reactions in
methylhydroxycarbene.’® The CVT+SCT rate constants
(kevriser) for 3 are 7.75x 10°, 1.31x 10", 2.44 x 10", 6.96 x
10", and 9.78 x 10" s at 143, 173, 213, 298, and 333K,
respectively. The rate constant increases substantially by 12.6
times for an temperature increase of 190 K suggesting a more
classical over-the-barrier mechanism in 3. The ratio of the
CVT+SCT rate constants and the CVT rate constants
(kevriser)/keyr) are 484.3, 89.7, 22.8, 5.4 and 3.9 for 143,
173,213,298, and 333 K, respectively. At 333 K, 74.5 % of the
reaction proceeds through the tunneling pathway. The CVT +
SCT activation energies show a significant temperature
dependence. The activation energies for 3 are 2.0, 1.5, 0.6,
and 0.3 kcalmol ™" at 333, 238, 125, and 77 K, respectively.
Therefore, unlike 1 and 2 tunneling for this reaction occurs
through vibrational activation.®® This is also understood from
the Arrhenius plot of 3 as shown in Figure 2.

The curvature in the Arrhenius plot becomes evident only
at temperatures below 250 K. Also, the curvature in the
Arrhenius plot of 3 is less distinct than in 1 which indicates
a less prominent quantum behavior of the proton in 3. As
a manifestation of the temperature dependence of tunneling
in 3, we observe that kcyr,ser (3) < kevriser (1) for T< 240 K
while kcyriser (3) > keyryser (1) for T>240K (see the
Supporting Information for Arrhenius plots for both 1 and
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Figure 2. Arrhenius plots of the CVT and CVT + SCT rate constants for
intramolecular proton transfer in 3 from 125 to 400 K.

Angew. Chem. Int. Ed. 2012, 51, 9389-9392

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

3). This can be understood from the fact at T<240K,
tunneling in 3 occurs far below the top of the barrier.
Therefore, as discussed earlier, since the effective distance
covered by the proton is larger in 3 than in 1, the probability
of tunneling is smaller which reduces the rate of proton
transfer. However, at higher temperatures, where tunneling
occurs through vibrational assistance, the distance that the
proton covers is smaller which, along with the fact that the
effective barrier height is smaller at higher temperatures,”'
increases the probability of tunneling.

For the deuterium-substituted tropolone (4), quantum
tunneling is further quenched. The CVT + SCT rate constants
for 4 are 3.45 x 105, 8.09 x 10° 2.25 x 10°, 1.21 x 10'°, and 2.05 x
10571 at 143, 173, 213, 298, and 333 K, respectively. The
increase in the rate constants is 59.4 times within this
temperature range which is 4.7 times more than for 3. The
PKIEs are 22.5,16.2,10.8, 5.8 and 4.8 at 143, 173, 213,298, and
333 K, respectively. The CVT+SCT activation energies
though smaller than the classical barrier height of 5.8 kcal
mol~' show substantial variation with temperature. The
activation energies for 4 are 3.1, 2.4, 0.9, and 0.3 kcalmol ™!
at 333, 238, 125, and 77 K, respectively, suggesting a vibra-
tionally activated tunneling process. For 4, the ratios of
kevroser'kevr are 328.6, 53.2, 13.3, 3.7, and 2.8 for 143, 173,
213, 298, and 333 K, respectively. At 333 K, only 65 % of the
reaction proceeds through the tunneling pathway.

In summary, our CVT+ SCT calculations suggest that
proton tunneling from the lowest vibrational level in 1 across
a narrow and small barrier accounts for the temperature
independence of the tautomerism reaction across a rise in
reaction temperature by 190 K. These calculations also
suggest that for reactions like intramolecular proton transfer
across an Hbond with small and narrow barriers, the
tunneling probabilities are more sensitive to even a small
change in the barrier width than to a change in the barrier
height. As a consequence of this effect, the computed rate of
proton transfer is more for 1 compared to 3 at 7< 240 K and
vice versa at higher temperatures.’”’l A convenient experi-
mental test for this prediction would be to determine the ratio
k(3)/k(1) at temperatures below and above 240 K. A ratio
k(3)/k(1) < 1.0 shall prove that tunneling can be more facile
even if the barrier height is larger provided that its width is
small.

Received: May 2, 2012
Revised: July 26, 2012
Published online: August 15, 2012

Keywords: chemical reaction dynamics -
density functional calculations - keto—enol tautomerism -
kinetic isotope effects - quantum tunneling

[1] a) W. Jones, Acc. Chem. Res. 2003, 36, 140; b)J. Espinosa-
Garcia, J. C. Corchado, D. G. Truhlar, J. Am. Chem. Soc. 1997,
119, 9891; c) A. Datta, D. A. Hrovat, W.T. Borden, J. Am.
Chem. Soc. 2008, 130, 2726.

[2] a) Quantum Tunneling in Enzyme— Catalysed Reactions (Eds.:
R. K. Allemann, N.S. Scrutton), RSC Pub. Cambridge, UK,
2009; b) A. Kohen, J. P. Klinman, Acc. Chem. Res. 1998, 31, 140;

www.angewandte.org

9391


http://dx.doi.org/10.1021/ar020148i
http://dx.doi.org/10.1021/ja710260v
http://dx.doi.org/10.1021/ja710260v
http://www.angewandte.org

Angewandte

Communications

¢) S. Hammes-Schiffer, Acc. Chem. Res. 2001, 34, 273; d) D. J.
Truhlar, J. Gao, M. Garcia-Viloca, J. Corchado, M. L. Sanchez, J.
Villa, Acc. Chem. Res. 2002, 35, 341; ¢) A. Wu, E. A. Mader, A.
Datta, D. A. Hrovat, W. T. Borden, J. M. Mayer, J. Am. Chem.
Soc. 2009, 131, 11985.

[3] a)D. Ley, D. Gerbig, J.P. Wagner, H.P. Reisenauer, P.P.

Schreiner, J. Am. Chem. Soc. 2011, 133, 13614; b) M. Nagaya,

M. Nakata, J. Phys. Chem. A 2007, 111, 6256; c) P. S. Zuev, R. S.

Sheridan, T. V. Albu, D. G. Truhlar, D. A. Hrovat, W. T. Borden,

Science 2003, 299, 867; d) L. M. Campos, M. V. Peterfy, K.

Warrier, K. N. Houk, M. A. Garcia-Garibay, J. Am. Chem. Soc.

2005, 7127, 10178.

a) G. R. Shelton, D. A. Hrovat, W. T. Borden, J. Am. Chem. Soc.

2007, 129, 164; b) G. R. Shelton, D. A. Hrovat, W. T. Borden, J.

Am. Chem. Soc. 2007, 129,16115; ¢) Y.-P. Liu, G. C. Lynch, T. N.

Truong, D.-h. Lu, D. G. Truhlar, B. C. Barrett, J. Am. Chem. Soc.

1993, 115,2408; d) W. v. E. Doering, X. Zhao, J. Am. Chem. Soc.

2006, 128, 9080.

a) J. Zheng, D. G. Truhlar, Phys. Chem. Chem. Phys. 2010, 12,

7782; b) T. P. M. Goumans, J. Kastner, J. Phys. Chem. A 2011,

115,10764.

[6] a) P.R. Schreiner, H.P. Reisenauer, F. C. Pickard IV, A.C.
Simmonett, W.D. Allen, E. Matyus, A.G. Csaszar, Nature
2008, 453, 906; b) D. Ley, D. Gerbig, P. R. Schreiner, Org.
Biomol. Chem. 2012, 10, 3781.

[7] J. Sarka, A. G. Csaszar, P. R. Schreiner, Collect. Czech. Chem.
Commun. 2011, 76, 645.

[8] a) A. Datta, D. A. Hrovat, W. T. Borden, J. Am. Chem. Soc.
2008, 730, 6684; b) X. Zhang, A. Datta, D. A. Hrovat, W. T.
Borden, J. Am. Chem. Soc. 2009, 131, 16002.

[9] O. M. Gonzalez-James, X. Zhang, A. Datta, D. A. Hrovat, W. T.
Borden, D. A. Singleton, J. Am. Chem. Soc. 2010, 132, 12548.

[10] a) A. Dybala-Defratyka, P. Paneth, R. Banerjee, D. G. Truhlar,
Proc. Natl. Acad. Sci. USA 2007, 104, 10774; b) J. P. Klinman,
Nat. Chem. 2010, 2, 907.

[11] a) A. Kohen, R. Cannio, S. Bartolucci, J. P. Klinman, Nature
1999, 399, 496; b) S. Hay, N. S. Scrutton, Nat. Chem. 2012, 4, 161,
c) M. J. Knapp, K. Rickert, J. P. Klinman, J. Am. Chem. Soc.
2002, 124, 3865.

[12] T. Machiguchi, T. Hasegawa, H. Saitoh, S. Yamabe, S. Yamazaki,
J. Org. Chem. 2011, 76, 5457.

[13] As a rule of thumb for reactions close to room temperatures, the
rates double for every 10°C rise.

[14] R. P. Bell, The Tunneling Effect in Chemistry, Chapman and
Hall, London, 1980.

[15] a) P.J. Walla, B. Nickel, Chem. Phys. 2005, 312, 177, b) M. R.
Johnson, N. H. Jones, A. Geis, A.J. Horsewill, H. P. Tromms-
dorff, J. Chem. Phys. 2002, 116, 5694; c) B. A. Johnson, Y. Hu,
K. N. Houk, M. A. Garcia-Garibay, J. Am. Chem. Soc. 2001, 123,
6941; d) V. A. Benderskii, E. V. Vetoshkin, L. S. Irgibaeva, H. P.
Trommsdorff, Chem. Phys. 2000, 262, 393.

[16] B.J. Lynch, P. L. Fast, M. Harris, D. G. Truhlar, J. Phys. Chem. A
2000, 704, 4811.

[17] M. Lingwood, J. R. Hammond, D. A. Hrovat, J. M. Mayer, W. T.
Borden, J. Chem. Theory Comput. 2006, 2, 740.

[18] a) M. J. Frisch, J. A. Pople, J. S. Binkley, J. Chem. Phys. 1984, 80,
3265; b) T. Clark, J. Chandrasekhar, G. W. Spitznagel, P.v. R.
Schleyer, J. Comput. Chem. 1983, 4, 294.

[19] M. Head-Gordon, J. A. Pople, M. J. Frisch, Chem. Phys. Lett.
1988, 153, 503.

[20] a) A. Schaefer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 100,
5829.

[21] J. A. Pople, M. Head-Gordon, K. Raghavachari, J. Chem. Phys.
1987, 87, 5968.

(4

—_—

5

—_

[22] R. A. Kendall, T. H. Dunning, Jr., R. J. Harrison, J. Chem. Phys.
1992, 96, 6796.

[23] D. G. Truhlar, B. C. Garrett, Annu. Rev. Phys. Chem. 1984, 35,
159.

[24] A. Fernandez-Ramos, B. A. Ellingson, B.C. Garrett, D. G.
Truhlar in Reviews in Computational Chemistry, Vol. 23 (Eds.:
K. B. Lipkowitz, T. R. Cundari), Wiley-VCH, Hoboken, NJ,
2007, pp. 125-232.

[25] J. Zheng, S. Zhang, J. C. Corchado, Y. Y. Chuang, E. L. Coitino,
B. A. Ellingson, D. G. Truhlar, version 2009, A University of
Minnesota, Minneapolis, MN, 2009.

[26] M. J. Frisch, et al. Gaussian03, revisionE.01; Gaussian, Inc..
Wallingford, CT, 2004.

[27] J. Zheng, POLYRATE, version 2010, A University of Minnesota,
Minneapolis, MN, 2010.

[28] Tunneling occurs from the lowest vibrational level in 1 and is
verified by the fact that the CVT + SCT representative tunneling
energy (RTE) is 73.0 kcalmol™!, which remains constant
throughout the temperature range of 75K to 600 K. For the
saddle point, V,¢ (adiabatic vibrational ground-state energy),
(reaction path, s=0) is 78.3 kcalmol™'. Therefore, the most
typical tunneling energy is 5.3 kcalmol ! below the barrier top,
which is exactly the calculated barrier height of the reaction.

[29] The distance covered by the proton in 1 between the thione and
the enethiol forms is in fact, comparable to the hydrogen 1s

orbital radius, (r;,) = “if r* exp(—2r/ay)dr = }a, where aj is the
Bohr radius (0.52 A). '

[30] At 298 K for CVT -calculations, E,°—E,}" is 1.0 kcalmol™
between 2 and 1, respectively. This is smaller than the zero-
point energy (ZPE) difference between the stretching frequen-
cies of an O—D and an O—H bond because the normal mode
being lost in this TS for the reaction is a lower-energy C-O—H
(D) bending mode (vis(1)=10913icm™ and v(1)=
813.6i cm™).

[31] For a parabolic barrier located between two harmonic potential
wells (reactant and products), the probability of tunneling,
P =~ exp w , decreases with increase in the mass (m) of
the particle, increase in the energy difference between the top of
the barrier and the energy at which tunneling occurs (E), and
increase in the barrier width (w). For D, not only is the mass
twice that for H and the barrier height 1 kcalmol ! more but also
the barrier width is more because D tunnels from further down
of the harmonic well of the reactant which effectively increases
the tunneling path.

[32] a) Y. Guo, T. D. Sewell, D. L. Thompson, J. Phys. Chem. A 1998,
102, 5040; b) R. L. Redington, T. E. Redington, J. Mol. Spec-
trosc. 1979, 78,229; c) L. A. Burns, D. Murdock, P. H. Vaccaro, J.
Chem. Phys. 2006, 124, 204307.

[33] R. L. Redington, J. Chem. Phys. 2000, 113, 2319.

[34] B. K. Carpenter, J. Am. Chem. Soc. 1983, 105, 1700.

[35] P.R. Schreiner, H. P. Reisenauer, D. Ley, D. Gerbig, C.-H. Wu,
W. D. Allen, Science 2011, 332, 1300.

[36] For 3, V.S (s=0)=78.1 kcalmol ' and the CVT +SCT repre-
sentative tunneling energy (RTE) increases from 74.7 kcalmol
at 77 K to 76.6 kcalmol ! at 298 K to 77.9 kcalmol ' at 600 K.
Therefore, at 298 K most typical tunneling occurs 1.5 kcalmol™
below the saddle point which is approximately at half maximum
of the barrier height of the reaction.

[37] At all temperatures, kcyr(3) >keyr(1) (see the Supporting
Information for rate constants) implying that in the absence of
tunneling, a smaller barrier height for 3 favors a faster proton
transfer.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2012, 51, 9389-9392


http://dx.doi.org/10.1021/ar9901117
http://dx.doi.org/10.1021/ar0100226
http://dx.doi.org/10.1021/ja904400d
http://dx.doi.org/10.1021/ja904400d
http://dx.doi.org/10.1021/ja204507j
http://dx.doi.org/10.1021/jp0726687
http://dx.doi.org/10.1126/science.1079294
http://dx.doi.org/10.1021/ja052487n
http://dx.doi.org/10.1021/ja052487n
http://dx.doi.org/10.1021/ja0664279
http://dx.doi.org/10.1021/ja0664279
http://dx.doi.org/10.1021/ja076132a
http://dx.doi.org/10.1021/ja076132a
http://dx.doi.org/10.1021/ja00059a041
http://dx.doi.org/10.1021/ja00059a041
http://dx.doi.org/10.1021/ja057377v
http://dx.doi.org/10.1021/ja057377v
http://dx.doi.org/10.1039/b927504e
http://dx.doi.org/10.1039/b927504e
http://dx.doi.org/10.1038/nature07010
http://dx.doi.org/10.1038/nature07010
http://dx.doi.org/10.1039/c2ob07170c
http://dx.doi.org/10.1039/c2ob07170c
http://dx.doi.org/10.1135/cccc2011053
http://dx.doi.org/10.1135/cccc2011053
http://dx.doi.org/10.1021/ja801089p
http://dx.doi.org/10.1021/ja801089p
http://dx.doi.org/10.1021/ja907406q
http://dx.doi.org/10.1021/ja1055593
http://dx.doi.org/10.1073/pnas.0702188104
http://dx.doi.org/10.1038/nchem.886
http://dx.doi.org/10.1038/nchem.1223
http://dx.doi.org/10.1021/ja012205t
http://dx.doi.org/10.1021/ja012205t
http://dx.doi.org/10.1021/jo2005796
http://dx.doi.org/10.1016/j.chemphys.2004.11.039
http://dx.doi.org/10.1063/1.1456032
http://dx.doi.org/10.1021/ja0157907
http://dx.doi.org/10.1021/ja0157907
http://dx.doi.org/10.1016/S0301-0104(00)00319-0
http://dx.doi.org/10.1021/jp000497z
http://dx.doi.org/10.1021/jp000497z
http://dx.doi.org/10.1021/ct050282z
http://dx.doi.org/10.1063/1.447079
http://dx.doi.org/10.1063/1.447079
http://dx.doi.org/10.1002/jcc.540040303
http://dx.doi.org/10.1016/0009-2614(88)85250-3
http://dx.doi.org/10.1016/0009-2614(88)85250-3
http://dx.doi.org/10.1063/1.453520
http://dx.doi.org/10.1063/1.453520
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1021/jp980445y
http://dx.doi.org/10.1021/jp980445y
http://dx.doi.org/10.1016/0022-2852(79)90003-1
http://dx.doi.org/10.1016/0022-2852(79)90003-1
http://dx.doi.org/10.1063/1.2200343
http://dx.doi.org/10.1063/1.2200343
http://dx.doi.org/10.1063/1.482046
http://dx.doi.org/10.1021/ja00344a073
http://dx.doi.org/10.1126/science.1203761
http://www.angewandte.org

