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Hydrogen-atom tunnelling is an important component in some chemical reactions particularly at low
temperatures <300 K. Recent experiments by Rostkowska et al [H. Rostkowska, L. Lapinski and
M. J. Nowak, Intramolecular Hydrom-Atom Tunnelling in Matrix-Isolated Heterocyclic Compounds:
2-Thiouracil and Its Analogues, Phys. Chem. Chem. Phys., 2024, 26, 23944-23950.] showed that higher
energy monomeric conformers of thiouracil and cognate species (thiols) prepared on neon and argon
matrices at 3.5 K spontaneously reverted to the lower energy conformer (thiones) presumably by

Received 21st October 2024, hydrogen-atom quantum mechanical tunnelling. We have shown that these observations can be

Accepted 19th November 2024 rationalised by carrying out chemical kinetic calculations employing canonical variational transition state
theory with tunnelling effects on these systems in the gas-phase. We show that tunnelling is totally

dominant in these systems from 300 K down and discount the possibility of adventitious water
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Tautomerism is a well known feature in organic chemistry
where easily interchangeable isomers may possess different
chemical properties. This is best exemplified by the enols,
compounds which are part alkenes and part alcohols, which
can convert to ketones via a hydrogen-atom transfer reaction,
resulting in the well-known keto = enol tautomerisation such
as vinyl alcohol and acetaldehyde, H,C—CH(OH) =
H;C-CH(O). Normally the ketonic form is the more stable but
there are numerous counterexamples as for example phenol.
Here we are interested in those reactions where the sulfur
analogue of an enol, or thiol, tautomerises to form a thione via
the transfer of an hydrogen atom from sulfur to nitrogen,
N=—C-S-H — H-N-C=S. This focus is as a result of our
previous work in which we have reported on the kinetics and
thermochemistry of the tautomerisation of imidic and thioimi-
dic acids,™? four and five-membered cyclic lactims to lactams™"*
and more pertinently the kinetics of both the direct and water-
mediated tautomerisation of nucleobases including uracil.®
Sulfur-substituted nucleobases or thiobases have been
widely used compounds for chemotherapeutic and immuno-
suppression purposes since the Nobel work of Hitchings and
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contaminating the experimental observations.

Elion.® Their medical potential arises because they are efficient
absorbers of ultraviolet-B and A regions, generating long-lived
reactive triplet electronic states useful for photo-therapeutic
applications, but here we are dealing with reactions of their
ground electronic states.

The primary focus of this work is to provide a theoretical
framework for the series of elegant experiments which Rost-
kowska et al.” carried out in which they generated the higher
energy conformers of a number of thiouracils and related
species by the UV-irradiation at a wavelength of 305 nm of
thiones in low temperature, 3.5 K, neon and argon matrices.
They were then able to follow the spontaneous reversion of said
thiols back to the more stable thiones by IR-spectroscopy. Two
examples are shown in Fig. 1 of thiols reverting to the thiour-
acil. They ascribe the results that they obtained by postulating
that the observed reactivities are the consequence of hydrogen
atom quantum mechanical tunnelling in essence by virtue of
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Fig. 1 Reactions of thiouracils; reaction barriers/kJ mol™.
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the high barriers to reaction and the extremely low temperature
of their experiments.

The objective of this work then is to model their experiments
by carrying out quantum chemistry calculations of the various
reactions in the gas-phase in alliance with canonical variational
transition state computations incorporating small-curvature
and quantised-reaction-states tunnelling effects. We also con-
sider whether the extraneous presence of water on the matrix or
whether bimolecular interactions may play roles in the overall
reaction.

We employ a highly abbreviated notation to label each
species under consideration largely because the full proper
IUPAC names, even for the better known thione conformers,
are extremely cumbersome and partly because it accords with
the naming conventions that we® and Piacenza and Grimme®
have used in previous work on nucleobases—thus uracil con-
former U2 becomes thiouracil conformer SU2 etc. The other
species under consideration are shown in Fig. 2 and include, in
their thione forms, a methyl-substituted thiouracil MeSU3, a
triazine NSU3 3,4-dihydro-3-thioxo-1,2,4-triazin-5(2H)-one, a
diazine NNSH 3(2H) pyridazinethione and a five-membered
ring compound 5SH 2-mercaptoimidazole.

1 Computational methods

Energy minimisation and frequency determinations of all the
species were computed by density functional theory embodied
by the functional M06-2X° with the Def2TZVP valence triple-
zeta polarization basis set'® using the finest integration grid
possible. The same combination of functional and basis set was
used for intrinsic reaction coordinate (IRC) calculations"'
which ensured that reliable connections existed between reac-
tant, transition state and product for each individual reaction.
Water-mediated reactions at B3LYP'? and the basis Def2TZVP
included an additional dispersion term D3BJ to better capture
the weak intermolecular interactions between reactant and
water forming pre- and post-reaction complexes.'? All of these
computations utilised quantum chemistry code Gaussian'* with
imaging and manipulation of the results used the application
CHEMCRAFT. '

Improvements to the zero-point corrected electronic ener-
gies were made by employing a composite method, Wuhan-
Minnesota scaling (WMS), which combines low-cost coupled
cluster energies CCSD(T)-F12b together with a variety of correc-
tions to achieve a CCSD(T)/CBS valence correlation energy.'®
The method uses pre-determined geometries obtained typically
at lower levels of theory before embarking on the more exacting
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Fig. 2 Thiols: MeSU3, NSU3, NNSH and 5SH.
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calculations. These coupled cluster results were obtained with
Molpro (version 2024.1)."7

As regards the determination of rate constants from 15 K to
300 K, these were calculated with the application Pilgrim which
employs canonical variational transition state theory and incor-
porates multi-dimensional quantum effects with zero- and
small-curvature and quantised-reaction-states tunnelling
corrections.’® ' The Pilgrim work, which in essence tracks
the reaction path via IRC calculations, was all performed at
the M06-2X/Def2TZVP level of theory but additionally we also
tested the functionals ® B97XD,>* B3LYP,'? APF,*® and,
B2PLYP** for the reaction MeSU3 — MeSUL1 in order to estab-
lish just how much or how little variability can result. Although
there are number of recommended®>*® scale factors for these
functionals with the Def2TZVP basis set, for both frequencies
and zero-point energies, we have used one of 0.985 throughout
for reasons of consistency.

2 Results and discussion
2.1 Structures

The majority of the species have closed-shells ground electronic
states *A’, from which the thiol to thione reaction is assumed to
proceed, and adopt a planar Cs point group with a’ and a”
vibrational modes; the water-mediated pre- and post-reaction
complexes as well as their transition states naturally exhibit
lesser symmetry.

2.2 Energetics of the direct reaction

Our computed barriers to reaction, E*, and reaction enthalpies
are presented in Table 1 for the direct reactions; the zero-point
corrected electronic energies derived from WMS calculations
are compared to those reported by Rostkowska et al” from
MP2/6-311++G(2d,p) calculations which are shown in round
brackets ().

Given the different approaches employed, there is reason-
able qualitative agreement between the two sets of results. Our
calculated WMS barriers show very little variation with the
geometry of the reactants and transition states; e.g., for
MeSU3 — MeSU1 Ef = 83.71 + 0.53 kJ mol™! for B3LYP,
MO062-X, APF, @ B97XD and B2PLYP-based structures.

Comparison with our previous results for the tautomerisa-
tion of uracils are instructive. For U2 — U1l we reported a
barrier of 133.9 k] mol * and for U3 — U1 120.2 k] mol * at
effectively the same level of theory.

Table 1 WMS barriers, £*, and reaction enthalpies/kJ mol™

Reaction E* AH (0 K)
SU2 — SU1 102.5 (107) —-32.3
SU3 — SU1 90.6 (93) —65.8
MeSU3 — MeSU1 84.0 (88) —68.0
NSU3 — NSU1 95.5 (99) —53.6
NNSH — NNHS 103.8 (102) -17.0
5SH — 5HS 129.2 (137) —23.1
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Thus, the sulfur analogues face barriers to reaction which
are some 30 k] mol " lower; a finding which corresponds to the
decrease in barrier heights of approximately 24 kJ mol " that
we found in going from imidic acids to amides RC(OH) =
NH — RC(O)NH, in comparison to thioimidic acids going to
thioamides RC(SH) = NH — RC(S)NH,."?

2.3 Kinetics

Computed rate constants, k;, for all six reactions are displayed
graphically in Fig. 3 from 300 K down to 15 K and a more
complete set tabulated in the ESIf documentation. Not unex-
pectedly the rate constants follow the same trend as the barrier
heights, increasing barriers reduces rate constants, the normal
inverse relationship encapsulated by the Arrhenius equation
for thermal reactions. Note that the reactions under considera-
tion here are not thermal in origin but are almost exclusively
driven by quantum mechanical tunnelling even at tempera-
tures up to 300 K. Tunnelling rates do depend, inter alia, on
barrier heights.””

These calculated rate constants are based on WMS com-
puted high-level energies which are not that dissimilar to those
from M06-2X/Def2TZVP computations, Table 1.

Rostkowska et al’ reported time constants, t;, from their
experiments (equivalent to reciprocal rate constants, k; = 1/1;) with
MeSU3 rated at the fastest with a t = 1.6 hours or k=1.7 x 10 *s™*
and the slowest that was measurable, NSU3 rated at 1160 hours or
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Fig. 3 ki/s'vs. T/K. MeSU3, SU3, NSU3, SU2, NNSH, 55H. Solid symbols:
experiment.
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k=2.4 x 1077 s7*. SU3 lies in between with time constants of
68-76 hours depending on whether a neon or argon matrix was
being used, or k = 3.7-4.1 x 10 ® s,

The order of reactivity is correctly predicted by our theore-
tical calculations, that is, MeSU3 is more reactive than SU3 is
more reactive than NSU3 and the remainder, SU2, NNSH and
5SH are totally unreactive within the timespan of the laboratory
experiments. So qualitative agreement has been achieved—as
also quantitative, this can be seen in Fig. 3 which illustrates the
agreement between experiments and theory. At 3.5 K, the time
constants predicted are MeSU3 1.5 (1.6), SU3 132 (72) and NSU3
3960 (1160) h compared to the experimental values.

It is clear that theory and experiments are in quite good
agreement; the question naturally arises, is this fortuitous or
should other factors be considered?

2.3.1 Gas-phase model appropriate? It must be said the
calculations only apply to isolated molecules in the gas-phase
in complete contrast to the experiments which take place on a
noble gas matrix.

The experiments demonstrate a small but not insignificant
impact of the environment on the reactivity of SU3 — SU1
which the theory entirely neglects. The surface is not therefore
totally inert but plays a role in the overall reaction.

2.3.2 Is SCT theory appropriate? One can question whether
the small-curvature or SCT approximation used here is appro-
priate for the reactions. Mosquera-Lois and co-workers®® have
shown that least-action tunnelling® (LAT) may be superior for
tautomerisation reactions that involve moderate reaction path
curvature. Their calculations for the thiol-thione tautomerisa-
tion of thiourea, H,N-C(SH) = NH— (H,N),C=S, have time
constants of 81 for SCT and 45 for LAT as against the experi-
mental values®® of 52, all in units of hours. They performed
their work at the MPWB1K/6-31+G(d,p) level buttressed by
higher level single-point calculations at CCSD(T)-F12b/cc-
pVTZ-F12. Note that in their study SCT underestimates the
reactivity of the thiol — thione tautomerisation; however, a
factor of less than 2 difference between SCT and experiment, if
maintained in this work, is certainly acceptable.

2.3.3 Appropriate functional? We tested a number of
functionals (B3LYP, M06-2X, ® B97XD, APF, B2PLYP and
B2PLYPD3) all at Def2TZVP and with a constant scale factor
of 0.985 for the fastest tautomerisation MeSU3 — MeSU1 and
recorded rate constants, based on DFT energies, ranging from 1.05-
3.18 x 10~ % s~ at 15 K; the average was (1.8 & 0.8) x 10~ >s™". Only
the functionals APF and APFD gave rise to a substantially different
result of 2.2-5.3 x 10~* s largely because they underestimate the
barrier height in comparison to the others. One can of course correct
the results by using higher levels of theory to amend the barrier
height but this only increases the computational cost incurred.

2.3.4 Water contamination? One might speculate that
contamination of the matrix surface by water could account
for the discrepancy since the presence of a water molecule,
which both accepts and donates a hydrogen atom during the
so-called water-mediated tautomerisation, typically reduces the
barrier height and can increase the overall rate of reaction
considerably.

Phys. Chem. Chem. Phys., 2024, 26, 29863-29868 | 29865
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Fig. 4 Transition state for dimeric H-atom transfer in NSU3.

Indeed that is the case here too; for example, SU3 forms strong
complexes with water, M- - -H,0O, a pre-reaction complex which lies
33.3 k] mol ™" below the separate reactants to which all energies are
referenced; similar complexes have been previously reported.*’ In
turn the transition state is at —11.0 k] mol ' leading to a post-
reaction complex, P---H,0, at —94.3 kJ mol ' which eventually
results in the final products P or in this case SU1 and H,O at
—65.8 kJ mol ™

M+H,0 = M-.-H,O =
0 -33.3

In summary the forward barrier to reaction from pre-
complex to transition state is 22.3 k] mol™" and the reverse
barrier from post-complex is 83.3 kJ mol *. This is a very
similar situation to that that we encountered for the
oxygen-nucleobases,” the forward barrier for U3---H,O TS was
26.9 k] mol ! and the reverse 80.9 k] mol .

All of which impacts on the overall kinetics depending upon
whether the pre-complex formation is faster or slower than the
subsequent step. If we assume that complex formation is slow
and dominates the overall water-mediated reaction then there
is no tunnelling effect as such—the overall rate is controlled by
the formation of complex governed by long-range transition
state theory®” which given the bidentate interactions between
the thiol bases SU2, SU3, NSU3 and MeSU3 and water are
essentially identical means that these all take place at the same
rate independent of the exact nature of the thiol. Pre-complex
formation is the bottleneck governing the overall rate of
reaction.

If we assume that the pre-complex formation is fast then
reaction over a barrier of only 22.3 k] mol™" for SU3. - -H,0 —
TS is both thermally and quantum mechanically also faster,
approaching 1.6 x 10% s~ " at 15 K for SU3, that is, tautomerisa-
tion of SU3 would occur with a time constant of 6 ms. From all
of which we conclude that that it is highly unlikely that water—
ice played any significant role in the experiments; a view with
which the experimentalists” concur.

2.3.5 Thiol-thiol interaction? The ‘planar’ nature of
thiouracils as well as their ‘rigid’ structure means that
interactions between thiouracils may be able take place
particularly on the ultra-cold matrix surface, easily forming
dimers somewhat akin to the formation of base pairs in RNA
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and DNA; now the possibility of a double H-atom transfer arises
and indeed such a dimeric transition state, in the gas-phase,
can be found, for example for NSU3, Fig. 4.

The reaction follows a well-trodden route, formation of a
complex between two thiols, transition state, post-reaction
complex then through to final thione products. Complex for-
mation is at —67 k] mol~" with the subsequent barrier only
3.8 kJ mol " at the CBS-QB3** level of theory.

But just how important or relevant such considerations are
and whether they can be applied to the experimental solid-state
reactions is a matter for another day; it would depend upon the
exact experimental procedures employed in preparing the
matrix itself, deposition rates, etc. Dimerisation in the gas-
phase is certainly feasible but depends upon external factors
such as species concentration or pressure.

A very recent study by Gobi et al. on the hydrogen-atom
assisted tautomerisation of thioacetamide CH3;C(S)NH, =
CH;C(SH) = NH on a low temperature substrate explores these
very issues in great detail including the participation of a
double H-atom transfer between a thione dimer and a thiol
dimer.** However, their work was not carried out in a noble-gas

TS = P.---H,O = P+HO
—11.0

—94.3 —65.8

matrix but rather in amorphous thioacetamide at 10 K where
dimer formation would be heavily favoured.

3 Conclusion

We have computed the energy barriers to the tautomerisation
reaction where hydrogen atom is transferred from sulfur to
nitrogen, -C(SH)=N- — -C(S)NH-, in a variety of cyclic and an
acyclic system. These results are in relatively good agreement
with the literature.

Chemical kinetic calculations then predict correctly the
relative velocities with which these reactions proceed at very
low temperatures clearly pointing to H-atom tunnelling as the
primary contributor to the laboratory observations. Although
the experiments demonstrate enhanced reactivity vis-a-vis our
results.

The possibility of water molecules inadvertently making any
contribution to the experimental findings can be ruled out but
whether other solid-state effects such as dimerisation in or on
the matrix surface can take place is open to further study.
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