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Abstract — Construction of theoretical models for the characterization of chiral se-
lectivity mechanisms is needed in order to predict and analyze kinetic and dynamic as-
pects of collisional processes, where chiral molecules are involved. The role played by
molecular orientation in chiral discrimination phenomena has been demonstrated by
first-principles molecular dynamics simulations for the reaction occurring between the
bisulfide anion HS— and oriented prototypical chiral molecules CHFXY (where X =
CH, or CN and Y = Cl or I). In bimolecular nucleophilic substitution (SN,), alternative
pathways due to the enantiomer forms when molecules are oriented, result in different
reactivity of CHFCNI.

Keywords: molecular dynamics simulations; bimolecular nucleophilic substitution;
chirality discrimination phenomena

Riassunto — La costruzione di modelli teorici per la caratterizzazione di meccani-
smi di selezione chirale ¢ necessaria per prevedere e analizzare gli aspetti cinetici e dina-
mici dei processi collisionali in cui sono coinvolte molecole chirali. II ruolo svolto dal-
l'orientazione molecolare nei fenomeni di discriminazione chirale viene dimostrato at-
traverso simulazioni di dinamica molecolare for la reazione tra I'anione bisolufuro HS-
e la molecola chirale prototipo CHFXY (dove X=CH, o CN e Y=Cl o I). Nella sostitu-
zione nucleofila bimolecolare (SN,), percorsi alternativi dovuti alle diverse forme enan-
tiomeriche, per molecole orientate, vengono evidenziati dalla diversa reattivita di
CHFCNI.

Parole chiave: simulazioni di dinamica molecolare; sostituzione nucleofila bimolecola-
re; fenomeni di discriminazione della chiralita
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INTRODUCTION

Molecular alignment and orientation are non-statisti-
cal distributions of the rotational angular momentum
with respect to a quantization axis [1]. More precisely,
molecular alignment consists in the control of the direc-
tion of the rotational angular momentum, while molecu-
lar orientation concerns not only the control of the di-
rection, but also the sense. Molecular orientation is a
fundamental requisite to observe spatial aspects in colli-
sion and photodissociation phenomena, that otherwise
would be hidden by the molecular random rotation [2].
Assessment of the role of molecular orientation in chi-
rality discrimination processes is a challenge of the Or-
ChiD project [3]. Evidences of the role played by the
orientation in chiral discrimination processes have been
already demonstrated theoretically for elastic collisions
[4]. In that case, elastic collisions between oriented
(rigid) hydrogen peroxide (H,S,) [5] and hydrogen per-
sulfide (H,S,) [6] arguably the simplest chiral mole-
cules, and rare-gas atoms were simulated. The authors
could observe that the rare-gas atoms were scattered at
different angles, according to the mirror form of the chi-
ral encounter.

We consider two techniques to control the molecular
alignhment and orientation: (i) the “natural alignment”
[7] makes use of a mechanical speed selector, a device
that permits to control the translational degrees of free-
dom of the molecules by selecting the beam velocity and
consequently the degree of natural alignment, which oc-
curs in molecular beams, exploiting the “seeding” effect
that is the collisions induced by lighter and faster gases,
transferring momentum to the molecule and determin-
ing the alignment; (ii) the hexapolar orientation tech-
nique, which we will focus on this contribution, consists
in coupling the aligning electric field of the hexapole,
that is, a non-uniform electric field arranged along the
propagation axis of the molecular beam, to the orienting
electric field of a second element located downstream of
the hexapole [8-10].

Experimental and theoretical studies shown that of-
ten bimolecular substitution mechanisms, SN, occur si-
multaneously to an alternative competing channel, the
bimolecular elimination mechanism, E, [11]. These
channels are arguably the most fundamental ones in the
study of chemical reactions involving organic molecules
that permit to establish the stereospecific role for chiral
substrates [12].

Several studies had as a subject the determination of
the stationary points in minimum energy paths for SN,

and E, channels in the classical gas-phase (see [13, 14]
and references therein). The reaction channels involve
various mechanisms such as the double inversion indi-
rect one with proton-transfer for the nucleophilic group,
that represents one of the most important mechanisms,
beside the direct mechanism [15]. Single collision exper-
iments and electronic structure calculations at a high lev-
el of theory have been performed to study the competing
mechanisms E, and SN, for the archetypical reaction
X+ RY, with X and Y = F, Cl, Br, OH, and CN. Results
confirmed that the investigated class of reactions are
characterized by the following points: (i) synchronous E,
transition state, instead of nonconcerted mechanism,
with preference for anti-E2 configuration; (ii) change of
the leaving halogen atom (from F to I) causes a decrease
in the barrier height; (iii) SN, with retention of configu-
ration is a lesser favorable pathway and Walden inversion
configuration pathway is preferred; (iv) abrupt change
from backward to dominant forward scattering depend-
ing on the alkyl group in the substrate [16, 17].

In this work, we focus on the role played by the orien-
tation in reactive scattering processes (in the gas phase),
namely the Aquilanti mechanism (for further details see
Ref. [18]). Molecular dynamics simulations have been
performed on the prototypical chiral molecules
CHEFXY, where X is CH, 0 CN, and Y is Cl or I, react-
ing with HS". From now on, SN, and substitution chan-
nels will be used as synonyms, as well as E, and elimina-
tion channels. The article is structured as follows: in Sec-
tion 2, the methods employed in the work are reported,;
in Section 3, we give a discussion of the results; final re-
marks, in Section 4, conclude the paper. (The figures in
the article are adapted from Ref. [18]).

BACKGROUND

Quantum chemical calculations

Optimization of the geometries of reactants, products
and transition states, as well as their energies have been
calculated at the ®B97XD/ aug-cc-pVDZ level of theory.
These latter have been further refined by using coupled
cluster method with triple excitations treated perturba-
tively CCSD(T). For the valence electrons of the iodine
atom, the small-core pseudopotential (LANL2DZ) has
been employed [19, 20]. The stationary points were
characterized by analytic harmonic frequency calcula-
tions: the absence or existence of an imaginary frequen-
cy indicates that the optimized structures are local mini-
ma or transition states, respectively. The zero-point vi-
brational energy contributions have been considered in
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the calculation of the energy barriers. Calculations have
been performed by the Gaussian09 package [21].

Reaction rate

The deformed-transition state theory [22], imple-
mented in the Transitivity code [23] (www.vhcsgroup.
com/transitivity), has been employed to calculate the re-
action rate constants as a function of the temperature
k(T). For a general bimolecular reaction, the rate con-

stant is given by:
& 1/d
(1-d2] (1)

k(D=8 &
kT

b QQ,

where £, is the constant of Boltzmann (1.38-10% J-mol");
h is the constant of Planck (6.63-10% J's); Q,, Q, and Q~
are the partition functions of the reactant 1, 2 and tran-
sition complex, respectively; € is the effective height of
the energy barrier that is given by the sum of the har-
monic zero-point energy correction and the height of
the potential energy barrier; finally, d is given by the
equation

1 v )2
d=— 3 ( 2e* ) @
where v* is the penetration frequency for crossing the
barrier.
For practical purposes, an alternative to the Arrhe-
nius equation fitting is obtained by formulating the
Aquilanti-Mundim equation [24, 25]

K(T) :A(1_2;—°T)1/J ()

where A and d are the pre-exponential factor and the
deformation parameter, respectively. (Note a change in
the notation here, needed to avoid ambiguities: in terms
of the fitted equation, we defined d which is slightly dif-
ferent from d and E, which is slightly different from ¢~.)

Molecular Dynamics Trajectories

First-principle Born-Oppenheimer molecular dy-
namics simulations have been performed by the CPMD
3.17.1 package [26]. The system has been modeled us-
ing a periodically repeated cubic cell of side-length 13
A, containing one HS— and one CHFCNI (chiral) mole-
cule. Simulations have been performed for the two
enantiomeric forms R and S, starting from the same ini-
tial reciprocal position of HS- with respect to CHFCNI.
The electronic structure has been treated within the

generalized gradient approximation to density function-
al theory, using the Perdew— Burke-Ernzerhof (PBE)

exchange-correlation functional [27]. Vanderbilt ultra-
soft pseudopotentials have been employed to represent
core-valence electron interactions [28]. A planewave ba-
sis set has been used to expand the valence electronic
wave functions with an energy cutoff of 25 Ry. The equa-
tions of motion have been integrated using a time step of
5 a. u. (0.121 fs) for a total time of 1.8 ps. The simula-
tions have been conducted in an NVT ensemble at tem-
perature of 200 K controlled using a Nosé-Hoover ther-
mostat [29].

RESULTS AND DISCUSSIONS

In Fig. 1, the transition state structures of the six re-
actions studied, both for R and S enantiomers, at the
©B97XD/aug-cc-pVDZ level of theory are reported.
The reaction channels we have considered, the anti-E,,
[(1) and (2) reactions], and back-side SN, [(3) to (6) re-

actions], are the most energetically favored. The transi-
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Fig. 1. Transition state structures of the six examined reaction
channels. Obviously, the six enantiomer pairs R and S present
identical bond lengths and angles.
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tion state structures of both elimination and substitution
channels present similarities, except for the C-Y bond
length. Also, in the SN, channels, there is a variation of
about 10° in the S — C — Y angle, depending on the CN
and CH, group connected to the central carbon. (For
further details, see Ref. [18]). Thermodynamics and ki-
netics parameters with zero-point energy have been cal-
culated at the CCSD(T)/aug-cc-pVDZ//0B97XD/aug-
cc- pVDZ level of theory and are reported in detail in
Ref. 18. Here, we report the most significant properties,
useful for the discussion of the results. The substitution
channels SN, are exothermic; the elimination channels
E, (Cl as leaving group) are thermoneutral (1) and en-
dothermic (2). The spontaneity of the reactions has been
evaluated by calculating the Gibbs-free energy change
AG: all the reactions are characterized by AG<0, while
reaction (2), for both R and S configurations, are the on-
ly characterized by AG>0. The elimination channels
present the highest barrier height, 10 kcal/mol for the
elimination of Cl and 13 kcal/mol for the elimination of
the T atom. For the substitution channels the barrier
heights are lower, ca. 5 kcal/mol. The d-TST formula-
tion has been employed to obtain the rate constants for
the HS™+ CHFCH,Y (Y=Cl or I) reactions in a wide
range of temperature (200—4000 K) at CCSD(T)/aug-
cc-pVDZ//wB97XD/ aug-cc-pVDZ level of calculation.
The rate constants are expressed by the Aquilanti-
Mundim formula:

CHFCH,CL (SN,) £ = 6.29-10% co’mol 's ! (14724.21/T) 01 (4)
CHFCH,I (SN,) £ = 6:61-10" cm’mol's ! (1+528.45/T) 414 (5)
CHFCH,CL (E,) £ = 1:65-10" cm’mol 's ' (1+363.92/T) 2+ (6)
CHFCH,I (E,) & = 7.09-10” ecm’mol-'s™ (1+288:03/T) =% (7)

and are employed to calculate the branching ratios
through the equation

kSN
— (8)
kSN2+/<EZ
or
kE
2 9)
kSN2+kE2

In Figure 2, we report the branching ratio between
the elimination and substitution channels for the reac-
tion ~ CHFCH,CI+HS having as  products
HSCHFCH#CT for SN, and CHFCH, + H,S + CI and
for the reaction CHFCH,I+HS with HSCHFCH,+I" as
a product of the substitution channel and CHFCH, +
H,S + CI” as a product of the elimination channel. The
SN, channel is the preferred one at low temperatures.
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Fig. 2. Branching ratios of the competing channels SN, and E,.
(Upper panel) The reactions HS” + CHFCH,Cl — HSCHFCH, +
CI" (SN, channel) and HS” + CHFCH,Cl — CHFCH, + H,S + CI
(E, channel). (Lower panel) The reactions HS" + CHFCH.I —
HSCHFCH, +1I" (SN, channel) and HS” + CHFCH,I — CHFCH,
+H,S + T (E, channel).

As the temperature increases the E2 channel becomes
more important until reaching 0.5 at temperatures high-
er than 1500 K.

In Figure 3, we report the energy profile of the reac-
tion CHFCNI + HS". The reaction path is characterized
by a “submersed” barrier at 1.8 kcal/mol under the en-
ergy of the reactants. This is the typical case of those re-
actions that exhibit negative dependence on the rates.
The entrance and exit complexes are also reported, with
energies with respect to the reactants of -21.7 and -29.8
kcal/mol, respectively. Reactive trajectories have been
monitored by following the coordinate s, defined as the
difference between the length of the breaking bond (r, =
C-1) and the length of the forming bond (r, = C-S). In
Figure 4, s is reported as a function of time for the sub-
stitution channels of the reaction CHFCNI + HS™ for
both the enantiomers R and S. The plot shows a differ-
ent reactivity between the R and S enantiomers, denoted
by the different dependence of s on the time. More pre-
cisely, R is characterized by a lower reactivity, requiring
longer reaction time. These simulations confirm that the
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Fig. 3. The energy profile in kcal/mol of the reaction HS +
CHFCNI — HSCHFCNI +I".

orientation is a fundamental requisite in enantioselective
mechanisms, the so-called Aquilanti mechanism.

FINAL REMARKS

Thermodynamic and kinetic properties of CHFXY
(X=CH,orCNand Y =ClorI) + HS reactions, evolv-
ing through elimination, E,, and substitution, SN,
channels, have been investigated by stationary electronic
structure methods and Born-Oppenheimer first-princi-
ple molecular dynamics simulations spanning a wide
range of temperatures. The Aquilanti mechanism, 7 e.
the role played by molecular orientation in enantioselec-
tive reactions has been demonstrated for the reaction
CHFCNI + HS” — HSCHFCN + I, by evidencing a dif-

ferent reactivity between the two oriented enantiomers.
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Fig. 4. The evolution in time of the difference between the bond
length of the breaking bond C — F and the forming bond C - §,

namely s = 7, - 7,, for the reaction HS™ + CHFCNI involving both
enantiomers R and S.

Further developments of models of chiral discrimina-
tion processes are conditioned by the limits due to the
accuracy of the quantum mechanics methods employed.
The state-of-the-art of these methods for the determina-
tion of small energy differences between different quan-
tum states, the evaluation of intermolecular forces and
calculations involving different electronic states, is still
far to yield results enough accurate to permit univocal
interpretations and predictions of the experiments, es-
pecially for what concerns photoinitiated processes,
characterized by the involvement of a dense manifold of
electronic states. This limit can be reversed, and the ex-
periment becomes fundamental to calibrate ad evaluate
the accuracy of calculations, especially those based on
the density functional theory.
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