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ABSTRACT: We characterize the stationary points along the
Walden inversion, front-side attack, and double-inversion pathways
of the X + CH,Y and X + SiHY [X, Y = F, Cl, Br, 1] Sy2
reactions using chemically accurate CCSD(T)-F12b/aug-cc-pVnZ
[n = D, T, Q] levels of theory. At the carbon center, Walden
inversion dominates and proceeds via prereaction (X ---H;CY) and
postreaction (XCHs-Y ) ion-dipole wells separated by a usually
submerged transition state (X H;C Y) , front-side attack occurs
over high barriers, double inversion is the lowest-energy retention
pathway for X = F, and hydrogen- (F ---HCH,Y) and halogen-
bonded (X --YCH3;) complexes exist in the entrance channel. At
the silicon center, Walden inversion proceeds through a single

- - Front-Side Attack

- -Induced Inversion R
- -Walden Inversion SNz@c SNZ@SI
~ %
o N
% fo ;
e | 0 +cp-0 o= +o
- 1 ' b - °
< e e > —
O+ P-C - i © ' ')6:‘1-'7
‘ e o—ods . \\\ W ///
- L) ' e
—_—f oL f i i N j’ o h ¢ .
\ ' u ' ool e,
' " ' _° N
“
I " 1 //
° > ' Al ¢+ ’
\ N W& ot
o od P30l :m) o b

minimum (X SiH; Y) , the front-side attack is competitive via a usually submerged transition state separating pre- and
postreaction minima having X Si Y angles close to 90°, double inversion occurs over positive, often high barriers, and hydrogen-
and halogen-bonded complexes are not found. In addition to the Sy2 channels (Y + CH3X/SiH;X), we report reaction enthalpies
for proton abstraction (HX + CH,Y /SiH,Y ), hydride substitution (H + CH,XY/SiH,XY), XH:--Y complex formation (XH:--Y
+ 'CH,/'SiH,), and halogen abstraction (XY + CH; /SiH; and XY + CHa/SiH,).

1. INTRODUCTION

Since Walden’s discovery in 1896," bimolecular nucleophilic
substitution (Sy2) reactions at a tetrahedral carbon center have
been widely studied both experimentally and theoretically.” *°
The prototypes of these reactions are X + CH3Y - Y +
CH3X, where X, Y =F, CI, Br, 1. The X + CH3Y Sy2 reactions
usually proceed with Walden inversion on a double-well
potential along the collinear X C Y arrangement via a
prereaction ion-dipole complex (X ---H;CY), a central
transition state (X CH; Y) , and a postreaction ion-dipole
complex (XCHg-+Y ). In addition to the well-known Walden-
inversion mechanism, it was earlier recognized® that Sy2
reactions may occur via a high-energy front-side attack
transition state (XYCH;) , where the XCY angle is around
gQ° 1202223252636 38 Eyrthermore, recent studies revealed
that hydrogen- (X --HCH,Y)**'®?° and halogen-bonded
(X -~ YCH3)**?*3 complex formations may also play key
roles in carbon-centered Sy2 reactions. Moreover, reaction
dynamics simulations uncovered a double-inversion pathway
for the F + CH5Cl Sy2 reaction, which provides products
with retention of the initial configuration via double-inversion
(FH---CHZCIl) and Walden-inversion (F CH; CI) tran-
sition states.”’ Since the discovery of double inversion in
2015,** this mechanism has been identified in several other
Sy 2 reactions both in the gas®>**?%?" and solution®*“° phases.
In addition to the widely studied carbon-centered systems, the
Sy2 reaction can also occur at the silicon center.** *° Even
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though silicon is below carbon in the periodic table, it is well
established in the literature®* °° that silicon-centered Sy2
reactions are quite di erent from their carbon-centered
analogues. The X + SiH3Y reactions can be characterized
by a single-well Walden-inversion potential featuring a deep
minimum corresponding to the penta-covalent (X SiH; Y)

complex. Furthermore, due to the large size of the Si atom, at
the silicon center, the front-side attack transition states
(XYSiH3) are also usually submerged, opening barrierless
retention pathways that may compete with Walden inver-
sion.*>*" Y Despite the interesting features of silicon-centered
SN2 reactions, these systems are less studied than the carbon-
centered analogues. In the case of the X + SiH;Y-type
reactions, mostly the Cl + SiH;Cl (refs 41, 43 50, 53, 54, 56)
identity process is investigated in addition to the few studies on
F + SiHF (refs 41, 48, 56). The theoretical studies on these
reactions usually used density functional theory with triple-zeta
basis sets to characterize the stationary points,*® #7°%54°6 and
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Figure 1. Pathways of X + CH3;X (X = F, Cl, Br, 1) Sy2 reactions showing classical (adiabatic) relative energies in kcal/mol obtained at the
CCSD(T)-F12b/aug-cc-pVQZ(-PP)//CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory.

in some cases,*>**°° the energies are refined by the aug-cc-pVnZ (n = D, T) basis sets.”® In the case of Br and |,
CCSD(T)/aug-cc-pVQZ level of theory. the corresponding aug-cc-pVnZ-PP basis sets are used

In the present study, we report a comprehensive ab initio employing e ective core potentials considering relativistic
investigation of the identity and nonidentity X + SiH;Y Sy2 e ects.”® Our highest-level electronic energy computations are
reactions with X, Y = F, CI, Br, | and compare them with the performed using the aug-cc-pVQZ(-PP) basis sets®®*° on the
carbon-centered analogues. For the first time in the case of the aug-cc-pVTZ(-PP) geometries. For open-shell systems (XY
Si-centered systems, we employ the explicitly correlated and CH,/SiH,), the unrestricted UCCSD(T)-F12b method®°
CCSD(T)-F12b method®’ to obtain benchmark structures, is used based on restricted open-shell Hartree  Fock®* orbitals.
vibrational frequencies, and relative energies of the stationary All computations are carried out using the MOLPRO program
points. In addition to the back-side and front-side attack, we package.®

also explore the possibility of double inversion in Si-centered
Sn2 reactions. Furthermore, we determine the reaction 3. RESULTS AND DISCUSSION
enthalpies of several alternative product channels obtained

by, for example, proton and halogen abstractions. These results Figures 1 and 2 schematically present the most important
may shape our fundamental knowledge of model ion pathways of the gas-phase identity and nonidentity halide ion
molecule reactions at carbon and silicon centers and guide and methyl-halide Sy2 reactions, respectively, in which the
future global potential energy surface developments and atomic number_ of the nucleophile is elther equal to or s_maIIer
experimental and theoretical dynamics studies. The computa- than the atomic number of the substituent. The considered
tional details are summarized in Section 2, the results are pathways include Walden inversions, front-side attacks,
described and discussed in Section 3, and the paper ends with induced inversions, and double inversions. .
summary and conclusions in Section 4. 3.1 .Pathways of Carbon-Cente_red S\2 Reactlo_ns.
According to Figure 1, the energetically most-accessible
Walden-inversion pathways of the identity reactions have low
2. COMPUTATIONAL DETAILS barriers in the case of CI, Br, and I, whereas a small negative
We determined optimized geometries and harmonic vibra- energy barrier is found for F (see C-WTS), surrounded by a
tional wavenumbers of the minima and saddle points of symmetric double well in all cases. The ion-dipole complexes
carbon- and silicon-centered X + CH,Y/SiH,Y [X, Y =F, Cl, (C-WMIN) have decreasing stability from F to | with
Br, 1] Sn2 reactions using the explicitly correlated coupled- dissociation energies in the 9 14 kcal/mol range. Further-
cluster singles, doubles, and perturbative triples CCSD(T)- more, a hydrogen-bonded low-energy minimum (C-HMIN)

F12b method®” with the augmented correlation-consistent and a saddle point (C-HTS) connecting C-HMIN and
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Figure 2. Pathways of X + CH3Y (X =F, Cl, Br; Y = Cl, Br, I) Sy2 reactions showing classical (adiabatic) relative energies in kcal/mol obtained at
the CCSD(T)-F12b/aug-cc-pVQZ(-PP)//CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory.

C-WMIN are present only for F. The energies of C-HMIN and
C-WMIN are the same within 0.1 kcal/mol for the F + CH3F
reaction. In contrast to the Walden-inversion pathway, the
front-side attack mechanism goes through high-energy saddle
points (C-FSTS) with barrier heights varying in the 40 46
kcal/mol range for all of the four cases. Except for F (and CI),
a front-side collision can yield a halogen-bonded complex, C-
FSMIN, with D, dissociation energies of 2.22 and 5.66 kcal/
mol for Br and I, respectively. For X = F, this stationary point
cannot be found and for Cl and C-FSMIN has positive energy
relative to the reactants. By comparing the relative energies of
C-FSTSs and double-inversion transition states (C-DITSSs), we
can conclude that the double inversion is more accessible than
the front-side pathway for the X = F identity reaction but less
favorable for the other three cases.

Figure 2 shows the corresponding pathways for the
exothermic nonidentity carbon-centered Sy2 reactions. Similar
to the identity reactions, the back-side attack leads to a
transition state, C-WTS, surrounded by a double well, but
there are notable di erences. Energetically, the F/CI, F/Br, and
F/1 Walden-inversion transition states have deeper negative
relative energies between 1255 and 17.21 kcal/mol
classically, whereas, for CI/Br, CI/1, and Br/I, the correspond-

9647

ing values are still negative, varying between 2.32 and 5.11
kcal/mol. The relative energies of C-WPostMINs also form
two groups, deeper minima relative to the reactants for F/
Cl, F/Br, and F/1 and shallower negative energy minima for
the other cases in accord with the trends in the exothermicities.
The hydrogen-bonded low-energy saddle points, C-HTSs,
consistent with the identity reactions are obtained only for the
X = F reactions. In the cases where C-HTSs exist, they are
below the corresponding C-WTSs and the hydrogen-bonded
minima (C-HMINs) are deeper than the corresponding C-
WPreMINs. Interestingly, the hydrogen-bonded CI/I mini-
mum can also be obtained, possibly, due to the low
electronegativity of the | substituent; however, this C-HMIN
is slightly above the corresponding C-WPreMIN. C-XFSMINs,
similar to the C-FSMIN (in the identity reactions) structures,
are minima with negative relative energies. In most cases, C-
XFSMINs are significantly shallower than the corresponding
C-HMINs and C-WPreMINs, except for F/I, where C-
XFSMIN with D,(Dg) of 22.67(22.73) kcal/mol is the deepest
minimum in the entrance channel. Thus, for F/I, the deep C-
XFSMIN steers the reactants away from the reactive back-side
attack configurations, thereby making the F + CHjl Sy2
reaction indirect as shown in the previous simulations and

https://doi.org/10.1021/acs.jpca.1c07574
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Figure 3. Pathways of X + SiH;X (X = F, Cl, Br, 1) S\2 reactions showing classical (adiabatic) relative energies in kcal/mol obtained at the
CCSD(T)-F12b/aug-cc-pVQZ(-PP)//CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory.

experiments.?*?° The nonidentity front-side attack transition
states of F/CI, F/Br, and F/1 (C-FSTS-Is) compared to CI/Br,
Cl/1,and Br/I C-FSTS-IIs are very di erent geometrically. The
former TSs possess the C, point-group symmetry with four
atoms (C, H, and two halogens) in its mirror planes and the
latter three structures resembling more the TSs of the identity
reaction counterparts with C, symmetry. Energetically, the
double-inversion TSs (C-XDITSs) are more accessible to F-
containing reactions than C-FSTS-Is, whereas the relative
energies of CI/Br, ClI/I, and Br/lI C-XDITSs are higher than
the relative energies of the corresponding C-FSTS-1I saddle
points. The lowest-energy retention pathways are found for the
F/I1 reaction with classical (adiabatic) double-inversion and
front-side attack barrier heights of 8.81(6.79) and
19.61(19.36) kcal/mol, respectively.
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3.2. Pathways of Silicon-Centered Sy2 Reactions. As
shown in Figures 3 and 4, the possible pathways of the gas-
phase halide ion and silyl-halide Sy2 identity and nonidentity
reactions are comparable to the carbon-centered counterparts,
but the corresponding back- and front-side attack pathways
and the underlying potential energy surfaces are qualitatively
di erent.

In contrast to the carbon-centered reactions, the Walden-
inversion pathways of the X + SiH3Y Sy2 reactions do not go
through transition states, and only a deep minimum connects
the reactants and products with depths between 18.90 and
56.42 kcal/mol for identity reactions and from 27.85 to 82.73
kcal/mol classically for nonidentity reactions. The minima are
significantly deeper for X = F (D, = 56.42, 68.82, 75.08, 82.73
kcal/mol for Y = F, Cl, Br, I, respectively) than in the case of
the other nucleophiles (D, = 18.90 37.04 kcal/mol). On the

https://doi.org/10.1021/acs.jpca.1c07574
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Figure 4. Pathways of X + SiHzY (X =F, Cl, Br; Y = CI, Br, I) S\ 2 reactions showing classical (adiabatic) relative energies in kcal/mol obtained at

the CCSD(T)-F12b/aug-cc-pVQZ(-PP)//CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory.

other hand, the front-side attacks on the Si center feature

double-well potentials with saddle points (Si-FSTSs) separat-
ing minima (Si-FSMINs) symmetrically in the identity
reactions and Si-FSPreMINs and Si-FSPostMINs for the
nonidentity reactions. The TSs of the front-side attacks are
geometrically like carbon-centered C-FSTSs in the identity
reactions and comparable to C-FSTS-lIs of the nonidentity
reactions. Energetically, the silicon-centered front-side attack
pathways are accessible at lower energies than C-FSTSs, as Si-
FSTSs are submerged in almost all cases, except for the |
identity reaction, where the barrier height is a low positive
value (2.96 kcal/mol classically). In some cases, especially for
X = F, the Walden-inversion pathway is just slightly below the
corresponding front-side attack retention path; thus, one may
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expect interesting competition between inversion and
retention for silicon-centered Sy2 reactions, which may be
investigated by dynamics simulations in the near future. The
most similar pathways of the C- and Si-centered reactions are
double inversions. The silicon-centered Si-DITSs (identity
reactions) and Si-XDITSs (nonidentity reactions) are geo-
metrically and energetically similar to the corresponding
carbon-centered TSs. However, unlike for the F + CHyY
systems, at the Si center, the positive double-inversion barriers
are always above the corresponding Si-FSTSs.
3.3. Carbon-Centered Stationary Points. Figures 5 and
6 show the most important benchmark structural parameters of
the stationary points (minima and transition states) of the
potential energy surfaces of the carbon-centered identity- and
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Figure 5. Structures and point groups of minima and saddle points of the X + CH3X (X = F, Cl, Br, 1) reactions optimized at the CCSD(T)-
F12b/aug-cc-pVTZ(-PP) level of theory. Bond lengths and angles are given in angstroms and degrees, respectively. In the case of C; structures,
hydrogen atoms lying in the mirror plane are denoted by H . In the subscripts, X and Y denote the nucleophile and substituent, respectively. X and

Y are the same halogens but in di erent chemical environments.

nonidentity reactions, respectively. Contrary to Figures 1 and
2, C-YDITSs and C-YFSMINs, the endergonic nonidentity
reaction counterparts of C-XDITSs and C-XFSMINs,
respectively, are also presented in Figure 6.

As shown in Figure 5, all identity-reaction double-inversion
TSs (C-DITSs), front-side attack TSs (C-FSTSs), and
hydrogen-bonded C-HMIN and TS (C-HTSs) of the X = F
reaction have C, point-group symmetry. Front-side attack
halogen-bonded complexes, C-FSMINSs, possess a 3-fold Cs,
symmetry. The point group of the Walden minima, C-WMINSs,
is also C4, and the most symmetric structures are the C-WTSs
belonging to Dy,

Figure 6 shows the stationary points of the nonidentity
reactions. The point-group symmetries of the double-inversion
TSs (C-XDITSs and C-YDITSs) are, like in the identity
reactions, all C,. However, the F/CI, F/Br, and F/I front-side
TSs (C-FSTS-Is) are with the same point-group symmetry, C,,
as the identity reaction counterparts, and these geometries are
structurally very di erent. In the case of identity reactions, the
plane of reflection goes through the C atom and one of the
hydrogens, whereas, in the case of the nonidentity C-FSTS-Is,
the two halogens are in the plane as well. The true
counterparts of the identity reaction C-FSTSs are C-FSTS-
Ils, found for CI/Br, CI/I, and Br/l, with C; point-group
symmetry. The symmetries of C-HMINs and C-HTSs are
comparable to the corresponding minimum and the transition
state found for the F identity reaction. Walden transition states
(C-WTSs) have Cy, symmetry with collinear X C Y
arrangements and structurally (and energetically) more like
preminimum structures (C-WPreMINs) than C-WPostMINs.
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Considering the structural parameters shown in Figures 5
and 6, we can observe that at C-WMIN, C-WPreMIN, and C-
WPostMIN, the methyl-halide unit is only slightly perturbed
and the C---X and C--Y distances are around 2.3 2.6,3.1 3.2,
3.3 34, and 35 A for X/Y = F, Cl, Br, and I, respectively. C-
HMIN and C-HTS present for X = F, with H ---F distances of
around 1.6 1.8 A (HMIN) and 2.0 A (HTS) and CH F angles
of 160 170° (HMIN), and 108 120° (HTS), where H
denotes the hydrogen-bonded H atom. For the identity
reactions, the C X distances are stretched by 0.4 0.5 A at
C-WTS relative to the corresponding bond length in the CH;X
molecules. For the nonidentity reactions, the trends are similar
but subtle di erences can be observed; for example, the C F
distances are stretched by 0.6 0.8 A. At the front-side minima,
the CY---X atoms are collinear and the Y---X distance is around
2.3 A for X/Y = F/Br and F/I and 25 A for X/Y = F/CI,
whereas the halogen bond lengths are between 3 and 4 A for X
= Cl, Br, and I, in accord with the highest stability of the F/Br
and F/1 complexes. At the front-side attack TSs, the C X and
C Y bonds are usually 0.1 0.2 A longer than the
corresponding distances in C-WTSs, except for the C F
bonds, which are shorter by 0.1 0.2 A. Furthermore, the X
C Y angles are in the 78 88° range for the front-side TSs,
whereas the X C Y atoms are exactly collinear in C-WTSs.
At the DITSs, the bond length of the HX fragment is close to
the corresponding value in the HX molecule and the C.---H
interfragment distance is around 1.8 A for X =Fand 24 2.7 A
for X = ClI, Br, I, except for CI/I.

3.4. Silicon-Centered Stationary Points. The bench-
mark stationary-point structures for the identity and non-
identity silicon-centered Sy2 reactions are shown in Figures 7

https://doi.org/10.1021/acs.jpca.1c07574
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Figure 6. Structures and point groups of minima and saddle points of the X + CH,Y (X = F, Cl, Br; Y = Cl, Br, 1) reactions optimized at the
CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory. Bond lengths and angles are given in angstroms and degrees, respectively. In the case of C,
structures, hydrogen atoms lying in the mirror plane are denoted by H .

and 8, respectively. In the case of the identity reactions, the
structure of Si-WMINSs is very similar to that of C-WTSs, i.e.,
both have a Dy, symmetry and the Si X and C X distances
agree within about 0.1 A. For the nonidentity reactions, the
symmetries of Si-WMINs and C-WTSs are also the same
(Cs,); however, unlike the reactant-like C-WTSs, the Si-
WMINs are clearly product-like as the H Si X angle is
greater than 90° and the Si Y/Si X distance ratios are
significantly larger than the corresponding C Y/C X values.
Hydrogen- and halogen-bonded complexes are not found for
the X + SiH3Y systems but there are front-side minima (Si-
FSMIN, Si-FSPreMIN, and Si-FSPostMIN), which are not
present for the C-centered reactions. Si-FSMINS of the identity
reactions have C, symmetry, where XXSiH atoms are in the
symmetry plane, the X Si X angle is close to 90°, and the Si

H bond length is slightly stretched relative to the other two
SiH distances. Si-FSPreMINs and Si-FSPostMINs of the
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nonidentity reactions have similar C; structures as Si-FSMINSs,
but the Si X distances are longer in Si-FSPreMINs than in Si-
FSPostMINs, and the reverse is true for the Si Y distances.
FSTSs of the identity reactions have similar C, structures at C
and Si centers but they di er from Si-FSMINs because at
FSTSs only the central atom and one of the hydrogen atoms
are in the C; plane. In the case of the nonidentity reactions, Si-
FSTSs are nonsymmetric like the CI/Br, CI/I, and Br/I
carbon-centered analogues. The X Si Y angles are in the 84

88° range for all of the Si-FSTS structures, similar to the C-
centered FSTSs. The C- and Si-centered DITSs have similar C
geometries; however, the C/Si H X distances are signifi-
cantly di erent in some cases. On the one hand, for X = F, the
H F distance is close to the bond length of the HF molecule
in both the C- and Si-centered cases, but the Si H distance
( 2.4 A) is substantially longer than the C H distance ( 1.8
A). On the other hand, for X = CI, Br, I, the H X distances

https://doi.org/10.1021/acs.jpca.1c07574
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Figure 7. Structures and point groups of minima and saddle points of the X + SiH;X (X = F, ClI, Br, 1) reactions optimized at the CCSD(T)-
F12b/aug-cc-pVTZ(-PP) level of theory. Bond lengths and angles are given in angstroms and degrees, respectively. In the case of C; structures,
hydrogen atoms lying in the mirror plane are denoted by H . In the subscripts, X and Y denote the nucleophile and substituent, respectively. X and

Y are the same halogens but in di erent chemical environments.

Si-XDITS (C,)

Isiy Isiw Ayysiy
2.124 2.385 99.2
2.288 2.384 97.8
2.496 2.389 96.1
2.272 1.863 91.2
2.485 1.892 89.2
2.489 1.837 87.7
Aysiv
115.7
115.8
116.5
114.0 TIsin Osinx Fwx
1149 1.468 1783  0.965
134 1469  177.9  0.964
1.470 1771 0.961
1.470  180.0  1.635
1.471  179.8  1.597
1.474 180.0  1.829
Si-FSPreMIN (C,) Si-FSPostMIN (C,)
Isix Oxsiy  Fsiy Isiy Olxsiy
1.688 86.6  2.226 2.532 84.4
1.668 83.8  2.490 3.074 82.6
— — — 3.631 84.5 [six
2.438 88.3  2.312 3.170 g7.5 1620
2.378 88.3 2585 3.687 g0.2 1.604
3.091 88.0 2.483 3.686 91,6 1601
2.077
sy 2.071
81.9 2.239
Oyrsiy 74.4 Oprsix
85.2 69.2 94.5
81.3 71.0 100.1
Onsix Isin  Tsiw 90_0 66.2 rgy rey  103.3
90.9 1.508 1.533 ° - 65.5 1,480 1.531 100.8
91.8 1.508 1.516 008 1.470 1.508 103.5
- — _ 986 1.469 1.497 103.3
83.5 1.482 1.523 1.467 1.500
85.4 1.485 1.521 1.467 1.492
72.2 1.468 1.501 1.467 1.491

Si-YDITS (C,) Si-FSTS (C,)

Isix Oysix Isix Oxsiy  Isiy
1.635 97.8 1.671 84.6 2.286
1.632 98.0 TIsiw — - —
1.629 086 1.817 — — —
2.108 9214 1.791 2.253 86.2 2.462
2.107 91.6 1.766 2.250 86.2 2.736
2.273 g9.5 1.820 2.455 86.6 2.734
1.812
Ohisix 1.816
112.5
11;3 Tsiw Oprsiy
112'1 1.520 82.8
: Isin Osiwy Ty Ohsix Isin — —
110.8 1471 180.0 1.776 98.2 1495 _  _
M0 1475 1800 2.011 — — 1508 823
1.479 180.0 2.331 — — 1506 804
1.472 180.0 1.878 97.9 1483 41501 814
1.475 180.0 2.135 94.8 1.484
1.475 180.0 2.108 96.6 1.481
Si-WMIN (C,,)
Osix Isin
96.1 1.479
99.2 1.474
102.5 1.471
93.5 1.469
98.9 1.467
95.6 1.466
Isix I'siy
1.685 2.489
1.664 2.814
1.645 3.262
2.262 2.611
2.185 3.087
2.409 2.952

Figure 8. Structures and point groups of minima and saddle points of the X + SiH;Y (X =F, Cl, Br; Y = Cl, Br, I) reactions optimized at the
CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory. Bond lengths and angles are given in angstroms and degrees, respectively. In the case of C,

structures, hydrogen atoms lying in the mirror plane are denoted by

H.

are stretched by about 0.4 A relative to the corresponding
distances of C-DITSs and HX molecules. Furthermore, the Si
X distances are only around 1.8 1.9 A whereas the
corresponding C X values are usually in the 2.4 2.7 A range.
3.5. Reaction Enthalpies for Various Product Chan-
nels. We determined the reaction enthalpies corresponding to
the various product channels of the X + CH,Y and X +
SiH,Y reactions as shown in Tables 1 and 2, respectively. In
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addition to the Sy2 channel leading to Y + CH3X/SiH3X, we
consider the proton abstraction (HX + CH,Y /SiH,Y ),
hydride substitution (H + CH,XY/SiH,XY), XH:Y
complex-formation (XH--Y + CH,/!SiH,), and halogen-
abstraction (XY + CHj; /SiH; and XY + CHj/SiH;)
channels. For the X + CH,Y reactions, the Sy2 channels
are thermoneutral (X =Y) or exothermic and all other product
channels are endothermic if the atomic number of X is less

https://doi.org/10.1021/acs.jpca.1c07574
J. Phys. Chem. A 2021, 125, 9645 9657


https://pubs.acs.org/doi/10.1021/acs.jpca.1c07574?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07574?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07574?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07574?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07574?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07574?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07574?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07574?fig=fig8&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c07574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Table 1. Classical and Zero-Point Vibrational Energy Corrected (Adiabatic) Energies of X + CHzY - P+ Q (X, Y =F, Cl, Br,
I) Reaction Channels Obtained at the CCSD(T)-F12b/aug-cc-pVQZ(-PP)//CCSD(T)-F12b/aug-cc-pVTZ(-PP) Level of

Theory in kcal/mol®

Q Y HX H XHY XY XY

P CH,X CH,Y CH,XY ICH, CH,4 CH,
F/F 0.0(0.0) 422(37.8) 46.3(42.3) 55.3(47.5) 155.0(149.4) 87.0(81.5)
cl/cl 0.0(0.0) 68.6(63.0) 91.4(86.1) 83.5(73.6) 112.6(107.5) 57.8(53.1)
Br/Br 0.0(0.0) 74.6(68.7) 100.7(95.1) 88.7(78.9) 104.6(99.6) 46.4(41.9)
171 0.0(0.0) 78.8(72.6) 108.3(102.4) 95.8(85.9) 94.7(90.0) 37.0(32.8)
F/Cl 32.7( 317) 28.7(24.8) 54,5(50.3) 43.6(37.6) 103.8(99.0) 52.7(48.1)
F/Br 40.9( 39.5) 24.1(20.3) 56.1(52.0) 38.9(33.2) 91.1(86.5) 40.2(35.9)
F/I 47.8( 46.0) 18.7(15.2) 58.3(54.2) 35.6(30.2) 73.3(69.1) 26.3(22.5)
CI/Br 82( 7.7) 63.9(58.5) 92.0(86.8) 80.0(71.8) 104.3(99.4) 47.6(43.2)
Cl/I 15.1( 14.3) 58.6(53.4) 92.9(87.7) 77.2(69.5) 93.3(88.7) 37.7(33.6)
Br/I 6.9( 6.5) 69.3(63.6) 101.3(95.7) 87.2(78.6) 95.0(90.3) 37.5(33.4)

#In the case of identity reactions, X and Y are the same; otherwise, Y denotes the halogen with the higher atomic number.

Table 2. Classical and Zero-Point Vibrational Energy Corrected (Adiabatic) Energies of X + SiH;Y - P+ Q (X, Y =F, Cl, Br,
I) Reaction Channels Obtained at the CCSD(T)-F12b/aug-cc-pVQZ(-PP)//CCSD(T)-F12b/aug-cc-pVTZ(-PP) Level of

Theory in kcal/mol®

Q Y HX H XHY XY XY
P SiHaX SiH,Y SiH,XY 1SiH, SiH; SiH,
F/F 0.0(0.0) 42(2.6) 32( 6.0) 434(39.8) 164.5(160.7) 1265(123.2)
ci/cl 0.0(0.0) 31.9(29.0) 50.1(46.5) 56.0(50.1) 106.6(103.0) 81.7(78.9)
Br/Br 0.0(0.0) 37.8(34.6) 62.0(58.0) 58.2(52.4) 95.6(92.0) 67.4(64.8)
I/1 0.0(0.0) 41.5(38.0) 74.3(70.1) 60.6(54.5) 81.0(77.5) 53.2(50.8)
F/Cl 48.3( 476) 80( 9.2) 01( 2.9) 16.0(14.1) 97.7(94.4) 76.7(74.0)
F/Br 59.4( 58.3) 12.7( 13.7) 09( 1.9) 8.4(6.7) 82.1(79.0) 61.2(58.8)
F/I 71.1( 69.7) 185( 19.4) 2.3( 06) 03( 1.1) 59.6(56.7) 42.6(40.4)
CI/Br 11.1( 108) 27.2(24.5) 50.6(47.0) 49.6(45.3) 95.3(91.9) 68.6(66.0)
ci 22.7( 222) 21.3(18.8) 51.3(47.7) 42.0(38.2) 79.5(76.3) 53.9(51.6)
Br/I 11.7( 114) 32.0(29.0) 62.5(58.5) 51.9(47.2) 81.3(77.9) 53.8(51.4)

2In the case of identity reactions, X and Y are the same; otherwise, Y denotes the halogen with the higher atomic number.

than or equal to that of Y. For X, Y = CI, Br, I, halogen
abstraction forming XY + CHs has the lowest endothermicity.
For X = F, proton abstraction is thermodynamically more
favored than FY formation, whereas for X = ClI, Br, I, proton
abstraction is the second lowest-energy endothermic channel.
Then, XH--Y formation opens usually with about 15 kcal/
mol higher endothermicity than proton abstraction. Hydride
substitutions are usually highly endothermic and have larger
reaction enthalpies than the corresponding XH--Y + CH,
channels except for X/Y = F/F. In all cases, except for Br/1 and
I/1, the XY + CH; channels are the most endothermic;
however, these product asymptotes correspond to excited
singlet electronic states above the two doublet products (XY
+ CH,3), which can also be formed on a singlet potential energy
surface. Furthermore, we note that even if the ground
electronic state of CH, is triplet, we consider here the singlet
XH--Y + ICH, products because these can be obtained with
adiabatic dynamics.

For the X + SiHgY reactions, the Sy2 channels are even
more exothermic than the C-centered analogues. Here, proton
abstraction is more favored than halogen abstraction in all
cases. Moreover, proton abstraction is always the lowest-energy
above Sy2, except for X/Y = F/F, where hydride substitution is
exothermic becoming even more favored than the thermoneu-
tral Sy2 channel. Furthermore, proton abstraction is also
exothermic for X = F and Y = ClI, Br, I, though in these cases,
Sn2 is even more exothermic. Unlike for the C-centered
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systems, XY + SiH; formation has always significantly higher
reaction enthalpy than proton abstraction and in all cases,
except for 1/1, both hydride substitution and XH---Y

formation are more favored than halogen abstraction. The
XH---Y +1SiH, channel is above the H + SiH,XY asymptote
for X/Y = F/F, CI/CI, F/CI, F/Br and in all other cases, the
former is less endothermic than the latter. (Note that unlike in
the case of CH,, singlet is the ground electronic state of SiH,.)
XY + SiH; is always the most endothermic channel, which
corresponds to an excited electronic state similar to the
carbon-centered analogue.

3.6. Basis Convergence. We studied the basis-set
convergence of the CCSD(T)-F12b relative energies of all of
the product channels and stationary points considered in the
present study. The correlations of the aug-cc-pVDZ and aug-
cC-pVTZ relative energies with the aug-cc-pVQZ reference
data are shown in Figures 9 and 10 for the products and
stationary points in the interaction region, respectively. For
classical reaction heats, the aug-cc-pVDZ and aug-cc-pVTZ
results agree with the aug-cc-pVQZ data with root-mean-
square errors (RMSEs) of 1.10 and 0.44 kcal/mol, respectively.
For the minima in the interaction regions, the corresponding
RMSEs are 0.26 and 0.15 kcal/mol, whereas for the transition
states the RMSE values are 0.42 and 0.21 kcal/mol, in order.
Thus, one can see the fast basis-set convergence of the
CCSD(T)-F12b method, often resulting in chemical accuracy
even with the small aug-cc-pVDZ basis set. The larger RMSES
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for the reaction enthalpies than for the Sy2 stationary points in
the interaction region can be explained by the fact that the
reaction enthalpies cover a significantly wider energy range
than the relative energies of the Sy2 stationary points and the
electronic structures of the reactants and Sy2 stationary points
are more similar than those of the reactants and products.
Furthermore, larger transition-state RMSES relative to those of
the minima can also be understood knowing that the basis sets
and ab initio methods usually perform better for minimum
structures than for the electronically more problematic
transition-state regions. Finally, comparing the basis-set
convergence for the C- and Si-centered systems, only subtle
di erence can be seen as also shown in Figures 9 and 10.

4. SUMMARY AND CONCLUSIONS

Based on the recent knowledge accumulated on the reaction
pathways of carbon-centered Sy2 reactions,*®%?>3032 e
present a comprehensive stationary-point characterization for
the X + CH3Y and X + SiHzY [X, Y = F, Cl, Br, 1] S\2
reactions using the explicitly correlated CCSD(T)-F12b
method with the correlation-consistent aug-cc-pVnZ [n = D,
T, Q] basis sets. Basis-set convergence tests are carried out,
and the results show that the relative energies obtained in the
present study are usually well within chemical accuracy. The
potential energy surfaces of the C- and Si-centered Sy2
reactions are qualitatively di erent from several aspects. For C-
centered reactions, the Walden-inversion process occurs on a
double-well potential, where a central or a somewhat reactant-
like transition state separates pre- and postreaction C,, ion-
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dipole complexes. Furthermore, halogen-bonded C,, front-side
complexes and X = F hydrogen-bonded C, complexes and
transition states also exist in the entrance channels. Moreover,
for X/Y = F/I, the front-side complex and, for F/Cl and F/Br,
the hydrogen-bonded complexes correspond to the deepest
minimum in the entrance channel. In the case of the Si-
centered reactions, the Walden inversion proceeds on a single-
well potential via a Walden TS-like central or somewhat
product-like minimum and hydrogen- and halogen-bonded
complexes cannot be found. The front-side attack retention
pathways have high barriers at C centers, whereas the front-
side attack transition states are submerged in most cases at Si
centers. Unlike for the C-centered reactions, at the Si center,
front-side minima with X Si Y angles close to 90° are found
both in the entrance and exit channels. For the first time, we
report double-inversion transition states for Si-centered Sy2
reactions, which are always above the reactant asymptotes and
the front-side attack transition states. Thus, for Si-centered Sy2
reactions, front-side attack is clearly the dominant retention
mechanism, which could be competitive with Walden inversion
in some cases. At C centers, clearly Walden inversion is the
major Sy2 mechanism in all cases and double inversion is the
lowest-energy retention pathway for X = F.

In addition to the Sy2 pathways, we also determine the
reaction enthalpies of various additional product channels,
including proton abstraction, hydride substitution, XH--Y
formation, and halogen abstraction. These additional channels
are always, usually highly, endothermic for the C-centered
reactions, whereas at the Si centers, proton abstraction, hydride
substitution, and XH--'Y formation are exothermic for some
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X = F cases. The knowledge of the reaction enthalpies of the
various possible product channels could be useful for future
global potential energy surface developments for these systems.
Furthermore, as all of the di erent product channels produce
di erent ions, the experimental detection of these reactions
could be straightforward. The present results could guide and
motivate such experiments and reaction dynamics simulations
to uncover the central atom e ects in ion molecule reactions.
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