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The preparation of organochalcogens has increased in recent times due to their promising biological

activity properties. This work studies the reaction mechanism of a nickel(0)-catalyzed cross-coupling

between benzonitrile and propanethiol to produce new C-S bonds by computational means. The pro-

posed mechanism follows the classical oxidative addition/transmetalation/reductive elimination cross-

coupling sequence, involving an unusual oxidative addition of a Ph—CN bond onto the active species. The

computed catalytic cycle for thioether synthesis has been examined to determine whether the same pro-
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Introduction

Over the past few decades, the preparation of organochalcogen
(Ch =S, Se, Te) compounds has garnered significant interest
in synthetic chemistry, largely due to their prevalence in
numerous compounds with potential biological interest." The
importance of sulfur in biologically active compounds is
undisputed and is present in many drugs across different func-
tional groups, e.g. sulfonamides, p-lactams, and thioethers,
among others.> Currently, more than 250 sulfur-containing
small molecule drugs, showing multiple medicinal appli-
cations, have been approved by US FDA.? It is worth noting
that, until recent times, the efficient and selective construction
of C-S bonds in transition-metal-catalyzed transformations
remained relatively scarce compared to methods developed for
other carbon-heteroatom bonds. This was mainly due to cata-
lyst poisoning by sulfur species, particularly thiols and disul-
fides,* which has been overcome in the last decades with the
development sophisticated catalytic platforms.
Currently, C-S bond formation is completely established as a
distinct field and has become an invaluable toolbox for

of more

“Seccid de Quimica Inorganica, Departament de Quimica Inorganica i Organica,
Universitat de Barcelona, Marti i Franqués 1-11, 08028 Barcelona, Spain.

E-mail: jjovermo@ub.edu

bInstitut de Quimica Teorica i Computacional (IQTC-UB), Universitat de Barcelona,
Marti i Franqueés 1-11, 08028 Barcelona, Spain

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d40b01865f

This journal is © The Royal Society of Chemistry 2025

tocol could be employed to build the analogous C-Se and C-Te bonds. The proposed mechanism for
C-S coupling is validated by microkinetic modeling and shows a very good agreement with available
experimental data. The extension of the proposed mechanism to C-Se and C-Te couplings indicates that
these new reactions should be operative, although their reaction rates appear to be significantly slower.

organic synthesis. Furthermore, it seems likely that there will
be an even greater demand for sulfur compounds across
several different areas, including biochemistry, drug design
and natural products. This will undoubtedly continue to drive
the discovery of novel catalytic systems that could have an
impact on health sciences.’

The physiological chemistry of selenium in living organ-
isms is almost exclusively that of selenocysteine, which is
found in a few types of selenoproteins.® This residue appears
in functional proteins with oxidoreductase activity that are
typically involved in the regulation of Ca®>" levels,” oxidative
stress,® protein folding® and inflammatory processes.'® Many
other selenium-containing compounds, including selenoe-
sters,"* selenocyanates,'” and ring motifs,"> can be employed
as anticancer agents.'® The interest in producing organic com-
pounds bearing selenium has increased over the years and a
vast range of synthetic protocols have been developed,'®”'®
these include e.g. coupling and hydroselenation processes'®
from a great number of selenium sources such as selenides,
diselenides, selenols, selenoesters, elemental selenium, etc.
Organotellurium compounds are scarcer than their sulfur and
selenium analogs; however, recent advances have shown prom-
ising experimental recipes to prepare them through alkyne
hydrotelluration,”” copper-catalyzed aryl iodide reactions with
elemental Te,'® and coupling arylboronic acids with ditelluride
reagents in the presence of copper™ or palladium®® catalysts.
Special mention should be made of a synthetic protocol allow-
ing the C-H chalcogenation of Cp rings of ferroceneamides
using ditellurides and copper(n) acetate as catalyst.>* The bio-
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logical activity of tellurium, often considered a toxic metalloid
possibly due to its affinity to Se,”* has been also studied.”?
Most active Te species have been reported as antioxidants,>*
anti-inflammatory,>® and anticancer*® drug candidates.

The current methods employed to build organochalcogen
compounds include metal-free,”” photocatalyzed,?® electro-
chemical®® and organocatalytic®® procedures. Nevertheless,
transition metal-catalyzed coupling processes seem to be the
best suited candidates to promote these processes due to their
availability, functional group tolerance and versatility. At first,
palladium was the transition metal of choice to carry out these
transformations®' but in recent years, there has been a notable
increase in the use of first-row transition metal compounds as
catalysts, for instance manganese,** iron,** cobalt,>* copper®”
and nickel*® systems have provided successful C-chalcogen
synthetic platforms. In 2021, Delcaillau and Morandi®’
reported a new procedure to prepare functionalized aryl
thioethers from aryl nitriles and thiols in the presence of a
nickel(0) catalyst (Scheme 1). The usage of the 1,2-bis(dicyclo-
hexylphosphino)ethane (dcype) ligand and potassium tert-but-
oxide (tBuOK) as the base provided a catalytic platform to
achieve this transformation. The process involves both the C-C
activation of the aryl nitrile, a relatively unusual electrophilic
substrate in cross-coupling, and the formation of the final C-S
bond while maintaining a very good functional group toler-
ance and allowing for the late-stage functionalization of com-
pounds with biological interest.

Although the reaction was developed only for coupling aryl
nitriles with organic thiolates, the same protocol can be envi-
saged to promote the same type of reaction with other chalco-
genides to construct new C-Ch (Ch = Se and Te) bonds. In this
work, the above-described nickel-catalyzed coupling between
benzonitrile (PhCN) and various alkyl chalcogenols is investi-
gated by computational means to assess its potential viability
to generate C-Se and C-Te bonds. In practice, the coupling
between PhCN and propanethiol (HSCH,CH,CHj;, HSPr from
here on), which has been used as a model system for the long
chain alkyl thiols used experimentally, will be studied to find a
plausible reaction mechanism for this chemical transform-
ation. Subsequently, the proposed catalytic cycle will be evalu-
ated to predict the feasibility of preparing new C-Ch bonds
with the same experimental setup, for which the potential
coupling of benzonitrile with propaneselenol (HSePr) and pro-
panetellurol (HTePr) will be explored. In all cases, microkinetic
analysis of the reaction outcome will accompany the DFT mod-
eling of the catalytic cycle in order to improve the understand-
ing of the underlying coupling mechanism.

[Ni(COD),] (15 mol%)
Z CN dcype (15mol%) Z
R | *R” H > R— |
™ tBuOK (1.2 eq.) ™

1,4-dioxane, 110°C

Scheme 1 Ni-catalyzed C-S coupling between benzonitriles and alkyl
thiols as described in ref. 37.
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Results and discussion

The first stage of this study consists of exploring the reaction
mechanism of the process depicted in Scheme 1 to propose a
plausible catalytic cycle for the Ni-catalyzed coupling between
benzonitrile and propanethiol. Different reaction pathways
have been explored for identifying a plausible reaction mecha-
nism; the mechanism that presents the lowest energy require-
ments is shown in Scheme 2 and the associated relative Gibbs
energy profile is represented in Scheme 3. A tridimensional
representation of all the species involved in the computed cata-
Iytic cycle can be found in Fig. S1 (ESI{).

The reaction starts from the [Ni(COD)(dcype)] complex (Io),
which is assumed to be formed from the equimolar initial
mixture of [Ni(COD),] and the diphosphine ligand. The next
stage of the reaction consists of an off-cycle replacement to the
remaining COD ligand in I, by an incoming benzonitrile to
produce the [Ni(dcype)(PhCN)] intermediate (I). In this com-
pound, benzonitrile is bound onto the nickel ion through the
triple C=N bond, which elongates from 1.15 A in free benzo-
nitrile to 1.23 A in I,, indicating a certain degree of electronic
transfer from the ligand to the metal. This replacement
process is exergonic by 4.3 kcal mol™". The reaction proceeds
by the oxidative addition of the Ph-CN bond onto the nickel
species to form the nickel(n) intermediate [Ni(CN)(dcype)Ph]

P
N
Ni°—COD
rd

lo ”
COD
Ph—C=N
F:’h
R R
G OATS N A
/N|°—III —_— /NIK
P N PP CN
|1 |2
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/ / \
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Scheme 2 Plausible reaction mechanism for the Ni-catalyzed coupling
between benzonitrile and propanethiol.
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Scheme 3 Relative Gibbs energy profile for the Ni-catalyzed coupling between benzonitrile and propanethiol.

(I). This C-C activation stage is controlled by the associated
transition state (OATS), which is located 17.3 kcal mol™
higher than the previous intermediate. This transition state
corresponds to a 3-membered concerted cyclic structure, in
which the breaking C-C bond elongates to 1.87 A, while the
Ni-CN and the Ni-Ph distances are 1.82 and 1.94 A, respect-
ively (Fig. 1a). After this transition state, intermediate I, is
obtained; this complex adopts the expected square planar geo-
metry and is located 3.2 kcal mol™ below I, (at a relative
Gibbs energy of —7.5 kcal mol ™). Propanethiol then enters the
catalytic cycle, but it does so in the form of the corresponding
potassium salt (KSPr), which is obtained after the direct depro-
tonation of the thiol with potassium tert-butoxide. This depro-
tonation process should be considered barrierless because its
transition state has a Gibbs energy value lower than the sum
of the energies of the separated reactants. The deprotonation
process is exergonic by 8.5 kcal mol™, this amount of energy
is added to all the following species. Attempts were made to

identify reaction intermediates prior to deprotonation where
both reactants would interact favorably; however, all efforts
resulted in encounter compounds with higher energies than
the transition state or in the fortuitous deprotonation of the
thiol. Thus, the formation of KSPr from propanethiol and
tBuOK is considered to be complete in a very short time and,
consequently, this is the species that will be employed for the
computational modeling. The addition of KSPr onto I, leads to
the formation of a new intermediate (I;) where the potassium
cation interacts with the terminal N of the cyanide, at 2.96 A.
Although this distance seems quite long, it falls well within
the sum of the van der Waals radii of both atoms and in the
range of distances found for similar species in the Cambridge
Structural Database, where this distance spreads between 2.6
and 3.5 A. This interaction, along with other dispersion contri-
butions between the potassium and the dcype ligand stabilize
I;, causing this species to exhibit a relative Gibbs energy of
—29.0 kcal mol™. Since the terminal nitrogen of the cyano

Fig. 1 Transition states found for the Ni-catalyzed thiolation of benzonitrile, (a) oxidative addition (OATS); (b) transmetalation (TMTS); (c) reductive
elimination (RETS). Color code: Ni, iceblue, C, gray; N, blue; O, red; P, orange; S, yellow; K, purple. For clarity H atoms have been omitted. Numeric

values correspond to bond distances in A.
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group is not sterically hindered, no transition state was con-
sidered to govern this addition stage. The transmetalation step
takes then place to exchange the cyanide onto the nickel for
the incoming thiolate group. This stage of the reaction is con-
trolled by the corresponding transmetalation transition state
(TMTS), which was found by performing a relaxed potential
surface energy scan of the Ni-S distance. This process entails
the partial reoptimization of I with 0.1 A decrements from the
starting Ni-S distance (4.93 A) to a much shorter bond dis-
tance (2.23 A), in which the metal has already been bound by
the thiolate. While the Ni-S distance decreases, the cyano
group was found to migrate from nickel to potassium. The
highest energy point found during this procedure should be
close to the real transmetalation transition state and was sub-
sequently optimized to finally produce TMTS. In this species,
the Ni-S and Ni-C distances are 2.35 and 2.76 A (Fig. 1b),
respectively, whereas the geometrical arrangement of ligands
agrees with a distorted trigonal bipyramid, as would be
expected for a ligand substitution in a square planar Ni(u)
compound. The transmetalation process requires an energy
investment of 15.5 kcal mol™ to take place and produces inter-
mediate I,. This complex is 3.7 kcal mol™" higher in energy
than I, and displays a number of non-covalent interactions
between potassium cyanide and the [Ni(dcype)Ph(SPr)] frag-
ment. The release of the coordinated KCN into the reaction
mixture gives rise to the obtention of the square planar [Ni
(dcype)Ph(SPr)] intermediate (I5). This species is a bit more
stable than the preceding intermediate (0.4 kcal mol™" lower
in energy). The final thioether product, (propylthio)benzene,
can be generated by reductive elimination from intermediate
I; the transition state governing this process (RETS) requires
27.5 keal mol™". This concerted trigonal cyclic transition state
shows C-S, Ni-C and Ni-S distances of 2.08, 2.02 and 2.24 A,
respectively, and adopts a distorted geometry in which both
SPr and Ph group have slightly abandoned their square planar
original positions (Fig. 1c). After RETS, the [Ni(dcype)(PhSPr)]
intermediate (Is) is formed. In this compound, the newly
formed product remains attached to the nickel(0) center
through the sulfur atom of the thioether; the alternative
complex in which PhSPr is coordinated to the metal through a
n°-(n) interaction of the phenyl ring is 2.7 kcal mol ™" higher in
energy. Although I is higher in energy than all the previous
nickel compounds (its relative Gibbs energy is —9.4 kcal
mol ™) is still viable as a transient species where the product
can be released by trapping a new benzonitrile substrate,
which would take the reaction back to the initial in-cycle active
species (I;) with a moderate overall energy release (AGg) of
14.4 keal mol ™.

The analysis of the whole catalytic cycle allows several con-
clusions to be drawn. First, the individual oxidative addition
(17.3 kcal mol™) and reductive elimination (27.5 kcal mol™)
barriers align with the usual behavior of Ni(0)/Ni(u) catalytic
cycles, in which the former is lower due to the stabilization of
the higher oxidation state, typical from first-row transition
metals. Second, the overall barrier of the process (AG*), formu-
lated within the Energetic Span Model,*® is 30.8 kcal mol™;
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this value is obtained as the Gibbs energy difference between
the reductive elimination transition state (RETS) and inter-
mediate I; (ie. AG* = 1.8 — (—29.0) = 30.8 kcal mol™).
Although it may be qualitatively helpful, it is difficult to judge
whether a complex reaction can occur from the value of the
activation barrier alone, and 30.8 kcal mol™ seems to be a
relatively high energy requirement for a process working at
110 °C. Today, microkinetic modeling can provide a more
quantitative rationalization of the combined ensemble of indi-
vidual steps of catalytic reactions, leading to the formation of
intermediates and products over time. In this case, the micro-
kinetic modeling analysis of the reaction, including the steps
shown in Scheme 2, suggests that the computed Gibbs ener-
gies are in the appropriate range. Experimentally, the reaction
between dodecylthiol and benzonitrile affords a 94% yield in a
16-hour catalytic run, although the product generation rate is
unknown. The microkinetic model, which includes the com-
plete experimental setup regarding initial concentrations, reac-
tion time, etc., produces an estimated yield of 85%. However,
in the simulation the reaction stops before completion at ca.
12 hours (Scheme 4, dotted line). This behavior can be attribu-
ted to the intrinsic formulation of the proposed catalytic cycle,
which employs benzonitrile both as an off-cycle activator (to
generate I;) and as a reactant for the subsequent reaction turn-
overs after the formation of I.

These two roles entail that, as the reaction proceeds, the
amount of PhCN decreases up to the point where it can no
longer promote the product release from Is. This causes the
reaction to stop at 85% of its course because the remaining
15% of benzonitrile remains trapped mostly as intermediate
I;. This issue can be solved by adding additional stages to the

100 -
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Scheme 4 Time evolution of nickel-catalyzed C-S (dotted line: initial
mechanism shown in Scheme 2, solid line: modified mechanism includ-
ing the steps in Scheme 5), C-Se and C-Te theoretical yields produced
by microkinetic modeling of the catalytic cycles.
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computed reaction mechanism, which provide an alternative
pathway to regenerate the active species without using benzo-
nitrile (Scheme 5). The expansion of the catalytic cycle requires
the calculation of a new species [Ni(dcype)(KSPr)] (I;) that may
be formed by the replacement of the product in Is by KSPr.
This modification allows the liberation of the final product
without relying on the availability of free benzonitrile. The for-
mation of complex I, releases 18.0 kcal mol™; hence, this
intermediate is located —27.4 kcal mol™" lower than the start-
ing materials. After its formation, I, can generate the catalytic
active species I; by direct exchange between PhCN and KSPr;
this process is practically thermoneutral. The inclusion of
these two additional reaction stages has a clear effect on the
microkinetic model. Initially, when the amount of benzonitrile
is significant, the reaction can proceed according to the reac-
tion sequence described in Scheme 2. Along time, as benzo-
nitrile is consumed, the alternative pathway (Scheme 5,
bottom) becomes more important for promoting the product
release and the regeneration of I,. The modified microkinetic
model affords a theoretical yield of 95% in a 16-hour run
(Scheme 4, solid line), practically the same value that was
observed experimentally. An additional KSPr/COD exchange at
intermediate I, was included into the microkinetic model to
check whether the initial species active could be sequestered
by the thiolate; however, the impact of this stage is insignifi-
cant on the final performance of the model and could be dis-
carded. In the end, the relatively close agreement between the
experimental and computed reaction outcomes should validate
the methodology employed and the proposed catalytic cycle,
which can be used as a basis for the prospective study of
similar coupling reactions that may promote the formation of
C-Se and C-Te bonds.

The reaction mechanism has been explored to ascertain
whether the studied catalytic system can promote the prepa-
ration of the analogous C-Se and C-Te compounds. For this
purpose, the starting propanethiol has been replaced by propa-
neselenol (HSePr) and propanetellurol (HTePr), respectively,
and the catalytic cycle has been recomputed. The relative
Gibbs energies for these new systems can be found in Table 1.

PhCN

R Ph P ﬁ,h
N\ oot \ C
NETS Nie—ll
/ N
I P Pr P
6 PhEPr Iy
KSPr KSPr
K
PhSPr kN o ol PhCN
7
P Pr
I7
Scheme 5 Initially proposed (top) and alternative (bottom) stages to

regenerate the active species |; and to release the final product.
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Table 1 Computed relative Gibbs energies (in kcal mol™) for all the
species involved in the catalytic cycles for C-S, C-Se and C-Te coup-
lings. Bold energies indicate the species determining the Gibbs energy
activation barrier

Species R-SH R-SeH R-TeH
I 0.0 0.0 0.0
I -4.3 -4.3 -4.3
OATS 13.0 13.0 13.0
L -7.5 -7.5 -7.5
I; —29.0 —35.2 —40.4
TMTS —13.4 -19.3 -21.1
I —25.3 -30.6 -33.0
I; —25.7 -30.9 -33.9
RETS 1.8 -2.3 -8.1
Is 9.4 -9.6 -11.5
I, —27.4 —34.1 -38.0
I -18.7 -18.2 -19.0
Overall AGy —14.4 -13.9 -14.7
Barrier (AGY) 30.8 32.9 32.3

The usage of propaneselenol as substrate presents parallel
results to those found for propanethiol. As may be observed,
the Gibbs energy profile shows the same features as those
found for HSPr, with slightly higher relative energies. The indi-
vidual transmetalation and reductive elimination barriers
require 15.9 and 28.6 kcal mol ™, respectively, indicating that
these stages are very similar to those found for propanethiol.
The overall barrier of the reaction, computed within the
Energetic Span Model as the energy difference between RETS
and I, is 32.9 kcal mol~". This barrier is slightly higher than
that computed for the C-S coupling, and therefore a slower C-
Se coupling should be expected. Indeed, the obtained yield
through microkinetic modeling is 24% (Scheme 4), as should
be expected for a reaction displaying an energy barrier over
32 kcal mol™" at 110 °C. In any case, the computed data
suggest that the C-Se coupling between selenols and benzo-
nitriles may be viable with the original nickel catalyst,
although longer reaction times would be needed.

Propanetellurol shows a similar behavior to the other
propyl chalcogenols studied albeit some small differences may
be identified. In this case, the transmetalation stage shows an
increased activation energy: 15.5, 15.9 and 19.2 kcal mol™" for
HSPr, HSePr and HTePr, respectively, which may be attributed
to the larger size of tellurium. For instance, the TMTS for sel-
enium and tellurium, show that while the breaking Ni-CN dis-
tance remains in a small range: 2.78 vs. 2.85 A, the Ni-Se and
Ni-Te distances are quite different: 2.34 vs. 2.68 A, respectively.
Hence, it seems that the weaker stabilization of the metal
center due to the chalcogen coordination increases the trans-
metalation barrier. The reductive elimination from intermedi-
ate I in the C-Te coupling requires 25.8 kcal mol™, showing
the highest energy requirement along the reaction coordinate.
This value is significantly lower than those found for the
lighter analogous chalcogens. This reduced energy require-
ment could be also attributed to the larger size of Te, which
should produce a weaker, and thus more easily cleaved, Ni-Te
bond that would speed up the reductive elimination. As in the
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previous cases the overall barrier of the reaction can be calcu-
lated as the energy difference between OATS and I3, which
equals to 32.3 keal mol™. The microkinetic model of this reac-
tion produces a 34% yield (Scheme 4) in agreement with its
relatively large energy requirements; however, the full ensem-
ble of elementary steps shows an overall activity in between to
that observed for the previous catalytic systems, suggesting
that the nickel(0) catalyst should be able to promote the pro-
posed C-Te coupling at longer reaction times than the analo-
gous C-S process.

It should be noted that the transition from sulfur to the
larger chalcogens may open alternative reaction pathways; for
example, radical species could be formed either by outer-
sphere electron transfer processes or by homolytic cleavage of
Ni-Ch bonds of the in-cycle catalytic species. Some of these
possibilities, since it would not be plausible to cover all of
them, have been calculated to ensure that the catalytic cycle
described above remains the preferred pathway when using
selenols and tellurols as starting materials. First, the outer-
sphere single electron transfer (SET) between the stating nickel
(0) intermediate (I,) and the initial alkyl chalcogenol, to
produce the corresponding Ni(1) cationic species and the
radical chalcogen anions, has been computed to require more
than 60 kcal mol™" for all the HChPr reactants, indicating that
this SET process is highly unlikely to occur during the reac-
tion. The homolytic cleavage of the Ni-Ch bond in intermedi-
ate I, which would produce the [Ni(dcype)Ph] intermediate
and the corresponding ChPr radical, has been found to
require more than 36 kcal mol™" for the three chalcogens.
These values suggest that this pathway, although showing rela-
tively close energy requirements to the reductive elimination,
could also be ruled out. In fact, it has been reported elsewhere
that the formation of chalcogen-centered radicals requires
harsh conditions to occur.*® Finally, the formation of dialkyl
dichalcogenides from the starting chalcogenols, accompanied
by the release of molecular hydrogen has been studied. In this
case, the thermodynamics of the processes indicate that this
could only be favored for tellurides (ca. —10 kcal mol™). The
transition states for these processes have not been sought but,
typically, the formation of dihydrogen requires the presence of
a metal support, which is not present in the studied system. In
the end, other operative radical processes cannot be ruled out,
and only an experimental study of the described selenol and
tellurol couplings could claim that the reactions proposed here
may be achieved, but this is beyond the scope of this work.

Conclusions

A plausible mechanism has been proposed for the nickel-cata-
lyzed cross-coupling between benzonitrile and propyl chalco-
genols (HChPr, Ch = S, Se, Te). The reaction seems to follow
the typical oxidative addition/transmetalation/reductive elim-
ination sequence for a nickel(0)-promoted process showing
relatively small variations among the studied organochalcogen-
ide compounds.
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The calculated overall reaction barriers for coupling benzo-
nitrile with propanethiol, propaneselenol and propanetellurol
are 30.8, 32.9 and 32.3 kcal mol™, respectively. In all cases,
the reductive elimination of the final product presents the
highest energy requirements, which is usually observed for Ni
(1) compounds.

The microkinetic modeling, built from the computed rela-
tive Gibbs energies, allows the simulation of the reaction
course and serves to positively assess the employed compu-
tational methodology. The good agreement between the
theoretical and experimental yields of the C-S coupling vali-
date the proposed catalytic cycle, which can be subsequently
used to analyze the potential usage of the same catalytic plat-
form to construct C-Se and C-Te bonds. These two processes,
which would allow the production of drug-like compounds,
appear to be feasible, although the results obtained suggest
that the reaction rate would be slower, so that longer reaction
times would be required.

Computational details

All the structures have been optimized in solution with the
Gaussian16 package’ and the B3LYP functional.”’ In the
optimization process the Ahlrichs triple-zeta basis set TZVP*?
has been used for all atoms except for Te, which has been
described with the SDD*® basis set and its corresponding ECP.
Tight convergence criteria along with ultrafine integration
grids have been used ensure satisfactory convergence. In all
cases, the solvation energies have been computed in 1,4-
dioxane with the SMD** version of the IEFPCM*® continuum
dielectric solvation model. The dispersion correction terms
have been included in all the calculations by using the
D3 method of Grimme.*® These computational settings are
referred to as BS1 scheme. Frequency calculations were carried
out for all the stationary points computed with BS1 to ensure
the nature of local minima and transition states, which have
zero and one imaginary frequencies, respectively. Additional
single-point calculations, including solvation and dispersion
corrections, were employed to obtain improved Gibbs energy
values with larger basis sets on the optimized geometries. The
def2-QZVP" basis set was used to describe all the atoms.
These computational settings are referred as BS2 scheme. The
computed Gibbs energies have been corrected to use a stan-
dard state corresponding to species in solution with a concen-
tration of 1 M.

Unless otherwise stated, all the Gibbs energy values in the
text correspond to those computed with the larger basis sets
BS2 including SMD/PCM solvation and the D3 dispersion
terms; the entropic corrections to the Gibbs energy are
extracted from the BS1 scheme at 110 °C. The detailed pro-
cedure for obtaining the final Gibbs energy values is described
in the ESL{ Similar computational settings have been pre-
viously employed in other metal-catalyzed reactions, including
nickel, and have been shown to produce accurate results.*®
During the review process, one reviewer asked whether the

This journal is © The Royal Society of Chemistry 2025
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choice of functional (B3LYP) was appropriate for modeling the
studied reaction. To check for this potential issue, the overall
reaction barrier of the coupling between propanethiol and
benzonitrile was calculated with different density functionals,
namely BP86," PBE,*° MO6L,>* MN12SX,> PBE0>® and
wB979XD.>* This process requires fully recalculating the I,
KCN and RETS species for each functional. The calculated bar-
riers are: 25.9, 23.1, 25.3, 28.1, 28.2, 31.3 kcal mol™, for BP86,
PBE, M06L, MN12SX, PBEO and ®B979XD, respectively. The
energy barriers found for the pure functionals are excessively
low and they should therefore be discarded. In general, the
hybrid functionals show higher energy requirements; the only
functional showing a barrier close to that found for B3LYP
(30.8 kcal mol ™) is ®B979XD (31.3 kecal mol ™), indicating that
the latter would produce - broadly speaking - a similar
outcome, although its slightly higher barrier would end up
producing a slower overall reaction. In any case, the B3LYP
microkinetic model is in such good agreement with the avail-
able experimental data that any other functional would prob-
ably give worse results.

To slightly reduce the computational cost and the confor-
mational noise of the alkylic thiol chain, the original dode-
cylthiol substrate has been replaced by its shorter analogs pro-
panethiol (HSPr). The same approach has been considered for
the selenium and tellurium analogs, therefore propaneselenol
(HSePr) and propanetellurol (HTePr) have been used as pro-
spective substrates for the C-Se and C-Te coupling reactions,
respectively.

The deprotonation stage of each starting propyl chalcogenol
(HChPr) with tBuOK has been computed. These calculations
show, in all cases, that the transition state governing this
process is lower in energy than the corresponding separated
reactants, indicating that the proton transfer should be bar-
rierless under the reaction conditions. An intensive search for
stable encounter complexes between HChPr and ¢tBuOK prior
to deprotonation has been carried. However, the intermediates
found are either more energetic than the initial reactants or
undergo spontaneous deprotonation of HChPr.

Special care has been taken when modeling the organo-
metallic species involved in the computed catalytic cycles; in
this case, one of the potential important issues is the change
in the coordination number of the metal centers along the
computed pathways, typically by the binding of substrate or
explicit solvent molecules. The calculations indicate that
nickel complexes do not tend to expand their coordination
sphere by binding additional solvent molecules. On the other
hand, potassium seems to prefer adding one coordinated
solvent molecule; therefore, one explicit O-bound 1,4-dioxane
molecule has been added to all the potassium atoms within
the calculations. Thus, in all the schemes included in this
report; the coordination number around the nickel centers
always corresponds to the number of bound ligands while pot-
assium always bears one attached solvent molecule, which is
not displayed for clarity.

The simulation of the reaction kinetics has been performed
with the COPASI>® software. The rate constants of all the

This journal is © The Royal Society of Chemistry 2025
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forward and backward steps in the catalytic cycles have been
computed from the DFT energy differences using the method-
ology described in the ESL{ The derived rate constants have
been fed into microkinetic models to generate the transient
concentrations of all the species along the reaction course.
Similar kinetics simulations have been successfully employed
to assess and support computed reaction mechanism
proposals.>®
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