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Understanding the Highly Regioselective Cyanothiolation of
1-Alkynes Catalyzed by Palladium Phosphine Complexes
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A computational study with the Becke3LYP DFT functional was carried out on the palladium-catalyzed
regioselective cyanothiolation of 1-alkynes with thiocyanates. The full catalytic cycle was computed,
starting from the oxidative addition and finishing with the reductive elimination. The two most important
issues, namely, the regioselective bond cleavage of thiocyanates and the nature of insertion of 1-alkynes
into a Pd—S bond, are discussed. The calculations indicate that the sulfur—cyano (PhS—CN) bond cleavage
on Pd(0) is kinetically and thermodynamiclly more favorable than the carbon—sulfur (Ph—SCN) bond
cleavage. The kinetic preference of 1,2-insertion over 2,1-insertion in the alkyne insertion step leads to
the cyanothiolation products with the SPh group attached to the substituted carbon atom of 1-alkynes.

Introduction

Many organic heteroatom compounds such as organosilicon,
organoboron, and organotin are very useful species in transition-
metal-catalyzed carbon—carbon bond formations.! However,
group 16 heteroatom compounds used to be recognized as
catalyst poisons in the transition-metal-catalyzed reactions,
leading to the rare appearance of these compounds in the
catalyzed reactions.” In 1991, Ogawa et al. first showed an
efficient transition-metal-catalyzed addition of organic disulfides
to alkynes.® Since then, organosulfur compounds have attracted
attention in transition-metal-catalyzed reactions, and several
synthetically useful transition-metal-catalyzed addition reactions
of organosulfur compounds to unsaturated compounds have been
developed by many groups.*” Recently, Ogawa et al. reported
a highly regioselective cyanothiolation of alkynes catalyzed by
tetrakis(triphenylphosphine)palladium(0) eq 1. The reactions
introduce both thio and cyano groups into the internal and
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terminal positions of 1-alkynes, respectively, with excellent
regioselectivity. In addition, the cyanothiolation reactions mainly
produce products having a Z-configuration about the double
bond. It was proposed that the reactions proceeded via a
mechanism similar to many other Pd-catalyzed cross-coupling
reactions, which starts with an oxidative addition of thiocyanates
followed by a thiopalladation or a cyanopalladation and then a
reductive elimination.

In the alkyne cyanothiolation reactions reported by Ogawa et
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R = n-hexyl, isopentyl, tol, Ph, benzyl, cyclohexenyl

)]

al., there are two interesting and important issues that require
theoretical studies. The first one concerns the bond cleavage in
thiocyanates. It was found that the oxidative addition of PhNSCN
to Pd(0) proceeds with the cleavage of the PAS—CN bond rather
than the Ph—SCN bond. It has been known that the bond cleavage
in thiocyanates can occur at either the o (R—SCN) or 5 (RS—CN)
bond. Houmam et al. investigated the electrochemical reduction
of a series of substituted phenyl and benzyl thiocyanates.” For the
phenyl thiocyanates, only the 8 bond cleavage can be observed,
but for the benzyl thiocyanates, both the o and 8 bonds can be
cleaved, depending on the substituents on the benzyl ring.

Another important issue that needed to be addressed is the
regioselectivity of the cyanothiolation of the terminal alkynes.
In the experiments, the thio group is always introduced to the
internal position of the alkynes.® It is unclear what factors
determine the regioselectivity.

In this work, we investigated the mechanism of the Pd-

catalyzed cyanothiolation of 1-alkynes in detail and addressed
the two important issues mentioned above.
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Computational Details

Molecular geometries of the complexes were optimized at the
Becke3LYP level of density functional theory.® Frequency calcula-
tions at the same level of theory were also performed to identify
all the stationary points as minima (zero imaginary frequencies) or
transition states (one imaginary frequency) and to provide free
energies at 298.15 K. The intrinsic reaction coordinate (IRC)°
analysis was carried out to confirm that all stationary points are
smoothly connected to each other. The Pd, S, and P atoms were
described using the LANL2DZ basis set including a double-§
valence basis set with the Hay and Wadt effective core potential
(ECP).'® An additional d polarization shell was added for S and P
with exponents of 0.421 and 0.340, respectively.'' The 6-31G'?
basis set was used for other atoms, and polarization functions were
added for C (g = 0.600) and N (&g = 0.864)."'! Molecular orbitals
obtained from the B3LYP calculations were plotted using the
Molden 3.7 program written by Schaftenaar.'® All calculations were
performed with Gaussian 03 packages.'* In most of our DFT
calculations, we used PH3 as a model for PPh;. To study the steric
effect missed from the small model calculations, we performed two-
layer ONIOM'® (B3LYP/BSI:HF/Lanl2MB) calculations with the
real PPh; ligand for several selected species. In the ONIOM
calculations, the phenyl groups attached to phosphorus atoms were
treated at the lower level method, HF with the Lan]2MB minimal
basis set,'® while the rest were treated at the higher level method,
B3LYP with the same basis set as those in the model calculations
(BSD).

Results and Discussion

A. Ocxidative Addition of Thiocyanatobenzene to Pal-
ladium(0). Scheme 1 shows the proposed reaction mechanism
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Figure 1. Potential energy profiles calculated for the oxidative
addition of PhSCN to Pd(PPhs),. The relative free energies (kcal/
mol) and electronic energies (kcal/mol, in parentheses) are given
for model systems (L. = PH3). The relative electronic energies (kcal/
mol) in brackets were obtained on the basis of the ONIOM
calculations, which consider the steric effect of the realistic PPhs
ligands.
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Figure 2. Spatial plots and the orbital energies of the LUMO (left)
and LUMO+1 (right) for PhASCN.

for the catalytic cyanothiolation of alkynes. Similar to many
other Pd-catalyzed cross-coupling reactions, the first step
involves oxidative addition of electrophiles to the coordinatively
unsaturated 14-electron species “L,Pd(0)”. Ogawa et al. have
isolated the square-planar complex trans-Pd(SPh)(CN)(PPhs),
by reacting Pd(PPhs); with 1 equiv of PhSCN.® The square-
planar complex can also catalyze the cyanothiolation reactions.
The oxidative addition of PhSCN proceeds with the cleavage
of the sulfur—cyano bond (PhS—CN), not the carbon—sulfur
bond (Ph—SCN). As mentioned in the Introduction, the bond
cleavage in the RSCN compounds could occur at either the o
(R—SCN) bond or the f (RS—CN) bond. We first calculated
the bond dissociation energies for both the o and 8 bonds for
the PhSCN molecule. The results show a large difference
between the a and S bond strengths, with the 5 bond being
about 15 kcal/mol stronger than the o one. The S bond
dissociation energy (PhSCN — PhS + CN) was calculated to
be 89 kcal/mol, while the o bond dissociation energy (PhSCN
— Ph + SCN) was calculated to be 74 kcal/mol. The difference
in the bond dissociation energies is expected, as it is generally
believed that the a bond cleavage is more facile than the f one.
Interestingly, the oxidative addition observed in the alkyne
cyanothiolation reactions reported by Ogawa et al. cleaves the
stronger bond rather than the weaker one.

The calculated potential energy profiles for the oxidative addition
of PhSCN to Pd(PPhs), illustrated in Figure 1 show a kinetically
and thermodynamically favorable 3 cleavage, consistent with the
experimental findings. In the figure, the relative free energies (AG)
and electronic energies (AE, in parentheses) are given for model
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Figure 3. Selected structural parameters (A) calculated for the
species shown in Figure 1.

systems (L = PH3). To examine the reliability of the PH3 model
systems, we also performed two-layer ONIOM calculations with
the PPh; ligands. The relative electronic energies are given in
brackets in Figure 1. From the figure, we can see that all the PH3
model systems and their corresponding PPh; systems have similar
relative electronic energies AE except the oxidative addition product
1. The difference in the relative electronic energies between the
PH3 and PPh; systems for 1 is calculated to be 5.6 kcal/mol, much
greater than expected. We do not have an explanation for this
discrepancy. To further check if the PH3 model calculations give
reliable results, we extended the ONIOM calculations with the PPhs
ligands to the species 4, TS_5, and TS_6, which were important
in the regioselectivity discussed below. The PPh;-ONIOM calcula-
tions give relative electronic energies of —10.1 kcal/mol for 4, —2.3
kcal/mol for TS_S and 1.7 kcal/mol for TS_6. The corresponding
PH3 model calculations give relative electronic energies of —12.0
kcal/mol for 4, —4.6 kcal/mol for TS_5, and —0.9 kcal/mol for
TS_6. These results indicate that the PH; model systems can
describe the reactions properly. These results are understandable
because the systems dealt with here have small coordination
numbers and the steric effect of the bulky PPh; is relatively less
important. Our discussion below will focus on the PH3 model
systems. Taking into account the effect of entropy, we use the free
energies rather than the electronic energies (without ZPE correction)
for our discussion since the reactions studied here involve two or
more molecules.

The energy profiles reveal that the 5 bond cleavage of PhSCN
on the Pd(0) center needs to overcome an energy barrier of only
16.5 kcal/mol, which is much lower than the corresponding
energy barrier of 25.2 kcal/mol for the o bond cleavage.
Moreover, examining the oxidative products, it is seen that 1,
generated from the 8 bond cleavage, is energetically located at
4.0 kcal/mol below 2, derived from the o bond cleavage. These
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Figure 4. Potential energy profiles calculated for the cis-to-trans
isomerization and substitution of PH; with a propyne substrate
molecule in the square-planar complex Pd(SPh)(CN)(PH3),. The
relative free energies and electronic energies (in parentheses) are
given in kcal/mol.

results indicate clearly that the  bond cleavage of PhSCN is
much more favorable than the o bond cleavage both kinetically
and thermodynamically, although the 8 bond is stronger than
the o one.

Oxidative addition involves breaking of a C—S bond. Electron
transfer occurs from the Pd(0) metal center to the substrate
molecule. Therefore, we expect that the different reactivity of the
two different C—S bonds in PhSCN is likely related to the
characteristics of the LUMO of PhSCN, which acts as an acceptor
of electrons during the oxidative addition process, similar to what
we found in oxidative addition of aryl halides to Pd(0).'® Figure 2
shows the spatial plots of the LUMO. We can easily find that the
LUMO corresponds mainly to a sr*-antibonding orbital in the SCN
moiety. When the PhSCN substrate approaches the Pd(PPhs),
fragment, the electrons back-donated by the Pd center are easily
hosted by the 77* orbital of the SCN moiety, facilitating the 3 bond
cleavage. On the contrary, the electron transfer to the phenyl moiety
leading to the o bond cleavage is relatively harder because the
virtual orbitals having Ph—SCN sr*-antibonding character are lying
much higher. The easier electron transfer to the SCN moiety makes
TS_1 an early transition state. In contrast, TS_2 is a late transition
state, which is confirmed by the calculated structures of the
transition states shown in Figure 3. The S—CN bond is stretched
by 0.192 A in TS_1, while the PA—SCN bond is stretched by 0.345
A in TS_2, indicating that TS_1 is an earlier transition state than
TS_2. For the oxidative products, 1 has shorter Pd—S and Pd—C
bonds than 2. Moreover, the phenyl ligand shows a larger trans
influence in comparison with the cyano ligand since the Pd—P bond
trans to CN in 1 is 0.08 A shorter than the one rrans to Ph in 2.
These structural parameters reveal that 1 possesses better Pd—ligand
interactions, being thermodynamically more stable than 2. Deviation
of the metal-ligand geometric parameters of the PH3 model systems
shown in Figure 3 from those of the PPhs systems illustrated in
Figure S1 in the Supporting Information is small, indicating again
that the model systems are appropriate for our study here.

B. cis-to-trans Isomerization and Ligand Substitution
of trans-Pd(SPh)(CN)(PH3),. As mentioned above, PhSCN
reacts with Pd(PH3), through a three-centered transition state, giving
rise to the cis-Pd(SPh)(CN)(PH3), complex 1. Experimentally, it

(16) Ariafard, A.; Lin, Z. Organometallics 2006, 25, 4030.
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Figure 5. Selected structural parameters (A) calculated for the species shown in Figure 4.

was found that the cis-isomer would subsequently isomerize to the
thermodynamically more stable frans-isomer.® An analogous cis-
to-trans isomerization process in the square-planar complex
(H,C=CH)PdBr(PH3), was reported by Maseras and co-workers.'”
They observed that the direct cis/trans four-coordinate rearrange-
ment has quite a high barrier, while the other two alternative
mechanisms, involving either phosphine dissociation or association
of an external ligand, have a significantly lower energy barrier.
On the basis of their work, we can safely assume that regardless
of which mechanism the isomerization undergoes, this step should
not be a critical obstacle for the overall process. Therefore, we
discuss here only the isomerization process involving a three-
coordinate rearrangement, with an initial loss of a phosphine ligand,
passing through the intermediates 1a and 1b. The energy profile

(17) Braga, A. A. C.; Ujaque, G.; Yano, S.; Maseras, F. Organometallics
2006, 25, 3647.

for the whole cis-to-trans isomerization is summarized in Figure
4. The monophosphine intermediate la can be obtained by
dissociating the phosphine frans to cyano in the cis square-planar
complex 1, and the intermediate 1b can produce the trans square-
planar complex 3 by simply coordinating with a phosphine ligand.
Both 1a and 1b adopt a T-shaped geometry around Pd, as expected
for 14-electron ML3; complexes. The stability of the two structural
isomers is similar to each other. 1b is slightly more stable than 1a.
The conversion from 1a to 1b goes through the Y-shaped transition
state TS_3, overcoming a small barrier of 10.3 kcal/mol. The angles
S—Pd—P were calculated to be 97.7° in 1a, 103.1° in 1b, and
142.5° in TS_3, Figure 5. The feasibility for this three-coordinate
mechanism is in agreement with previously reported experimental
and theoretical evidence.

Experimentally, it was also found that the thermodynamically
more stable frans-isomer could also catalyze the cyanothiolation
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Figure 6. Potential energy profiles calculated for the propyne insertion involving thiopalladation and the reductive elimination steps. The
relative free energies and electronic energies (in parentheses) are given in kcal/mol.

of alkynes.° Starting from the trans-Pd(SPh)(CN)(PH3), complex
3, substitution of one PH; ligand with an 1-alkyne substrate
molecule (here propyne as the model substrate) occurs to give 4,
a precursor species ready for insertion reactions (see below). As
shown in Figure 4, the ligand substitution is endothermic: 4 +
PH3 is 6.8 kcal/mol less stable than 3 + propyne. The reaction
barrier is evaluated to be 20.4 kcal/mol, and the corresponding
transition state TS_4 adopts a typical trigonal-bipyramidal structure
with the PhS and CN ligands occupying the two axial sites. The
C—C triple-bond distance of the #”-coordinated propyne was
calculated to be 1.228 A for complex 4, about 0.02 A longer than
that in the free propyne. In the square-planar complex 4, the alkyne
ligand is perpendicular to the square plane of the complex.

In the catalytic processes, the substitution step may not
necessarily occur since the alkyne substrate has a much higher
concentration than phosphine and can coordinate to the inter-
mediate 1b to form complex 4 directly. Even though the trans-
isomer 3 can be formed much more easily, complex 4 can be
obtained via a direct process of 3 — 1b — 4 without the need
of having the substitution step.

C. Propyne Insertion and Reductive Elimination. Starting
from 4, alkyne insertion can occur via either thiopalladation or
cyanopalladation. The calculated reaction profiles for the two
insertion processes are shown schematically in Figures 6 and 7.
Figure 6 is for the thiopalladation process, while Figure 7 is related
to the cyanopalladation process. In both the thiopalladation and
cyanopalladation processes, each has two possible pathways
resulting in different regioselectivity of the alkyne insertion.
Comparing the energy profiles depicted in these two figures, we
note that although the cyanopalladation generates thermodynami-
cally slightly more stable intermediates 11 and 12, it must overcome

relatively much higher energy barriers than thiopalladation. There-
fore, from the energy point of view, the propyne insertion reaction
is kinetically determined and goes through thiopalladation.

To probe the reason that the thiopalladation is much more
favorable than cyanopalladation, we here examine the HOMO of
the complex 4. As shown in Figure 8, the HOMO is mainly
localized at the S atom of the PhS ligand, indicating that in the
insertion step the PhS ligand can act as a nucleophile to attack
one carbon center of the coordinated alkyne ligand, facilitating the
thiopalladation. On the contrary, the cyanopalladation is relatively
less likely to occur because the CN ligand contributes little to the
HOMO. An NBO charge analysis also shows that the S atom of
the PhS ligand in 4 carries a relatively larger negative charge
(—0.202) than the C atom of the CN ligand (—0.097). So the S
atom could attack the propyne carbon nucleophilically more easily
than the Ccy atom.

In the two pathways shown for the thiopalladation process
(Figure 6), the one involving a 1,2-insertion leading to the formation
of the intermediate 5 with the S atom bonded to the substituted
carbon atom of propyne has a much lower barrier than the one
involving a 2,1-insertion, giving the intermediate 6 with the S atom
bonded to the unsubstituted propyne carbon. The two isomeric
intermediates 5 and 6 have almost the same stability. The results
show that the thiopalladation proceeds via 1,2-insertion preferably,
leading to the regioselective products consistent with the experi-
ments. In the subsequent reaction processes illustrated in Figure
6, we note that the two pathways almost have the same energy
profiles. All the optimized structures involved in the thiopalladation
and cyanopalladation are shown in Figures 9 and 10, respectively.
The intermediates S and 6 both have a four-membered-ring
structure. The Pd—S bond stretches by ca. 0.1 Ain 5 and 6
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Figure 8. Spatial plots of the HOMO (left) and the LUMO (right) for complex 4.

compared with that in the 7z complex 4 and breaks completely in
7 and 8. In the reductive elimination step the CN ligand migrates
to the propyne through the transition states TS_7 and TS_8 to form
the 7t complexes 9 and 10, in which the cyanothiolation product
molecule acts as a ligand. The C=C double bond distance in the
n*-coordinated cyanothiolation product molecule was calculated
to be 1.404 A for 9 and 1.407 A for 10.

Although complex 4 will not go through cyanopalladation
owing to its much higher barrier compared with the thiopalla-
dation, we note from Figure 7 that cyanopalladation has a
relatively lower barrier in the subsequent steps, which again
have almost the same energy profiles for the two pathways.

D. The Nature of the Insertion of 1-Alkynes into the
Pd—S Bond. The alkyne cyanothiolation experiments reported by
Ogawa et al. show excellent regioselectivity; that is, the PhS group
always attaches to the substituted carbon atom of 1-alkynes eq 1.°
The results discussed above indicate that the regioselectivity of
the reactions are determined by the alkyne insertion step. As shown

above, the preference of 1,2-insertion over 2,1-insertion leads to

the cyanothiolation products with the PhS group attached to the
substituted carbon atom of 1-alkyne.

As mentioned above, the alkyne insertion into the Pd—SPh bond

involves a nucleophilic attack of the PhS ligand on the coordinated
alkyne in the precursor complex 4. For the propyne substrate used
in the calculations, it is easy to understand the regioselectivity
considering that the methyl substituent on propyne is electron-
donating, making the unsubstituted carbon more electron rich and
making the nucleophilic attack preferentially on the substituted
carbon. Indeed, the S atom in the precursor complex 4 carries a
large negative charge of —0.202 and the substituted carbon of the
propyne ligand carries a positive charge of 0.064. Interestingly, in
the experiments phenylacetylene also underwent the same highly
regioselective cyanothiolation, although the phenyl substituent is
normally considered as electron-withdrawing.

To understand the nature of the insertion of 1-alkynes into the
Pd—S bond, we further explored the insertion of other alkynes
HC=CR into the Pd—SPh bond, where R = Ph, CN, and NH,.
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Figure 10. Selected structural parameters (A) calculated for the species shown in Figure 7.

The calculated energy profiles for these insertion processes are
shown in Figure 11. In Figure 11, we used electronic energies for
convenience because the entropy contribution is insignificant. An
inspection of the results in the figure shows that the 1,2-insertion
is kinetically favored in all the cases. Geometrically, the 7

complexes and the insertion transition states are substantially
different, Figure 11. In the 7z complexes the orientation of the C=C
triple bond is almost perpendicular to the Pd—P—S plane. In the
transition states the inserting alkynes almost turn into the square
plane around the metal center. This motion is necessary for the
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Figure 11. Potential energy profiles and corresponding optimized structures with the geometric parameters calculated for the insertions of
1-alkynes into the Pd—S bond. Bond distances are given in A, bond angles in deg, and relative electronic energies in kcal/mol.
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nucleophilic attack of the PhS ligand to the alkyne carbon and
provides an early transition state for the insertion, in which the
distance between the S atom and the alkyne carbon that forms the
C—S bond is still very long and the Pd—S bond elongates only
slightly. The structural characteristics in the calculated transition
states lead us to believe that the transition states can be described
as possessing zwitterionic Lewis structures shown in Scheme 2.
In other words, the energy barrier for a given alkyne insertion into
the Pd—SPh bond is mainly the energy required to rotate the alkyne
ligand into the square plane around the metal center and redistribute
the electron density to achieve a zwitterionic Lewis structure like
those shown in Scheme 2.

The zwitterionic Lewis structures proposed for the calculated
transition structures allow us to explain the regioselectivity
results shown in Figure 11. Regardless of whether they are
electron-donating or electron-withdrawing, all the substituents
studied here (Me, Ph, CN, NH,) are able to stabilize the TS for
1,2-insertion. Me is known to be able to stabilize a contiguous
carbonium center due to its strong electron-donating property.
Ph, CN, and NH, can stabilize their contiguous carbonium
through sr-conjugation. m-Conjugation in the transition states
can be clearly seen by examining the change in the C—X (X =
Me, Ph, CN, NH,) bond distances from the precursor complexes
to the transition states. In the transition state structures for 1,2-
insertion, the bond distances are noticeably shortened. In the
transition state structures for 2,1-insertion, the bond distances
are noticeably lengthened. The HC=C(CN) substrate shows the
smallest preference of 1,2-insertion over 2,1-insertion, while the
HC=C(NH,) shows the greatest preference, suggesting that

the stronger electron-withdrawing property of the CN substituent
compromises the sr-conjugation effect significantly.

Conclusions

The mechanism of the regioselective cyanothiolation of 1-alkynes
with thiocyanates catalyzed by the palladium diphosphine catalyst
was theoretically studied with the aid of DFT calculations at the
B3LYP level. The calculations show that the cyanothiolation
reactions proceed via an oxidative addition of thiocyanates followed
by a thiopalladation and then a reductive elimination. In the
oxidative addition step the sulfur—cyano (PhS—CN) bond cleavage
is kinetically and thermodynamiclly more favorable than the
carbon—sulfur (Ph—SCN) bond cleavage since the LUMO of the
thiocyanates, acting as an acceptor of electrons during the oxidative
addition process, corresponds mainly to a sz*-antibonding orbital
in the SCN moiety, while the unoccupied orbital having the
Ph—SCN sr*-antibonding character is lying much higher.

The regioselectivities of the reactions are determined in the
alkyne insertion step. The calculations on the insertion reactions
of various alkynes HC=CR (R = Me, Ph, CN, and NH) into the
Pd—SPh bond indicate that the insertion transition states can be
described as possessing a zwitterionic Lewis structure in which
the carbonium center acts as the SPh receiving center. Therefore,
the transition states can be greatly stabilized by substituents capable
of m-conjugation with or electron-donation to the contiguous
carbonium center in the cases of 1,2-insertion, resulting in the
formation of products with the SPh group bonded to the substituted
carbon atom of 1-alkynes.
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