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The density functional method has been applied to investigate the mechanism and
controlling factors of RE—ER (R = H, Me and E = S, Se, Te) oxidative addition to M(PR3'),
complexes (where M = Pd, Pt and R' = H, Me), which is proposed to be the first step of
Pd(0)- and Pt(0)-catalyzed E—E addition to C=C and C=C bonds. In general, it was shown
that the energy of E—E activation correlates with the E—E bonding energy and decreases
via the sequence E = S > Se > Te, for all R, R’ and transition-metal atoms used; the weaker
the E—E bond, the smaller the oxidative addition barrier. The exothermicity of this reaction
also decreases via the same trend, E = S > Se > Te, and correlates with the decrease in
M—ER bond strength. Meanwhile, the E—E activation barrier is found to be higher for M =
Pt than for M = Pd, while for all studied R, R', and E the reaction is found to be more
exothermic for M = Pt than for M = Pd. It was shown that the more the methyl substitution
in the systems (both in substrate and the catalyst), the larger the E—E activation barrier.
Calculations of the energetics of the reaction cis-(PR'3)e:Pd(ER); — cis-(PR'3)Pd(ER); + PR's
show that PR’s dissociation energy from the cis-(PR's):Pd(ER); complex decreases (a) via
the sequence E = S > Se > Te for given M and R = R’ and (b) via the trend M = Pt > Pd

for given E and R = R'. The exothermicity of dimerization of the cis-(PR's)M(ER); intermediate
decreases via the sequence E = S > Se >Te and increases via M = Pd < Pt for R=R' = H.

I. Introduction

Transition metal complex catalyzed E—X (E = het-
eroatom, X = H or the same or other heteroatom)
addition to C=C and C=C bonds is generally character-
ized by its high product yield and selectivity under mild
reaction conditions and has become one of the important

techniques of synthetic chemistry.! Previous extensive
studies of B—H, B—B, B—Si,2 B—S,? S—C,* S—Si,? and
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Se—(C34b6 addition to the various alkenes and alkynes
show that the mechanistic details of these reactions
could be very complex and depend on the nature of E,
X, transition-metal atoms and auxiliary ligands. One
of the elementary reactions involved in these multistep
and complex transformations is suggested to be the
oxidative addition of the E—X bond to the transition-
metal complex, a process that could be very complex.

Indeed, recently reported Pd(0)- and Pt(0)-catalyzed
S—S and Se—Se addition to alkynes, which leads to
Z-substituted alkenes with high stereoselectivity, occurs
much faster for M = Pd than for M = Pt.” Furthermore,
although the oxidative addition of S—S and Se—Se
bonds to Pd(0) complexes leads to the dimer product
(PR'3)(ER)Pd(u-ER)2:Pd(ER)(PR'3), their addition to the
analogous Pt(0) complexes resulted only in the monomer
complexes (ER);M(PR'3)e. Similarly, Albano and co-
workers have also reported the oxidative addition of Se—
Se bonds to Pt(0) complexes, such as Pt(dmphen)(olefin),
where dmphen = 2,9-dimethyl-1,10-phenanthroline,
leading to trans-Pt(SeR)o(dmphen)(olefin) species.’ How-
ever, these extensive experimental studies left unknown
several issues related to the mechanisms, as well as the
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Scheme 1. Presentation of the Studied Reactions
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factors controlling these fascinating reactions. The
solution to these problems requires comprehensive
investigations. In the present paper, we study the
mechanisms and factors controlling the oxidative addi-
tion of S—S, Se—Se, and Te—Te to the Pd(0) and Pt(0)
complexes M(PR's)e, using the density functional ap-
proach. We believe that these calculations will allow us
to elucidate the roles of the chalcogen atoms (E),
transition metal centers (Pd and Pt), and auxiliary
ligands PR's (see Scheme 1) in the oxidative addition of
S—S, Se—Se, and Te—Te bonds to transition metal
centers. Here, we report the cases with R, R = H, CHjs
(or Me).

II. Computational Methods

The geometries of the reactants, intermediates, transition
states, and products of the proposed reactions have been
obtained at the BSLYP density functional level,? using the
slightly modified standard LANL2DZ basis set of Hay and
Wadt!® by augmenting it with an additional set of d functions
on the phosphorus, sulfur, selenium, and tellurium atoms, with
exponents of ag(P) = 0.55, aq(S) = 0.65, aa(Se) = 0.363, and
aq(Te) = 0.25. This basis set will be referred to as LANL2DZ+d.
Previously, it was found that the used LANL2DZ+d basis set
provides a reasonable agreement with the available experi-
mental data.’ The nature of all stationary points was con-
firmed by performing a normal-mode analysis at the 298.15
K, 1 atm, and rigid rotor harmonic oscillator approximation.
In addition, the nature of the calculated transition states was
clarified using the intrinsic reaction coordinates (IRC) ap-
proach. All calculations were performed without any symmetry
constraints using the GAUSSIAN 03 quantum chemical pack-
age.!? Throughout the paper the calculated energetics and
geometries of the Pd and Pt complexes will be presented
without and within brackets, respectively: i.e., in the manner
Pd [Pt]. Below, we will use the chemically more interesting
AG values in the discussion and corresponding AH values will
be given in parentheses.
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Figure 1. Calculated important geometry parameters of
the reactants. Numbers are given before and after the slash
belong to R or R' = H, Me, respectively. The numbers given
in the first, second, and third lines correspond to E = S,
Se, Te, respectively. The numbers without brackets cor-
respond to M = Pd, while those in brackets correspond to
M = Pt. All distances are given in A and angles in deg.

This paper is organized as follows. At first, in section IIIA,
we discuss the oxidative addition reactions

RE-ER + 2M(PR'y), — cis-(PR'),M(ER), (1)

Then, in section IIIB, we briefly discuss the second part of the
studied reaction, namely, the thermodynamics of the dimer-
ization process

2cis-(PR'3),M(ER), —
(PR’ H(ER)M(u-ER),M(PR';)(ER) + 2PR'5 (2)

Finally, in section IV we draw several conclusions from these
studies.

In Figures 1-6 we present reactants, intermediates, and
transition states of all the studied reactions along with their
important geometry parameters. Full geometry parameters of
these structures are given in the Table 1S of the Supporting
Information. The relative energies (enthalpy AH and Gibbs
free energy AG at the temperature 298.15 K and pressure 1
atm, calculated relative to the reactants REER + M(PR'3)2) of
the presented structures for reaction 1 are listed in Tables 1
(M =Pd) and 2 (M = Pt). In Table 3, we present the calculated
energetics of reaction 2.

II1. Results and Discussion

A. Potential Energy Surface of the Oxidative
Addition Reaction (1). In general, we have found
similar intermediates, transition states, and immediate
products for all the calculated reactions (1) regardless
of the nature of the chalcogen atoms E (S, Se, and Te),
transition-metal centers (Pd and Pt), auxiliary ligands
PR's (PH;s and PMe3y), and ligand substituents R (H and
Me). Therefore, below we briefly discuss only the most
interesting geometrical features of each of these struc-
tures.

i. Geometrical Features of the Reactants, Inter-
mediates, Transition States, and Products of the
Reaction RE-ER + M(PR'3)s — cis-(PR'3):M(ER)s.
Reactants. Geometries of reactants of the reaction (1),
RE—ER and M(PR's), are presented in Figure 1. The
complex M(PR's), was the subject of numerous previous
studies!3 and will not be discussed in the present paper.
For the other reactant, RE-ER, we have found that
E—E bond distances are 2.087 and 2.079 A for E = S,
2.374 and 2.360 A for E = Se, and 2.743 and 2.725 A
for E = Te, for R = H and Me, respectively. These
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calculated values are in good agreement with the
available experimental results for sulfur, namely 2.055
A4 for HSSH and 2.038 A for CH3SSCHj.

Intermediates. As can be expected, the intermedi-
ates of the reaction of RE-ER + M(PR’s); are the
weakly bound molecular complexes (PR's)eM—(REER),
which could have numerous isomers. In this paper, we
located two isomers of these complexes for R = R' = H
and Me, called C_1 and C_2, where the REER fragment
is bound to the metal center with its E and H atoms,
respectively (see Figure 2). Although the C_2 isomer is
calculated to be a few kcal mol~! more stable than C_1
(see Tables 1 and 2), relative to the dissociation limit of
RE—-ER + M(PR'3)s, below we discuss only the isomer
C_1, because it is on the oxidative addition pathway and
expected to be separated from C_2 by a small energy
barrier. We do not expect the existence of C_2 (as well
as C_1) will significantly contribute to the mechanism
of the overall oxidative addition reaction (1) because
they are very weakly bound complexes, and most likely
reactions start directly from the corresponding reac-
tants. Close examination of the geometrical parameters
of C_1 shows that the interaction of the RE-ER and
M(PR'3)s fragments slightly (by 0.05—0.10A) elongates
the E—E bond distance and bends the P-M—P angle
from 180° to about 120°. The E—E bond elongation
(relative to the reactant) is slightly larger for PR's =
PMejs than for PR's = PHs.

Oxidative Addition Transition State. Oxidative
addition of the RE—ER bond to the transition-metal
center (Pd and Pt) occurs via the transition state TS,
given in Figure 3. As seen from this figure, at the TS
the to-be-broken E—E bond is already significantly
elongated by 0.07—0.32 A. In general, these changes are
slightly larger for R, R' = H than for R, R' = Me and
for M = Pt than for M = Pd. Interestingly, the nascent
M—E bonds are slightly longer in TS than in C_1. The
normal-mode analyses show that all TS’s are real
transition states with one imaginary frequency and
connect C_1 with the product cis-(PR'3):M(ER),. Fur-
thermore, it is apparent that at TS the E—E vector is
roughly perpendicular to the P-M—P plane, which is
consistent with previous findings.!6

Product Species cis-(PR'3):M(ER)s. Overcoming
the transition state, TS, leads to the formation of the
product complex cis-(PR’'3):M(ER)2. However, as shown
experimentally,” the formed cis-(PR'3):M(ER)2 complex
is not the final product of the reaction RE—ER +
M(PR'3)s. For M = Pt it isomerizes to trans-(PR's)oM-
(ER)2, while for M = Pd it forms the dimer (ER)-
(PR'3)Pd(u-ER);Pd(ER)(PR'3). In this paper we will
briefly discuss only the dimerization process (see section
I1IB).

As seen in Figure 4, the calculated (PH3);Pt—SeH and
(PHj3):Pt—SeMe bond distances are 2.545 and 2.537 A,
which are slightly longer than those, 2.355 and 2.353
A, for (PMes):Pt—SeH and (PMejs),Pt—SeMe, respec-
tively. These calculated numbers are in reasonable
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Figure 2. Calculated important geometry parameters of
the complex (PR'3);M(REER). See Figure 1 for details.

agreement with the experimentally reported Pt—Se
bond distances of 2.46—2.497 and 2.5142(5) A. 8

ii. Potential Energy Surface of the Reaction (1).
The calculated relative energies of the aforementioned
intermediates, transition states, and products of the
reaction RE—ER + M(PR'3)s — cis-(PR'3)sM(ER)2 are
given in Tables 1 and 2 for M = Pd, Pt, respectively.
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Table 1. Calculated Energetics (Relative to
Reactants, in kcal mol!) of the Intermediates,
Transition States, and Products of the Reaction
(1) for M = Pd and Different E, R, and R’

E=S E =Se E=Te
structure AH AG AH AG AH AG
R=R=H

C1M-E) -245 6.51 —4.58 423 —6.77 175
C2(M-H) -418 4.17 —4.72 3.99 573 2.82

TS 11.94 2230 3.90 1478 —-3.26 8.05
Prod —19.99 -791 -16.92 —4.83 -13.10 —1.18
R=R =Me
C_1(M-E) 1.81 9.60 —0.95 6.27 —347 514
TS 19.45  29.99 9.74  20.61 1.27 12.26
Prod —13.568 —1.76 —11.80 0.18 —-848 331

R=Meand R = H
C_1(M-E) -—2.23 6.51 —4.60 4.04 -7.64 269
TS 15.90 27.73 6.00 17.71 -270 8.71
Prod -8.61 4.40 —8.83 4.03 —8.00 4.92

R=Hand R = Me
C_1(M-E) —4.59 3.21 —7.60 0.40 —9.40 -1.01
TS 14.79 24.01 7.18 1699 —-0.16 9.82
Prod —27.38 —15.51 —21.97 -10.12 -1546 -—3.47

Table 2. Calculated Energetics (Relative to
Reactants, in kcal mol~!) of the Intermediates,
Transition States, and Products of the Reaction
(1) for M = Pt and Different E, R, and R’

E=S E =Se E =Te
structure AH AG AH AG AH AG
R=R=H

C_1(M-E) 1.77 1092  -1.62 8.76  -4.08 491
C2(M-H) -449 4.04 -5.05 3.73 -6.41 1.45

TS 19.62 2993 10.68 21.55 1.79 13.27
Prod -27.99 -1591 -24.07 -12.04 -22.06 -10.55
R=R =Me
C_1(M-E) 191 11.01 246 1253 -0.29 9.87
TS 2733 37.73 17.28 28.84 8.00 19.76
Prod -19.45  -7.27 -16.77 477 -11.70 0.85

R=Meand R'=H
C_1(M-E) 1.94 11.02 -1.81 8.78 -4.61 3.97
TS 22.56 34.22 11.80 23.41 1.88 14.23
Prod -16.70  -3.98 -16.17 -3.62 -13.81 -1.09
R=Hand R = Me
C_1(M-E) 3.22 1243 2.28 1091 -0.65 7.31
TS 23.06 32.13 14.63 24.90 5.53 16.14
Prod -32.28 -20.53 -26.31 -14.55 -24.70 -12.60

Chalcogen Effect. Analyses of the data given in
Tables 1 and 2 clearly show that as the energy of the
C_1 complex decrease, the energy of the TS decreases
as well, but the exothermicity of the reaction 1 also
decreases via the trend E =S > Se > Te, for all R, R’,
and transition-metal atoms. The obtained trend in the
energy of the TS could be partially explained in term of
the calculated E—E bonding energy (kcal mol™1) in the
RE—ER reactant, which decreases via E = S {43.8 for
AG (52.8 for AH)} > Se {39.6 (48.5)} > Te {34.1 (42.8)}
for R=Hand E = S {38.6 (48.9)} > Se {35.4 (47.2)} >
Te {31.0 (40.7)} keal mol ! for R = Me. In other words,
the weaker the E—E bond strength, the smaller the
oxidative addition barrier.

The obtained trend in the overall exothermicity of the
reaction, namely that it decreases via the pattern E =
S > Se > Te, indicates that the M—ER bond strength
decreases via the trend E = S > Se > Te, which is
consistent with the trend of the calculated M—ER bond
energies (kcal mol™1) in the cis-(PR'3)osM(ER); complex;
for M = Pd, R = R' = H we have found that E =S {33.1
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Figure 3. Calculated important geometry parameters of
the RE—ER activation transition states. See Figure 1 for
details.

(45.8)] > Se {28.2 (41.2)} > Te {21.5 (35.4)} and for R
=R'=CHj;, E=S{27.5(42.0)} > Se {23.1(38.7)} > Te
{19.1 (32.5)}. When M = Pt, R = R’ = H the bond
energies (kcal mol1) are E = S {40.8 (54.1)} > Se {35.1
(48.6)} > Te {32.6 (44.6)}, and for R=R' =CH3, E=S
{37.0 (50.2)} > Se {30.4 (45.7)} > {21.8 (38.1)}. It is
noteworthy that the calculated Pt—SeR bond enthalpy
(kcal mol™1), (48.6) (for R =R' = H)) and (45.7) for R =
R’ = Me)), is in reasonable agreement with the value
33 kcal mol~! reported by Albano and co-workers® for
Pt(SeMe)s(dmphen)(olefin).

Metal Effect. Comparison of the results in Table 1
with those in Table 2 shows that upon going from M =
Pd to M = Pt, the complex C_1 becomes less stable, the
E—E activation barrier becomes higher, and the overall
reaction becomes more exothermic for all studied R, R’,
and E. The trend in the calculated exothermicity of the
reaction is a result of the difference in the M—ER
bonding energies in the product cis-(PR's):M(ER)y; the
Pt—ER bond is stronger than the Pd—ER bond. The
different Pd—ligand and Pt—ligand bond energies were
previously rationalized and will not be repeated here.1”

The larger activation barrier for Pt, compared to that
for Pd, can be explained in terms of the energy required
for deformation of the P-M—P angle from 180 to 120°.
The P—Pt—P angle is much more rigid than the P—Pd—P
angle. Our calculations show that the energies (kcal

(17) Cui, Q.; Musaev, D. G.; Morokuma, K. Organometallics 1998,
17, 1383.
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2.405/2.424  [2.366/2.365]
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2.415/2.426 241002447 ’
2.531/2.543  [2.565/2.561]
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(b) Product of the of the RE-ER oxidative addition to M(PMe;),

Figure 4. Calculated important geometry parameters of
the product complex (PR'3):M(RE)s. See Figure 1 for details.

mol~1) required to bend this angle from 180 to 120° in
(PHs)oPd, (PMes)oPd, (PH3)oPt, and (PMes) Pt are 6.6,
9.8, [12.7], and [16.6], respectively, which is consistent
with the calculated trend in the E—E activation barriers
for M = Pt, Pd. The rigidity of the P—Pt—P angle
compared to the P-Pd—P angle is also the reason for
the destabilization of the complex C_1 upon going from
the Pt complex to Pd. Thus, the present calculations
show that the Pd(0) complex activates the RE—ER bond
much more easily than its Pt(0) analogue, which is
consistent with the available experimental data.”

iii. Roles of R and R’ Substituents in REER and
PR';3. At first let us discuss the symmetric cases with R
= R' = H, Me. The presented data show that upon going
from R =R = H to R = R' = Me, the C_1 complex is
destabilized, the energy barrier at the TS is increased,
and the overall energy of the reaction is decreased. As
expected, the calculated activation barriers for the
asymmetric cases with R = R’ = H, Me are larger than
those for the R = R’ = H symmetric systems but are
smaller than those for R = R' = Me systems. In other
words, the more methyl substitution, the larger the
activation barrier. However, the calculated stability of
the C_1 complex and the overall energy of the reaction
(1) do not obey this simple rule. Indeed, for R' = H, the
substitution of the H ligands in HEEH by methyl groups
does not significantly affect the energetics of C_1, while
it significantly reduces the exothermicity of the reaction
(1) for all studied chalcogen (E) and transition-metal (M)
atoms. Meanwhile, for R = H, the substitution of the H
ligands in Pd(PH3)2 by the methyl groups stabilizes both
the C_1 complex and the product of the reaction, cis-
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2310/2.322 [2.315/2.318]
2.426/2447 [2.426/2.499]
2.596/2.629 [2,593/2,639]

G2.9/102.5 [100.9/158.8]
91.8/94.9 [100.0/152.5]
87.0/83.4  [95.5/134.1]

2.291/2.299  [2.291/2.393]
2.397/2.409 [2.390/2.409]
2.555/2.567 [2.549/2.548]

23832368 [2.316/2.203]
2.384/2376 [2.3192.214]
2381/2389  [2.3192.260]

Cis Isomer

Figure 5. Calculated important geometry parameters of
the complex (PR'3)M(REER) and schematic representations
of its cis and trans isomers. See Figure 1 for details.

Trans Iaer

(PR'3)2Pd(ER)s, relative to the reactants for all studied
E’s. However, these trends in the stability of the C_1
complex and energy of the reaction (1) for R=H, R' =
H, Me, and M = Pd are different for the M = Pt case:
the substitution of the H ligands in Pt(PH3)s by the
methyl groups while keeping R = H destabilizes the C_1
complex but stabilizes the product of the reaction, cis-
(PR'3)2Pt(ER)s, relative to the reactants for all studied
E’s.

The calculated trends in the stability of the C_1
complex and activation barrier could be partially ex-
plained by the steric repulsion between the R and R’
groups, which is stronger for the methyl-substituted
systems than for the unsubstituted ones. However, the
stability of the products relative to the reactants might
be strongly influenced by electronic factors: replacing
H ligands by Me in HEEH and M(PHs)s systems can
affect the RE-ER and M—PR's bond strengths.

B. Thermodynamics of the Dimerization Reac-
tion (2). As mentioned previously, the experimental
studies? show that the final product of the reaction of
RE—ER with M(PR'3)s is not cis-(PR'3)M(ER)y; for M =
Pt it is the trans-(PR'3)e:M(ER)s complex, while for M =
Pd it is the dimer (ER)(PR'3)Pd(u-ER):Pd(ER)(PR's).
Here we discuss only the dimerization process, which
can proceed via two different pathways, dissociative and
assiociative: the dissociative pathway starts with the
dissociation of one of the PR's ligands from cis-(PR's)oM-
(ER)2 to give the coordinatively unsaturated complex
(PR'3)M(ER)2, which later dimerizes to give the final
product (ER)(PR'3)Pd(u-ER)2Pd(ER)(PR's). Meanwhile,
the associative pathway starts with cis—trans isomer-
ization of the directly formed cis-(PR's)M(ER)s structure
followed by dimerization of the trans product to form
(ER)(PR'5)Pd(u-ER);Pd(ER)(PR'3). Here we only report
the thermodynamics for dissociative pathway of sym-
metric systems with R = R’ = H, Me. More detailed
studies of the dimerization of cis-(PR'3)M(ER)s are in
progress.

i. The Reaction cis-(PR'3)s2M(ER)2 — cis-(PR'3)M-
(ER)2 + PR's. Let us start our discussion with the
phosphine dissociation reaction: cis-(PR’s):M(ER); —
(PR'3)M(ER)2 + PR's. The product of this reaction,
(PR's)M(ER)g, in general, may have two different iso-
mers, trans and cis. cis-(PR'3)M(ER): is found to be the
isomer lowest in energy (by 2—4 kcal mol 1) in all
studied cases except for M = Pt and R = R’ = Me, for
which the trans isomer is energetically lowest, and the
cis isomer is not a minimum on the potential energy
surface (see Figure 5). As seen in Figure 5, upon going
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Table 3. Calculated Energetics of the Reactions
(kecal mol ™) 2cis-(PR'3)M(ER), —
(ER)(PR'3)Pd(u-ER)Pd(ER)(PR’3) and
cis-(PR'3)sM(ER); — cis-(PR';)M(ER); + PR’

R=H R=Me
E AH AG AH AG
2 cis-(PR') M(ER), — (ER)(PR'3)Pd(u-ER):Pd(ER)(PR's)
M = Pd
s ~46.2 -32.3 -48.2 -30.5
Se ~45.2 ~30.6 -43.8 ~26.6
Te ~38.8 -25.3 -35.5 ~185
M =Pt
s ~56.1 -41.4 -43.3 ~24.4
Se ~51.7 -36.8 —414 ~24.2
Te ~45.7 ~36.5 ~40.0 -23.8
cis-(PR's)2M(ER); — cis-(PR'sM(ER), + PR’3
M = Pd
s 18.6 7.4 23.7 9.9
Se 16.0 4.7 20.4 6.3
Te 12.0 0.8 15.1 1.2
M =Pt
S 25.6 13.6 25.3 10.2
Se 22.3 11.0 22.4 8.2
Te 20.8 10.3 19.0 5.1

from R = R' = H to R = R' = Me, the E-M—E angle
increases because of steric repulsion between the Me
groups. In general this angle is larger for M = Pt than
for M = Pd.

As seen in Table 3, the calculated endothermicity
(kcal mol™1) of the reaction cis-(PR'3);Pd(ER)s — cis-
(PR'3)Pd(ER)2 + PR’s for E = S, Se, Te, respectively, is
S {18.6 (7.4)} > Se {16.0 (4.7)} > Te {12.0 (0.8)} for R
=R'=Hand S{23.7(9.9)} > Se {20.4 (6.3)} > Te {15.1
(1.2)} kcal mol~! for R = R’ = Me. For the M = Pt, these
values are {25.6 (13.6)} > {22.3 (11.0)} > {20.8 (10.3)}
for R =R = H and {25.3 (10.2)} > {22.4 (8.2)} > {19.0
(5.1)} for R = R' = Me. In other words, the endother-
micity of the reaction decreases (a) via E =S > Se >
Te for given M and R = R’ and (b) via M = Pt > Pd for
given E and R = R'. Interestingly, PR's dissociation from
cis-(PR'3)oM(ER)2 is more significantly affected by the
R to R’ substitution for M = Pd than for M = Pt.

ii. The Dimerization Reaction 2(PR's) M(ER)s —
(ER)(PR'3)Pd(u-ER)2Pd(ER)(PR'3). Dimerization of
the resultant (PR'3s)M(ER)s intermediate may proceed
via the transition state required for the reorganization
of the monomer (PR's)M(ER)2. However, in this paper
we have not calculated this transition state, primarily
because the energy of the reaction cis-(PR'3);Pd(ER)s —
cis-(PR'3)Pd(ER): + PR's, leading to the precursor
complex (PR'3s)M(ER)g, clearly is higher (ca. 7 kcal mol1;
see Table 3) for Pt systems than for Pd. This indicates
that the dimerization process is going to be less feasible
for Pt systems that Pd ones, which is in agreement with
the experimental observations.”

The precursor (PR'3s)M(ER)2 may have two isomers,
cis and trans, and the reported dimerization energy was
calculated relative to the cis isomer.

As shown in Chart 1, the dimer (ER)(PR'3)Pd(u-ER)s-
PA(ER)(PR’s) may have several isomers that differ in
the positions of the RE and PR's ligands (given by the
first label below), as well as by the positioning of the R
substituents in the two RE ligands (the second label),
namely, cis—cis, cis—trans, trans—cis, and trans—
trans. Detailed analysis of these structures for M = Pd

Organometallics, Vol. 24, No. 21, 2005 4913

Chart 1. Presentation of the Calculated
Structures of the Dimer
(PR'3)(ER)M(z-ER):M(ER)(PR'3)

R R
’ . , ’ .
l}R'3//, ,\“\\ E ///,,, \\\\PR 3 PR 3//:, »“\\\ E /'//,, \\‘\\PR 3
. M '.M o . "M -
ER/ \E./ ™ ER ER/ \E< ™ ER
%R R
cis-trans cis-cis
R R
4 . ’
ER, E “u,, o PR3 PR 3, o E “, \\\\PR'3
/M / . M e
PR \E ™ Er " \E/ N ER
% r R
trans-trans trans-cis

shows that the trans—cis and cis—cis structures are
higher in energy than the cis—trans and trans—trans
isomers by 8—9 kcal mol~!. Since the low-energy struc-
tures, cis—trans and trans—trans, are very close in
energy, within 1—2 kcal mol 1, in our discussion below
we will use only the eis—#rans isomer for both M = Pd
and M = Pt.

The geometry of the eis—trans isomer is given in
Figure 6. The corresponding dimerization energies, i.e.,
the energies of the reaction cis-(PR's)M(ER)2 — (ER)-
(PR'3)Pd(u-ER);Pd(ER)(PR'3), are summarized in Table
3. As seen in Table 3, for M = Pd, the calculated energy
(kcal mol~1) of dimerization decreases in the order E =
S {32.3 (46.2)} > Se {30.6 (45.2)} > Te {25.3 (38.8)} for
R =R = H and {30.5 (48.2)} > {26.6 (43.8)} > {18.5
(35.5) for R =R' = Me. For M = Pt, these energies (kcal
mol 1) are {41.4 (56.1)} > {36.8 (51.7)} > {36.5 (45.7)}
for R=R'=H and {24.4 (43.3)} > {24.2 (41.4)} > {23.8
(40.0)} kecal mol™! for R = R’ = Me. Thus, the energy
for the dimerization of cis-(PR's)M(ER),; decreases via
the trend E =S > Se > Te and increases via M = Pd <
Pt for R = R' = H. For the R = R' = Me case, the first
trend (for E) remains the valid, and the second trend
(for M) is less profound.

The exothermicity (kcal mol~1) of the entire process
2(PR's):M + REER — (ER)(PR'3)Pd(u-ER)o,Pd(ER)(PR'3)
is calculated to be S {33.3 (48.9)} > Se {30.8 (47.0)} >
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2.317/2330 (2.353/2.288) 23172331 [2.3532.289]
23272346 [2.2832.303]
23452382 [2.292/2.329]

2.327/2.346 [2.283/2.302]
2.345/2.379 [2.292/2.330]

2367/2.386 [2.442/2.396]
2.520i2.512 [2.5902.518] &
2.690/2.693 [2.677/2721] R
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Figure 6. Calculated important geometry parameters of
the energetically lowest cis—trans isomer of the (ER)-
(PR'5)Pd(u-ER)sPd(ER)(PR'3) dimer. See Figure 1 for de-
tails.
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Te {26.2 (41.0)} for R=R' = H and {10.9 (29.3)} > {9.9
(27.8)} > {5.8 (23.6)} kcal mol~! for R = R’ = Me. For
Pt these energetics are S {46.0 (61.0)} > Se {40.3 (55.3)}
> Te {35.7 (48.3)] for R = R’ = H and {18.6 (31.7)} >
{17.5(30.1)} > {12.1(25.4)} for R = R' = Me. Thus, the
exothermicity of this reaction is larger for the M = Pt
than for the M = Pd complex, for both R = R’ = H and
R =R = Me.

The energetics presented above clearly show that the
lack of the dimer structures for M = Pt during the
reaction of S—S and Se—Se with the Pt(0) complex,
observed by experimentalists,” is not dictated by the
energy of dimerization. Rather, we believe the control-
ling step to be PR's dissociation from the cis-(PR's)M-
(ER)2 intermediate. We presume that the cost of for-
mation of this intermediate is a strong thermodynamic
retarding force, resulting in a very high barrier to
formation for the platinum dimer, while for palladium
the effect is less limiting.

IV. Conclusions

From the results presented above, one may draw the
following conclusions.

1. The E—E activation barrier by M(PR's), correlates
with the E—E bond energy and decreases via the
sequence E =S > Se > Te, for all R, R’, and transition
metals studied here; the weaker the E—E bond strength,
the smaller the oxidative addition barrier. The overall
exothermicity of the reaction (1) also decreases via the
same trend, E = S > Se > Te, which correlates with
the decrease in the M—ER bond strength. Meanwhile,
the E—E activation barrier is found to be higher for M
= Pt than for M = Pd, while for all studied R, R', and E
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the overall reaction (1) is more exothermic for M = Pt
than M = Pd.

2. Upon going from R = R’ = H to R = R’ = Me, the
E—E activation barrier increases and the overall exo-
thermicity of the reaction (1) decreases. For the asym-
metric cases with one methyl substituent, the activation
barriers are between that with no methyl and that with
two methyls. It is concluded that the greater the methyl
substitution, the larger the activation barrier.

3. The calculated endothermicity of the reaction cis-
(PR'3)9:Pd(ER)s — cis-(PR'3)Pd(ER); + PR'3 decreases (a)
via E =S > Se > Te for given M and R = R/, and (b) via
M = Pt > Pd for given E and R = R'.

4. The dimerization energy of the resultant cis-
(PR'3)M(ER)s intermediate decreases via the sequence
E =S > Se > Te and increases via M = Pd < Pt for R
= R' = H. For the R = R' = Me case, while the first
trend (for E) remains valid, the second trend (for M) is
less profound. The exothermicity of this reaction is
larger for M = Pt than for M = Pd, for both R=R'=H
and R = R' = Me.
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