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ABSTRACT: Platinum bis(dithiolene) complexes have reactivity
toward alkenes like nickel bis(dithiolene) complexes. We examined
the uptake of 1,3-butadiene by platinum bis(dithiolene) [Pt(tfd)2]
(tfd = S2C2(CF3)2) via a density functional theory study; both 1,2-
and 1,4-additions of 1,3-butadiene to the ligands of Pt(tfd)2 to form
both interligand and intraligand adducts were studied. For single
1,3-butadiene addition, direct 1,4-addition on interligand S−S, 1,2-
addition on intraligand S−S, and 1,4-addition on intraligand S−C
are all feasible at room temperature and are controlled by the
symmetry of the highest occupied molecular orbital of 1,3-
butadiene and the lowest unoccupied molecular orbital of Pt(tfd)2.
However, the formation of the interligand S−S adduct through 1,4-
addition of one molecule of cis-1,3-butadiene is the most favorable
route, with a reaction barrier of 9.3 kcal/mol. The other two addition processes cannot compete with this one due to both higher
reaction barriers and unstable adducts. Other possible pathways, such as formation of cis-interligand S−S adduct from 1,2-
addition of one molecule of 1,3-butadiene via a twisted trans-interligand S−S adduct, have higher barriers. Our calculated results
show that 1,4-addition of a single molecule of 1,3-butadiene on the interligand S−S gives the kinetically stable product by a one-
step pathway. But of at least equal importance is the apofacial 1,4-addition of two molecules of 1,3-butadiene on the intraligand
S−C of the same ligand on Pt(tfd)2, which yields the thermodynamically stable product, obtained via a short lifetime
intermediate, the 1:1 intraligand S−C adduct, being formed through several pathways. The calculated results in this study well
explain the experimental observation that 1:1 interligand S−S adduct was formed in a short time, and the intraligand S−C adduct
from two molecules of cis-1,3-butadiene was accumulated in 20 h at 50° and characterized by X-ray crystallography.

■ INTRODUCTION

Interest in metal dithiolene complexes has increased dramatically
since the initial synthesis of the nickel bis(dithiolene), Ni-
(S2C2Ph2)2, by Schrauzer and Mayweg.1 The structural,2

spectroscopic,3 optical,4 magnetic,5 and electrochemical proper-
ties6 of many related complexes have been described. Meanwhile,
additional studies of ligand-based reactions between metal
dithiolene complexes and alkenes, which are a result of the
noninnocent character of the ligand in these complexes,7,8

followed early reports of these reactions by Schrauzer,9 Wing,10

and their co-workers. Wang and Stiefel studied olefin purification
by nickel bis(dithiolene) complexes Ni(S2C2(R)2)2 (R = CF3,
CN),11 which encouraged additional studies of various reactions
of metal bis(dithiolene)12 or tri(dithiolene)13 complexes with
various alkenes.9e,12b,13b This work also stimulated theoretical
studies to investigate the electronic structure and reaction
mechanism for reactions of metal bis(dithiolene) with simple
alkenes.14 It has been confirmed that the formation of addition
products from pure nickel bis(dithiolene) and alkenes is frontier-
molecule-orbital- or symmetry-controlled14e,f and results in the
allowed cis-intraligand addition as this route has a lower energy

barrier even though a two-step pathway via a twisted
intermediate makes the symmetry-forbidden process of cis-
interligand addition formally allowed.14a Theoretical studies have
shown that the commonly observed cis-interligand product only
occurs readily because of the presence of the nickel bis-
(dithiolene) anion, which forms a dimetal complex with the
neutral that promotes the cis-interligand addition.14e,f

However, the studies of the mechanism for reactions of
conjugated alkenes, such as butadienes, with metal bis-
(dithiolene) or tri(dithiolene) has been limited to nickel
bis(dithiolene);15 in contrast, the studies on the reactivity of
larger alkenes toward heavier metal dithiolenes has been widely
studied experimentally.7a,c,d,9c,10c The reaction of Pt(tfd)2 with
2,3-dimethyl-1,3-butadiene is shown in Scheme 1. A 1:1
interligand S−S kinetic adduct B was formed facilely within 10
min at room temperature, while the intraligand S−C adduct C
uptaking two molecules of 2,3-dimethyl-1,3-butadiene was
observed in very small amounts at the same conditions. However,
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the product shifts to the thermodynamic intraligand S−C adduct
C after 20 h at 50°.12d These experimentally observed results are
easily related to molecular orbital interactions between these two
reactants. There are three types of symmetry allowed molecular
orbital interactions between the HOMO (highest occupied
molecule orbital) of 2,3-dimethyl-1,3-butadiene and LUMO
(lowest unoccupied molecule orbital) of Pt(tfd)2, as shown in
Scheme 2, but only two of the three possible adducts were
observed in the experiment; one is kinetically formed from the
1,4-addition of one molecule of 2,3-dimethyl-1,3-butadiene onto
interligand S−S, and the other is thermodynamically formed
from 1,4-addition of two molecules of 2,3-dimethyl-1,3-
butadiene on intraligand S−C.
Here, we use density functional theory (DFT) calculations to

investigate the possible pathways leading to different addition
products in the proposed reaction mechanisms as well as to
understand the adduct selectivity that appears in the experiment.
These theoretical calculations were carried out for the
intermediates and transition states of the reactions of Pt(tfd)2
(1) with 1,3-butadiene, which is used as the model of 2,3-
dimethyl-1,3-butadiene to reduce the computational cost.

■ COMPUTATIONAL DETAILS
A benchmark study shows that the barriers for the reaction of
M(S2C2H2)2 with ethylene are very dependent on the density
functional14d and that the ω-B97XD16 functional produced results
similar to those of more accurate coupled cluster calculations and in
agreement with the experimental results.14e,f In this paper, our
calculations were performed using Gaussian 0917 with the ω-B97XD
functional. The effective core potentials (ECPs) of Hay andWadt with a
double-ζ valence basis set (LanL2DZ) were used in describing Pt;18

polarization functions were also added for Pt ( f = 0.993),19 whereas the
6-311+G** basis set was used for all other atoms.20 This basis set is
somewhat larger for the main-group atoms than it is for the transition
metals because the overall reactions all involve making and breaking
bonds on main-group atoms. The geometric structures of all species

were optimized in the gas phase. Calculating the harmonic vibrational
frequencies and noting the number of imaginary frequencies confirmed
the nature of all intermediates (no imaginary frequency) and transition
state structures (only one imaginary frequency). The latter were also
confirmed to connect the appropriate intermediates by intrinsic reaction
coordinate (IRC) calculations.21 For several cases the most obvious
(direct) reaction path is symmetry-forbidden, involves an avoided
crossing, and most likely involves a high-energy transition state. In some
cases the barriers can be lowered by a geometric change that makes the
reactions symmetry-allowed.14 However, in other cases the avoided
crossing would require multi-configuration wave functions or broken
symmetry solutions. As the products formed from these reactions are
not experimentally observed we have not attempted these additional
calculations. The gas-phase free energies, G, were calculated at T =
298.15 K within the harmonic potential approximation using the
optimized structures. The solvation effects, with benzene as solvent,
were included by utilizing the SMD (Solvation Model Density) solvent
model22 while retaining the gas-phase optimized geometries. We
approximated the solution-phase free energy by adding solvation
energies on the gas-phase relative free energies; experience has shown
this to be very close to full optimization and frequency calculations in
solvent. The solution-phase free energies will be used in the discussions,
unless otherwise specified. The three-dimensional molecular structures
displayed in this article were drawn by using the JIMP2 molecular
visualization and manipulation program.23

■ RESULTS AND DISCUSSION
2,3-dimethyl-1,3-butadiene and 1,3-butadiene have both trans-
and cis-conformers; before looking into the reaction mechanism,
we first examined the relative stabilities and isomerization
barriers for these conformers (eqs 1 and 2 in Scheme 3) by

B3LYP,24 ω-B97XD,16 and M06.25 For 2,3-dimethyl-1,3-
butadiene, the s-trans-conformer (T1) is more stable than the
s-cis-conformer (C1) by about 1.7 kcal/mol in gas-phase free
energy, and the conversion barrier from trans-conformer to cis-
conformer is only about 4.0 kcal/mol in gas-phase free energy.
For 1,3-butadiene (T2), the s-trans-conformer is more stable
than the s-cis-conformer (C2) by about 3.2 kcal/mol in gas phase
free energy, and the conversion barrier from trans-conformer to
cis-conformer (about 6.4 kcal/mol) is also very small. We further

Scheme 1

Scheme 2

Scheme 3
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calculated the relative stability of the s-cis- and s-trans-conformers
of 2,3-dimethyl-1,3-butadiene and 1,3-butadiene by using
CCSD,26 CCSD(T),27 and MP4.28 The calculated results from
CCSD, CCSD(T), and MP4 are consistent with the calculated
results by B3LYP, ω-B97XD, and M06. All of these calculated
results are presented in Table 1. On the basis of these results we
concluded that interconversion between the s-cis- and s-trans-
conformers is rapid, and an equilibrium between the conformers
exists. As mentioned above, we use the simpler s-cis-1,3-
butadiene and s-trans-1,3-butadiene when modeling the reaction
with the metal complex.
The frontier molecular orbitals of complex 1 and cis-1,3-

butadiene were studied as shown in Figure 1. It can be seen that

the energy difference between the LUMO of complex 1 and the
HOMO of cis-1,3-butadiene is 4.61 eV, which is smaller than that
between the HOMO of complex 1 and the LUMO of cis-1,3-
butadiene by 5.28 eV. At the same time, the molecular orbital
interaction between the LUMO of complex 1 and the HOMO of
cis-1,3-butadiene is symmetry allowed. The three interaction
modes between the LUMO of complex 1 and the HOMO of cis-
1,3-butadiene as shown in Scheme 2 are very important because
they are allowed by the principles of molecular orbital
interaction.
Cis-1,3-butadiene can bind to the platinum bis(dithiolene)

complex 1 in a variety of ways as shown in Scheme 4. Three
possible addition pathways including the interligand S−S
addition, intraligand S−S addition and intraligand S−C addition
were studied. The 13 adducts shown in Scheme 4 and later in this
article were fully optimized as stable species. The reaction
mechanism along these three pathways for forming these adducts
and intermediates are described below.
In Figure 2 and the following figures that contain potential

energy profiles, the calculated solvation corrected relative free
energies (kcal/mol) are presented. The gas phase relative free
energies and gas-phase relative electronic energies are presented

in Table S1 and Table S2 (Supporting Information). In the gas
phase, the relative free energies and relative electronic energies
are similar in cases where the number of reactant and product
molecules is equal, for example, one-to-one or two-to-two
transformations, but differ significantly for one-to-two or two-to-
one transformations because of the entropic contribution. In this
paper, relative free energies with solvation correction are used in
the text to describe and analyze the reaction mechanism unless
specified.

Interligand S−S Additions. Figure 2 shows the calculated
reaction pathways for the 1,4-addition of cis-1,3-butadiene to
platinum bis(dithiolene) 1 to give the diagonal cis-interligand
adduct 2a and the adjacent cis-interligand adduct 2b. The results
show that the formation of diagonal cis-interligand adduct 2a has
a higher barrier than the formation of adjacent cis-interligand
adduct 2b. 2b is also more stable than 2a by 14.4 kcal/mol and
more stable than the reactants by 18.4 kcal/mol. The low barrier
for the formation of 2b and significant stability of 2b are
consistent with the experimental observation that the reaction at
room temperature gives the product within 10 min. The
optimized geometries with selected structural parameters for
the species involved in Figure 2 are presented in Figure S1
(Supporting Information), along with experimental structural
parameters for 1. The calculated structural parameters (bond
distances) are in good agreement with the experimental ones.
The 1,2-addition of cis-1,3-butadiene to interligand sulfurs

could occur via a twisted intermediate as previous theoretical
studies have shown for the direct interligand addition of nickel
bis(dithiolene) with ethylene11d. Results for this reaction are
shown in Figure 3, where the two-step pathway has a barrier of
about 25.8 kcal/mol to give twisted interligand adduct 3. Adduct
3 then isomerizes to the more stable cis-interligand adduct 4
through a barrier of 18.7 kcal/mol. However, the overall barrier
for the formation of the cis-interligand adduct 4 from 1,2-
addition is higher than that of the cis-interligand adduct 2b from
1,4-addition by 16.6 kcal/mol; thus, the formation of 4 via a
twisted intermediate 3 cannot compete with the formation of 2b
from 1 and cis-1,3-butadiene. At the same time, 2b is much more
stable than 4. Obviously, molecular orbital symmetry plays a
large role in these reaction barriers, i.e. the formation of 2b is
allowed by orbital symmetry, while the direct formation of 4 is
forbidden by orbital symmetry; although twisting makes the
reaction symmetry allowed, this additional distortion costs
energy. The optimized geometries with selected structural
parameters (distances in Å) for the species involved in Figure
3 are shown in Figure S2 (Supporting Information).

Intraligand S−S Additions. Although the formation of 4 via
3 from cis-1,3-butadiene and 1 cannot compete with the
symmetry allowed formation of 2b, other symmetry allowed
processes shown in Scheme 2 may be competitive or even more

Table 1. Comparison of the Gas-Phase Relative Activation Free Energies (ΔG‡), Gas-Phase Activation Electronic Energies (ΔE‡),
Gas-Phase Relative Free Energies (ΔG), and Gas-Phase Electronic Energies (ΔE) Calculated Using B3LYP, ω-B97XD, M06,
CCSD, CCSD(T), and MP4 Methods (kcal/mol) for Eqs 1 and 2

equation 1 equation 2

method ΔG‡ ΔE‡ ΔG ΔE ΔG‡ ΔE‡ ΔG ΔE

B3LYP 2.2 2.0 −1.8 −2.4 3.6 3.6 −3.3 −3.6
ω-B97XD 2.2 1.9 −1.4 −1.8 2.7 3.4 −3.2 −2.7
M06 2.6 2.3 −1.9 −2.6 3.4 3.9 −3.2 −3.0
CCSD 1.5 −0.9 2.3 −2.6
CCSD(T) 1.7 −1.0 2.6 −2.6
MP4 1.8 −1.0 2.6 −2.6

Figure 1. Frontier molecular orbitals of complex 1 and cis-1,3-butadiene.
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favorable. Intraligand S- S addition could occur from 1,4-addition
of cis-1,3-butadiene with 1 to form 5 or from 1,2-addition of cis-
1,3-butadiene with 1 to form 6 and 7 as shown in Scheme 4.
Formation of 5 via 1,4-addition is symmetry forbidden and
apparently has a transition state, which was not located. Even if
we place the two terminal carbons from butadiene very close to
two S atoms, the optimization of transition state led to separation
of butadiene from Pt dithiolene. The calculations also show that
5 is an unstable product relative to the reactants. The calculated
reaction pathways for the 1,2-addition of cis-1,3-butadiene with 1
to form intraligand S−S adducts 6 and 7 are shown in Figure 4.
The formation of these two adducts have nearly the same barrier,
∼17 kcal/mol. Although these two reactions are symmetry
allowed and have relatively low barriers, they cannot compete
with the formation of 2b (Figure 1), whose barrier is lower than

that for the formation of 6 and 7 by ∼8 kcal/mol. Furthermore,
because adducts 6 and 7 are only ∼3 kcal/mol more stable than
the reactants 1 and cis-1,3-butadiene, their formation is reversible
at room temperature. Thus, even if some 6 and 7 would be
formed together with 2b at the beginning of the reaction, the
reversible reactions would take them back to the reactants, 1 and
cis-1,3-butadiene, and finally to 2b since 2b is more stable than 6
and 7. These calculations explain the fact that no intraligand S−S
adducts or their dissociated products were observed in the
experiment,12d although dissociated products from the intra-
ligand S−S adduct was observed when nickel bis(dithiolene)
reacts with alkenes.12c The optimized geometries with selected
structural parameters for the species involved in Figure 4 and
adduct 5 are shown in Figure S3 (Supporting Information).

Scheme 4

Figure 2. Free energy profiles are shown for the 1,4-addition of cis-1,3-butadiene with 1 to form interligand S−S adducts 2a and 2b. The solvation-
corrected relative free energies are given in kcal/mol.
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Intraligand S−C Additions. Although the formation of
intraligand S−C adduct from 1,4-addition of cis-1,3-butadiene

with 1 is symmetry allowed (Scheme 2), this reaction has been
neglected in previous studies since no such adduct was observed

Figure 3. Free energy profiles for the 1,2-addition of cis-1,3-butadiene with 1 to form cis-interligand S−S adduct 4 via a twisted interligand adduct 3. The
solvation-corrected relative free energies are given in kcal/mol.

Figure 4. Free energy profiles for the 1,2 addition of cis-1,3-butadiene with 1 to form cis-intraligand S−S adducts 6 and 7. The solvation-corrected
relative free energies are given in kcal/mol.

Figure 5. Free energy profiles for the 1,4-addition of cis-1,3-butadiene with 1 to form cis-intraligand S−C adducts 8 and 9. The solvation-corrected
relative free energies are given in kcal/mol.
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until the recent report of reaction of Pt(tfd)2 with 2,3-dimethyl-
1,3-butadiene.12d This unprecedented finding of the very stable
intraligand S−C adduct from two molecules of cis-1,3-butadiene
motivated the study of these processes, in order to shed light on
the nature of the reaction of the alkenes with Pt(tfd)2. The
calculated reaction pathways for the reaction of one molecule of
cis-1,3-butadiene with 1 to give the intraligand S−C 1,4-addition
adducts 8 and 9 (via a Diels−Alder type) are shown in Figure 5.
Adducts 8 and 9 are isomers; 8 forms into a “chair” structure,
while 9 forms into a nearly planar structure. The formation of
intraligand S−C adducts 8 and 9 are all exothermic and
irreversible. On one hand, the formation of 8 has a barrier of 20.3
kcal/mol, which is higher than that for the formation of 9 by 5.7
kcal/mol; On the other hand, 8 and 9 are more stable than
reactants by 11.0 and 13.2 kcal/mol, respectively. The higher
stability of 9, by 2.2 kcal/mol, is attributed to the fact that the
repulsion between cis-1,3-butadiene and the−CF3 group is larger
in 8. This large repulsion promotes the isomerization of 8 to 9 by
changing the orientation of the cis-1,3-butadiene fragment
through a barrierless process. Moreover, 9 is not as stable as
2b (Figure 2) due to larger ring strain in the former one with a
six-membered ring. Although the reactions giving isomers 8 and
9 can occur at room temperature, and 8 can isomerize to 9, the
formation of 9 cannot compete with the formation of 2b from the
initial reactants cis-1,3-butadiene and 1, as the latter one has a
barrier of only 9.3 kcal/mol (Figure 2). Again, the transition
states for the symmetry forbidden processes leading to the
formation of intraligand S−C adducts 10 and 11 (Scheme 4)
from 1,2-addition of cis-1,3-butadiene with 1 were not located
(an avoided crossing). The optimized geometries with selected
structural parameters for the species involved in Figure 5
together with adduct 10 and 11 are in Figure S4 (Supporting
Information).
Importantly, a trace of an intraligand S−C adduct arising from

two molecules of cis-1,3-butadiene adding to the same dithiolene
was observed at room temperature, but substantial quantities
accumulated at 50° in the experiment.12d The addition of another
molecule of cis-1,3-butadiene to 9 was studied and the results are
shown in Figure 6. There are two pathways for this second
addition; one is from the same face of the previous addition, a
suprafacial reaction, while the other is from the opposite face of

the previous addition, an apofacial reaction. The suprafacial
reaction to yield 12 has a barrier of 17.2 kcal/mol, while apofacial
reaction to form 13 has a barrier of 14.4 kcal/mol; both 12 and 13
are very stable. Calculation results suggest that once 9 is formed,
the formation of 13 is facile. Although the formation of 9 has
higher barrier than the formation of 2b, the very stable product
13 could drive the reaction toward 13. However, since it costs
about 28 kcal/mol in free energy for the initially formed 2b to
transform back to 1 and cis-1,3-butadiene, only a trace of this
thermodynamically stable product 13 was observed at room
temperature, while 20 h at 50° were needed to make it the major
experimentally observed product. The calculations show that the
addition of the second cis-1,3-butadiene to the other dithiolene
ligand leads to compounds that are significantly less stable than
13. These results are consistent with the frontier molecular
orbital study (Figure 7). In Figure 7, the LUMO of 9 is mainly

composed of the p orbitals of the unreacted S and C atoms of the
dithiolene currently binding diene and the energy difference
between the LUMO of 9 and the HOMO of cis-1,3-butadiene is
5.93 eV, which is smaller than that between the HOMO of 9 and
the LUMOof cis-1,3-butadiene by 2.72 eV. The reaction between
these S and C atoms of the reacted dithiolene in 9 and terminal C
atoms of another cis-1,3-butadiene is symmetry allowed. Thus,

Figure 6. Free energy profiles for the second 1,4-addition of cis-1,3-butadiene with 1 to form intraligand S−C adducts 12 and 13. The solvation-
corrected relative free energies are given in kcal/mol.

Figure 7. Frontier molecular orbitals for intermediate 9 and cis-1,3-
butadiene.
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the molecular orbital interactions support the reaction energy
study of 9 and cis-1,3-butadiene (Figure 6).
The optimized structure of 13 is quite similar to that from the

X-ray crystal structure (Supporting Information, Figure S5);12d

the differences between the calculated and experimental bond
distances are 0.06 Å for Pt−S(reacted) and less than 0.02 Å for
most others, further confirming that our theoretical method is
reliable. The optimized geometries with selected structural
parameters for the species involved in Figure 6 are in Figure S5
(Supporting Information).
The energy profiles for the addition of cis-1,3-butadiene to the

two unreacted S atoms in 2b are shown in Figure 8. This reaction
cannot occur due to the very high reaction barrier of 79.1 kcal/
mol and the unstable addition product, which cannot compete
with the formation of 13. The calculated results agree well with
the experimental observation that only the thermodynamically

stable product 13 was observed. The optimized geometries with
selected structural parameters for the species involved in Figure 8
are in Figure S6 (Supporting Information). The calculated
relative free energies at 50° for intermediates in Figures 6 and 8
are shown in Tables S1 and S2 in Supporting Information. The
relative free energies at 50° are 2−3 kcal/mol higher than those at
room temperature.

Alternative Routes to Intermediate 9. As the key
intermediate 9 can be transformed to 13 quickly, other possible
pathways leading to 9 from the easily obtained stable adducts
Int1 and 6 were explored and are shown in Figures 9 and 10. In
Figure 9, Int1 is formed from the initial reactants, then
transformed to Int2, followed by an isomerization to 8, and
then 9. The total barrier for this pathway is 27.9 kcal/mol in free
energy in the solution phase, which is similar to the previously
discussed total formation barrier of 9 from initially formed 2b,

Figure 8. Free energy profiles for the second 1,4-addition of cis-1,3-butadiene with 2b to form interligand S−S adducts 14. The solvation-corrected
relative free energies are given in kcal/mol.

Figure 9. Free energy profiles for an alternative pathway to form 9. The solvation-corrected relative free energies are given in kcal/mol.
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about 28 kcal/mol. Figure 10 gives the energy profile for
isomerization processes from 6 to Int3 and then to Int2, 8, and 9.
This pathway has a very high barrier for the first step, 51.7 kcal/
mol; although the following steps have smaller barriers, this
pathway cannot compete with the previous pathways for the
formation of 9. The optimized geometries with selected
structural parameters for the species involved in Figures 9 and
10 are in Figures S7 and S8 (Supporting Information).
Selected Reactions of trans-1,3-Butadiene with Plati-

num Bis(dithiolene). Figures 11−13 show the reaction
pathways of trans-1,3-butadiene with 1, where the activation
energies in Figure 11 are a little bit higher than those in Figure 2,
but more importantly trans2a and trans2b are less stable than 2a
and 2b by 4.1 and 7.5 kcal/mol, respectively. Thus, in agreement
with the experimental results, the cis-adduct was the only isomer

observed. In Figure 12, the total barrier for the formation of

trans4 from trans-1,3-butadiene and 1 is higher than that for the

formation of 4 in Figure 3 by 2.6 kcal/mol, while adduct trans4 is

more stable than 4 by 1.9 kcal/mol. The formation of trans6 and

trans7 from trans-1,3-butadiene and 1 also have slightly higher

barriers (Figure 13) than those for the formation of 6 and 7 in

Figure 4. Trans6 and trans7 appear slightly more stable than 6

and 7, but like 6 and 7 the reactions are reversible, and neither

trans6 nor trans7 can compete with the formation of 2b. The

optimized geometries with selected structural parameters for the

species involved in Figures 11−13 are in Figures S9−S11
(Supporting Information).

Figure 10. Free energy profiles for the isomerizations from 6 to 9. The solvation-corrected relative free energies are given in kcal/mol.

Figure 11. Free energy profiles for the formation of cis-interligand S−S adducts trans2a and trans2b by 1,4-addition. The solvation-corrected relative
free energies are given in kcal/mol.
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■ CONCLUSION

This computational study presented the mechanism for the
uptake of one and twomolecules of 1,3-butadiene by Pt(tfd)2 (1)
through unconventional (noninnocent, ligand-based) reactions,
in full agreement with the previous experimental report. The
calculations clearly predict that the lowest energy path is for the
cis-1,3-butadiene addition to form the adjacent interligand S−S
adduct (2b) as observed at room temperature, while increasing
the temperature changes the final product to an unprecedented
double cis-1,3-butadiene intraligand S−C adduct to a single
dithiolene, as was observed at 50°. The DFT calculations show
that in spite of the lower energy of trans-1,3-butadiene, the lower
reaction barriers favor reactions with cis-1,3-butadiene. Compu-
tations show that the intrinsic reactivity of Pt(tfd)2 favors a stable
interligand S−S adduct (2b) from 1,4 addition of one molecule
of cis-1,3-butadiene on immediately adjacent S atoms, which is
stable and can be formed through a barrier of only 9.3 kcal/mol.
Although 1,2 addition of one molecule of cis-1,3-butadiene on

intraligand S−S and 1,4 addition on intraligand S−C are also
symmetry-allowed, the adducts are not as stable as 2b and the
reaction barriers are also higher; thus, these reaction processes
cannot compete with the formation of 2b at room temperature.
However, higher temperatures shift the rates toward the addition
of another molecule of cis-1,3-butadiene to the intraligand S−C
adduct (9), producing the thermodynamic product, the apofacial
S−C adduct (13) with two molecules of cis-1,3-butadiene. Key
intermediate 9, with one molecule of cis-1,3-butadiene added to
intraligand S−C bond, is only slightly less stable than the room-
temperature product, 2b, and is formed over a somewhat higher
barrier (14.0 kcal/mol); final transformation to 13 only
overcomes a barrier of 14.4 kcal/mol. Therefore, the computed
overall barriers suggest that the formation of this final apofacial
intraligand S−C adduct can occur only slowly at room
temperature but much faster at higher temperature and will
yield the thermodynamic product exclusively. The calculation
results well explain the experimental results that interligand S−S

Figure 12. Free energy profiles for the formation of cis-interligand S−S adduct trans4 via a trans-interligand adduct trans3 by 1,2-addition. The
solvation-corrected relative free energies are given in kcal/mol.

Figure 13. Free energy profiles for the formation of cis-intraligand S−S adducts trans6 and trans7 by 1,2-addition. The solvation-corrected relative free
energies are given in kcal/mol.
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adduct was observed when the reaction started in a short time at
room temperature, while apofical intraligand S−C adduct was
accumulated as the final product at 50°. Considering recent
interest in ligand-based alkene uptake, we think the current
examination of Pt(tfd)2 reactivity will be helpful in the future
work on olefin absorption, purification, and reactivity.

■ ASSOCIATED CONTENT
*S Supporting Information
Figures of optimized compounds/intermediates and transition
states, along with tables of Cartesian coordinates and electronic
energies for all of the calculated structures. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: dang.l@sustc.edu.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Startup funding by South University of Science and Technology
of China is gratefully acknowledged by L.D.; E.N.B. and M.B.H.
acknowledge support from the Qatar National Research Fund
under NPRP 5-318-1-063.

■ REFERENCES
(1) Schrauzer, G. N.; Mayweg, V. J. Am. Chem. Soc. 1962, 84, 3221.
(2) (a) Paw,W.; Eisemberg, R. Inorg. Chem. 1997, 36, 2287. (b) Hill, P.
L.; Lee, L. Y.; Younkin, T. R.; Orth, S. D.; White, L. M. Inorg. Chem.
1997, 36, 5655. (c) Shiozki, H.; Nakazumi, H. Bull. Chem. Soc. Jpn. 1990,
63, 2653. (d) Oliver, S.; Winter, C. Adv. Mater. 1992, 4, 119.
(e) Underhill, A. E.; Hill, C. A. S.; Winter, C. S.; Oliver, S. N.; Rush, J. D.
Mol. Cryst. Liq. Cryst. 1992, 217, 7.
(3) (a) Zuleta, J. A.; Burberry, M. S.; Eisenberg, R. Coord. Chem. Rev.
1990, 97, 47. (b) Cassoux, P.; Valade, L. Coord. Chem. Rev. 1991, 110,
115. (c) Pilato, R. S.; Stiefel, E. I. Bioinorganic Catalysis, 2nd ed.; Reedijk,
J., Bouwman, E., Eds.; Dekker: New York, 1999; pp 81−152.
(4) (a) Drexhage, K. H.; Reynolds, G. A. Opt. Commun. 1974, 10, 18.
(b) Davison, A.; Edelstein, N.; Holm, R. H.; Maki, A. H. Inorg.Chem.
1963, 2, 1227. (c) Billig, E.; Williams, R.; Bernal, I.; Waters, J. H.; Gray,
H. B. Inorg. Chem. 1964, 3, 663. (d) McCleverty, J. A. Prog. Inorg. Chem.
1968, 10, 49.
(5) (a) Fourmigue,̀ M. Acc. Chem. Res. 2004, 37, 179. (b) Perochon, R.;
Davidson, P.; Rouzier̀e, S.; Camerel, F.; Piekara-Sady, L.; Guizouarna,
T.; Fourmigue,̀ M. J. Mater. Chem. 2011, 21, 1416. (c) Nakamura, T.;
Sasamori, K.; Kodama, T.; Kikuchi, K.; Fujita, W. Chem.Asian J. 2013,
8, 348.
(6) (a) Anthopoulos, T. D.; Setayesh, S.; Smits, E.; Cölle, M.;
Cantatore, E.; de Boer, B.; Blom, P. W. M.; de Leeuw, D. M. Adv. Mater.
2006, 18, 1900. (b) Taguchi, T.; Wada, H.; Kambayashi, T.; Noda, B.;
Goto, M. T.; Ishikawa, K.; Takezoe, H. Chem. Phys. Lett. 2006, 421, 395.
(c) Cho, J. Y.; Domercq, B.; Jones, S. C.; Yu, J. S.; Zhang, X. H.; An, Z. S.;
Bishop, M.; Barlow, S.; Marder, S. R.; Kippelen, B. J. Mater. Chem. 2007,
17, 2642. (d) Aragoni, M. C.; Arca, M.; Devillanova, F. A.; Isaia, F.;
Lippolis, V.; Mancini, A.; Pala, L.; Verani, G.; Agostinelli, T.; Caironi,
M.; Natali, D.; Sampietro, M. Inorg. Chem. Commun. 2007, 10, 191.
(e) Song, I. H.; Rhee, C. H.; Park, S. H.; Lee, S. L.; Grudinin, D.; Song, K.
H.; Choe, J. Org. Process Res. Dev. 2008, 12, 1012. (f) Anyfantis, G. C.;
Papavassiliou, G. C.; Assimomytis, N.; Terzis, A.; Psycharis, V.;
Raptopoulou, C. P.; Kyritsis, P.; Thoma, V.; Koutselas, I. B. Solid
State. Sci. 2008, 10, 1729. (g) Anthopoulos, T. D.; Anyfantis, G. C.;
Papavassiliou, G. C.; de Leeuw, D. M. Appl. Phys. Lett. 2007, 90, 122105.
(h) Belo, D.; Almeida, M. Coord. Chem. Rev. 2010, 254, 1479. (i) Miao,
Q. Q.; Gao, J. X.; Wang, Z. Q.; Yu, H.; Luo, Y.; Ma, T. L. Inorg. Chim.

Acta 2011, 376, 619. (j) Bui, T. T.; Bonneval, B. G.; Ching, K. I. M. C.
New J. Chem. 2010, 34, 337.
(7) (a) Clark, G. R.; Waters, J. M.; Whittle, K. R. J. Chem. Soc., Dalton
Trans. 1973, 821. (b) Kajitani, M.; Kohara, M.; Kitayama, T.; Asano, Y.;
Sugimori, A. Chem. Lett. 1986, 15, 2109. (c) Kajitani, M.; Kohara, M.;
Kitayama, T.; Akiyama, T.; Sugimori, A. J. Phys. Org. Chem. 1989, 2, 131.
(d) Koval, C. R.; Lopez, L. L.; Kaul, B. B.; Renshaw, S.; Green, K.;
Rakowski DuBois, M. Organometallics 1995, 14, 3440. (e) Goodman, J.
T.; Rauchfuss, T. B. J. Am. Chem. Soc. 1999, 121, 5017. (f) Kunkely, H.;
Vogler, A. Inorg. Chim. Acta 2001, 319, 183.
(8) (a) Geiger, W. E. Inorg. Chem. 2002, 41, 136. (b) Ishizu, S.;
Sugiyama, H.; Breedlove, B. K.; Matsumoto, K. Inorg. Chem. 2007, 46,
3726. (c) Grapperhaus, C. A.; Venna, K. B.; Mashuta, M. S. Inorg. Chem.
2007, 46, 8044. (d) Grapperhaus, C. A.; Ouch, K.; Mashuta, M. S. J. Am.
Chem. Soc. 2009, 131, 64.
(9) (a) Schrauzer, G. N.; Mayweg, V. P. J. Am. Chem. Soc. 1965, 87,
1483. (b) Olson, D. C.; Mayweg, V. P.; Schrauzer, G. N. J. Am. Chem.
Soc. 1966, 88, 4876. (c) Schrauzer, G. N.; Rabinowitz, H. N. J. Am. Chem.
Soc. 1968, 90, 4297. (d) Schrauzer, G. N.; Ho, R. K. Y.; Murillo, R. P. J.
Am. Chem. Soc. 1970, 92, 3508. (e) Zhang, C. H.; Reddy, K.; Chadha, R.
K.; Schrauzer, G. N. J. Coord. Chem. 1992, 26, 117.
(10) (a) Schmitt, R. D.; Wing, R. M.; Maki, A. H. J. Am. Chem. Soc.
1969, 91, 4394. (b) Wing, R. M.; Tustin, G. C.; Okamura, W. H. J. Am.
Chem. Soc. 1970, 92, 1935. (c) Baker, J. R.; Hermann, A.; Wing, R. M. J.
Am. Chem. Soc. 1971, 93, 6486.
(11) Wang, K.; Stiefel, E. I. Science 2001, 291, 106.
(12) (a) Herman, A.; Wing, R. M. J. Organomet. Chem. 1973, 63, 441.
(b) Kogut, E.; Tang, J. A.; Lough, A. J.; Widdifield, C. M.; Schurko, R.
W.; Fekl, U. Inorg. Chem. 2006, 45, 8850. (c) Harrison, D. J.; Nguyen,
N.; Lough, A. J.; Fekl, U. J. Am. Chem. Soc. 2006, 128, 11026. (d) Kerr,
M. J.; Harrison, D. J.; Lough, A. J.; Fekl, U. Inorg. Chem. 2009, 48, 9043.
(13) (a) King, R. B. Inorg. Chem. 1963, 2, 641. (b) Stiefel, E. I.;
Eisenberg, R.; Rosenberg, R. C.; Gray, H. B. J. Am. Chem. Soc. 1966, 88,
2956. (c) Cervilla, A.; Llopis, E.; Marco, D.; PMrez, F. Inorg. Chem.
2001, 40, 6525. (c) Harrison, D. J.; Lough, A. J.; Nguyen, N.; Fekl, U.
Angew. Chem., Int. Ed. 2007, 46, 7644. (e) Harrison, D. J.; Fekl, U. Chem.
Commun. 2009, 7572.
(14) (a) Fan, Y.; Hall, M. B. J. Am. Chem. Soc. 2002, 124, 12076.
(b) Szilagyi, R. K.; Lim, B. S.; Glaser, T.; Holm, R. H.; Hedman, B.;
Hodgson, K. O.; Solomon, E. I. J. Am. Chem. Soc. 2003, 125, 9158.
(c) Ray, K.; Petrenko, T.; Wieghardt, K.; Neese, F. Dalton Trans. 2007,
1552. (d) Dang, L.; Yang, X.; Brothers, E. N.; Hall, M. B. J. Phys. Chem. A
2012, 116, 476. (e) Dang, L.; Shibl, M. F.; Yang, X.; Alak, A.; Harrison,
D. J.; Fekl, U.; Brothers, E. N.; Hall, M. B. J. Am. Chem. Soc. 2012, 134,
4481. (f) Dang, L.; Shibl, M. F.; Yang, X.; Harrison, D. J.; Alak, A.;
Lough, A. J.; Fekl, U.; Brothers, E. N.; Hall, M. B. Inorg. Chem. 2013, 52,
3711.
(15) (a) Sun, L. L.; Zhang, S. F.; Han, Q. Z.; Zhao, Y. H.; Wen, H. Acta
Phys. Chim. Sin. 2010, 26, 3345. (b) Sun, L. L.; Zhang, S. F.; Han, Q. Z.;
Zhao, Y. H.; Wen, H. Mol. Simul. 2011, 37, 813.
(16) Chai, J. D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10,
6615.
(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.;
Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, Jr., J. A.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.;
Millam, N. J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich,
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