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ABSTRACT: Through detailed calculations by density func-
tional theory and second-order Moller—Plesset perturbation
theory (MP2) to fourth-order Moller—Plesset perturbation
theory including single, double, and quadruple excitations
[MP4(SDQ)] methods, we investigated the oxidative addition
of the B—Br bond of dibromo(trimethylsiloxy)borane
[Br,B(OSiMe;)] to Pt(0) and Pd(0) complexes [M(PMe;),]

(M = Pt or Pd) directly yielding a trans bromoboryl complex

trans-[MBr{BBr(OSiMe;) } (PMes),]. Two reaction pathways
are found for this reaction: One is a nucleophilic attack pathway
which directly leads to the trans product, and the other is a
stepwise reaction pathway which occurs through successive cis
oxidative addition of the B—Br bond to [M(PMes),] and
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thermal cis—trans isomerization. In the Pt system, the former course occurs with a much smaller energy barrier (E, = 5.8 kcal/
mol) than the latter one (E, = 20.7 kcal/mol), where the DFT-calculated E, value is presented hereafter. In the Pd system, only the
latter course is found in which the rate-determining steps is the cis—trans isomerization with the E, of 15.1 kcal/mol. Interestingly,
the thermal cis—trans isomerization occurs on the singlet potential energy surface against our expectation. This unexpected result is
understood in terms of the strong donation ability of the boryl group. Detailed analyses of electronic processes in all these reaction
steps as well as remarkable characteristic features of [Br,B(OSiMe;)] are also provided.

1. INTRODUCTION

The chemistry of transition-metal boryl complexes' has been
experiencing a robust development in the past few decades due to
their essential roles not only in hydroboration® and diboration®
reactions of such unsaturated compounds as alkene, alkyne,
aldehydes, and diene but also in the selective functionalizations
of C—H* and C—F bonds. As well-known, oxidative additions
of B—H,> B—B,’ and B—E (E = Si, Ge, or $n)®'* bonds to low-
valent transition-metal complexes are often used to prepare
transition-metal boryl compounds. Usuall these oxidative addi-
tions produce cis boryl complexes. " Interestlngly, how-
ever, the oxidative addition of B—X (X = CI, Br, or I) bond to
Pd(0) and Pt(O) complexes generally affords trans boryl
complexes.'>** Though structural properties, M—B bond nat-
ure, and catalytic reactions of transition-metal boryl complexes
have been extenswely investigated theoretically and experi-
mentally,">4'%2%733 the mechanism which leads to the forma-
tion of trans boryl complexes has not been clarified yet at all. It is
of considerable interest to clarify the mechanism of this new
oxidative addition reaction.

In addition, the cis—trans isomerization of transition-metal
complexes has received widespread interests due to their elementary
importance in organometallic reactions, as recently reviewed.**
Thermal cis—trans isomerization including spin conversion from
singlet to triplet potential energy surface has been well
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documented.** %" However, the thermal cis—trans isomerization
on the singlet potential energy surface has been little investigated.

PMe; PMe;
,OSiMe; M=Pt or Pd | /OSIMe3

M + Br—B Br—M— (1)
\Br \Br

PMe; PMe;

Here, we theoretically investigate the oxidative addition of bromo-
borane to zero-valent d'° Pt(0) and Pd(0) complexes, [M(PMes),]
(M = Pt or Pd), as demonstrated in eq 1, where we employed
dibromo(trimethylsiloxy)borane [Br,B(OSiMe;)] as a substrate.
This is because the oxidative addition of this substrate has been
proven to be a facile access to obtain trans bromoboryl complexes
(Scheme 1),"'?%%¢ and also the first stable oxoboryl complex

[Pt(BO)(Br)(PCy3),] (Cy = cyclohexyl) was successfully synthe-
sized vnth this substrate, as recently reported by Braunschweig’s
group.”” Our purposes here are to explore possible reaction path-
ways leading to the formation of trans bromoboryl complexes and to
clarify whether the thermal cis—trans isomerization of a transition-
metal complex can occur on the singlet potential energy surface or
not. Through this study, we also wish to clarify interesting char-
acteristics of [Br,B(OSiMe;)].
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Scheme 1. Synthesis of trans—[PtBr{BBrX}(PCy;),]
Through Oxidative Addition of the B—Br Bond to
[Pt(PCys),] Reported by Branschweig’s group'>'¥>%%%”

Fl'Cy3 toluene or PCys

Pt + Br—B\/ Br benzene Br—pt—B~ Br
| X | >x
PCy; PCy;

X=0SiMes, NMe,, 2,4,6-Mez-CgHy, NCsHyo etc

2. COMPUTATIONAL DETAILS

Geometries of all species were fully optimized with the density
functional theory (DFT) method®® using the B3LYP functional®
implemented in the Gaussian 03 and 09 programs.** Core electrons of
Pt and Pd were replaced with the effective core potentials (ECPs)
LANL2DZ,*" and their valence electrons were represented by (541/
541/111/1) and (541/541/211/1) basis sets**** for Pt and Pd,
respectively. The 6-3114-G* basis set was employed for Br and the
6-311G* basis sets were used for other atoms. Frequency calculation was
carried out for each stationary point to make sure whether it is in an
equilibrium structure or a transition state. The polarizable continuum
model (PCM)**was employed to compute potential energy (E2S') and
nonelectrostatic interaction energy (AE,onelect) in the solvent (toluene),
where gas-phase optimized structures were employed.

Here, we provide energy (Eqop) with zero-point energy correction as
well as the Gibbs energy (G%)) in solvent to discuss the reaction profile.
For each species, the E, is defined through eq 2:

Esol = Esslt + Enonelect + E;’,S (2)

where Egj, represents the zero-point vibrational energy in the gas phase.
In a bimolecular process, such as the coordination of the substrate
[Br,B(OSiMe;)] with [M(PMej),], the entropy change must be taken
into consideration because the entropy considerably decreases in the
process. In this case, Gibbs energy (G2,) must be evaluated as follows:

GO

sol T H® — T(S? + Sg + S?)
= ET+PAV-T(S+S0+8)) (3)

= Esol +Etherm - T(S? + SS + S(t))

where AV is 0 in solution, Eg,erp, is the thermal correction by transla-
tional, vibrational, and rotational movements, S°, S°, and S are
rotational, vibrational, and translational entropies, respectively. In gen-
eral, the Thacker—Ttrode equation is used to evaluate translational
entropy S;. In solution phase, however, the usual Sackur—Tetrode
equation cannot be directly applied to the evaluation of S{, because S} is
suppressed very much in solution.*® In this context, we evaluated the
translational entropy with the method developed by Whitesides et al.*®

3. RESULTS AND DISCUSSION

In the first three subsections, geometry and energy changes in
the oxidative addition of the B—Br bond of [Br,B(OSiMe;)] to
[M(PMe;),] (M=Pt or Pd) are explored. Two possible reaction
pathways and their electronic processes as well as remarkable
features of [Br,B(OSiMe;)] are discussed. One is a nucleophilic
attack pathway in which the bromoborane undergoes the nu-
cleophilic attack of Pt(PMes), to directly form a trans product
trans-[MBr{BBr(OSiMes) } (PMej3), ], and the other is a stepwise
reaction pathway which occurs through cis oxidative addition
followed by cis—trans isomerization. All reactions are found to
occur on the singlet potential energy surface. This phenomenon
is unexpected for the thermal cis—trans isomerization process of

a planar four-coordinate d® transition-metal complex. In the
fourth subsection, we present clear explanation on this unex-
pected phenomenon. At last, we wish to elucidate in which case
the trans product is directly formed through the nucleophilic
attack pathway and in which case it is formed through the
stepwise pathway including the cis—trans isomerization.

3.1. Geometry and Energy Changes in Platinum Reaction
System Yielding the trans Bromoboryl Complex, trans-[PtBr-
{BBr(OSiMes)}(PMes),]. Optimized geometries and energy
changes along two reaction pathways are shown in Figure 1. In
[Pt(PMes),] 1—Pt, the Pt—P distance is 2.266 A, and the P—Pt—P
moiety is almost linear. [Br,B(OSiMe;)] 2 is planar, in which the
B—Br bond distance is 1.955 A. The first step is the coordination of
2 with 1-Pt to form a precursor complex [Pt(PMes),-
{Br,B(OSiMe;)}] 3—Pt through the interaction between the
empty p orbital of B and the doubly occupied d, orbital of Pt,
which will be discussed below. Thus, 3—Pt can be considered as a
Lewis acid—base adduct. This process occurs through a transition-
state TS; ;—Pt with moderate activation energy of 7.1/16.4 kcal/
mol and a reaction energy of —3.8/6.7 kcal/mol, where we provide
both the energy change (E,) and Gibbs energy change ( Ggol)
before and after slash, respectively. In TS, 3—Pt, the Pt—B distance
is 3.132 A, suggesting that the interaction between Pt and B is weak.
In consistent with the long Pt—B distance, two B—Br bonds are
only slightly elongated by 0.032 and 0.013 A. In 3—Pt, the Pt—B
bond is shortened to 2.178 A, suggesting that a strong interaction is
formed between Pt and B. As a result, B—Br1 and B—Br2 bonds are
somewhat elongated by 0.124 and 0.119 A, respectively (see Figure 1
for Brl and Br2).

Similar complexes of [Pt(PRs),] with Lewis acids were reported
experimentally,”’ and some of them were theoretically investigated
previously.*® In the case of GaBrs, such a complex is not formed, but
the Ga—Br bond undergoes oxidative addition to [Pt(PRs),] to
form trans-[Pt(Br)(GaBr,) (PR;),], like bromoborane.*’ All these
interestingly relate to the present work.

Starting from 3—Pt, there are two pathways leading to a final
trans form of platinum(II) bromoboryl complex trans-[PtBr-
{BBr(OSiMe;)}(PMes),] 5—Pt. One is the nucleophilic attack
pathway which directly provides $—Pt, and another is the
stepwise pathway which occurs through the cis oxidative addition
to form a cis intermediate cis-[PtBr{BBr(OSiMe;)}(PMe;),]
4—Pt and its subsequent isomerization to S—Pt.

In the nucleophilic attack pathway, S—Pt is directly produced
through a transition-state TS; s—Pt, as shown in the lower part of
Figure 1. In TS;3 s—Pt, the B—Br1 and Pt—Br1 distances are 3.005
and 2.974 A, respectively. These data indicate that the B—Brl is
almost broken, but the Pt—Brl bond is far from the formation. The
activation barrier for this step is 5.8/5.9 (12.6) kcal/mol, where the
activation barrier is defined as an energy difference between the
transition state and the intermediate just before the transition state;
in parentheses is the energy difference between the transition state
and the sum of reactants, hereafter. Note that the true activation
barrier is the energy difference between the transition state and the
sum of reactants when the intermediate is less stable than the sum of
reactants. To verify this transition state, we performed an intrinsic
reaction coordinate (IRC) calculation in solvent. But, it stopped at a
structure corresponding to an ion pair, in which the B—Brl and
Pt—Brl distances are further elongated to 3.473 and 3.322 A,
respectively (see Figure 1). These geometrical features suggest that
the Br~ anion would easily dissociate from the system. To
investigate whether the Br~ anion easily dissociates or not, we
calculated the dissociation energy, which is defined as an energy
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Figure 1. Optimized structures of all species involved in the formation reaction of trans-[PtBr{BBr(OSiMe;)}(PMe3),]. All the hydrogen atoms are
omitted for clarity. All the distances and angles are in A and °, respectively. Free energy change E,,j and Gibbs energy change AG? are shown before and
after the slash, respectively, in kcal/mol unit. The standard (energy zero) is the sum of [Pt(PMe;),]and [Br,B(OSiMe;)].
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Figure 2. Optimized structures of all the species involved in the formation reaction of trans-[PdBr{BBr(OSiMe;)} (PMej;),]. All the hydrogen atoms
are omitted for clarity. All the distances and angles are in A and °, respectively. Free energy change E,; and Gibbs energy change AG?2,, are shown before
and after the slash, respectively, in kcal/mol unit. The standard (energy zero) is the sum of [Pd(PMe;),] and [Br,BOSiMe;].

difference between 3—Pt and the sum of separate Br anion and
[Pt(B)(PMe;),]" cation in solvent, where the [BBr(OSiMe;)]
ligand is represented by (B) for brevity hereafter. The dissociation
energy is 30.4 kcal/mol, which is much larger than the activation
barrier for TS; s—Pt. This indicates that the Br~ does not com-
pletely dissociate from the Pt cation but stays around the Pt cation as
a counteranion to form the ion pair due to the Coulomb interaction.
Note that toluene is not polar enough to stabilize the separate cation
and anion. Actually, the approximate potential energy surface scan
starting from the ion pair clearly demonstrates that the Br~ anion
moves around the Pt cation toward the position trans to the (B)
ligand (see Figure S1, Supporting Information for details). This
movement of the Br~ anion and its coordination with the Pt center
occurs without any barrier. Based on these results, it is concluded
that TS; s—Pt is the correct transition state leading to the final trans
product S—Pt. Nucleophilic attack of Pt(0) complex to orgamc
halide was theoretically investigated by Ziegler*” and our groups™
previously, but it has not been clarified how much easier the
rebound process of the anion at the trans position occurs. This
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reaction mechanism is completely different from the mechanism
yielding the cis product by the cis oxidative addition reaction.

In the stepwise pathway, the first step is the cis oxidative
addition. This step occurs through a transition-state TS3 4—Pt to
form a cis intermediate 4—Pt, as shown in the upper part of
Figure 1. In TS3 ,—Pt, the B—Brl bond is elongated to 2.201 A,
while the B—Br2 bond distance is little changed. In consistent
with the elongation of the B—Br1 bond, the Pt—B bond becomes
short to 2.088 A, indicating that the Pt—B bond is almost formed
in TS; 4—Pt. In 4—Pt, the Pt—Br1 (2.252 A) bond as well as the
Pt—B (2.046 A) bond is formed. During this process, the
P—Pt—P angle decreases from 160° in 3—Pt to 140° in
TS;,4—Pt and 103° in 4—Pt. At the same time, the dihedral
angle between the P—Pt—P and B—Pt—Brl planes decreases
from 65° in 3—Pt to 45° in TS;4—Pt and 4° in 4—Pt. The
almost planar structure of 4—Pt is consistent with our general
understanding that the d® transition-metal complex tends to
take a four-coordinate planar structure in the singlet state.
This step occurs with a considerably large exothermicity of
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Figure 3. Electron populations of MOs of fragments, [Pt(PMe;),] and [Br,B(OSiMe;)].

12.3/13.5 kcal/mol and a very small energy barrier of 2.7/0.6
(7.3) kcal/mol. These results indicate that the cis intermediate is
easily formed. The next step is the cis—trans isomerization to the
final trans product S—Pt through a transition-state TS, s—Pt. In
TS, 5—Pt, the P—Pt—P angle is considerably increases to 137°.
The Pt—Brl bond is elongated to 2.704 A. On the other hand,
the Pt—B bond is moderately shortened to 1.985 A. The dihedral
angle O is 61°, indicating that this transition state is pseudote-
trahedral. Generally, the d® transition-metal complex takes a
triplet ground state in a tetrahedral-like structure. However,
TS, s—Pt takes a singlet ground state despite of its pseudote-
trahedral geometry, which will be discussed in Section 3.4 in
more detail. This transformation occurs with activation barrier of
20.7/21.0 keal/mol and exothermicity of 11.6/10.5 kcal/mol.

In summary, the overall reaction is exothermic by 27.7/17.3
kcal/mol. In the nucleophilic attack pathway, the activation
barrier is 5.8/5.9 (12.6) kcal/mol. In the stepwise approach,
the rate-determining step is the cis—trans isomerization with the
activation barrier of 20.7/21.0 kcal/mol. Thus, the nucleophilic
attack pathway is much more favorable than the stepwise one.

3.2. Geometry and Energy Changes in Palladium Reaction
System Yielding trans Bromoboryl Complex, trans-[PdBr-
{BBr(OSiMe3)}(PMej3),]. Optimized geometries and energy
changes of all stationary points are shown in Figure 2. In this
oxidative addition, only the stepwise pathway was found. The
transition state for the nucleophilic attack pathway could not be
located. However, for the purpose of comparison, this reaction
course is also discussed below.

The first step is the coordination of 2 with [Pd(PMe;),]
1-Pd to form a precursor complex [Pd(PMes),{Br,B
(OSiMe;)}] 3—Pd. This process occurs through a transition-
state TS, 3—Pd. In TS, ;—Pd, the Pd—B distance (2.950 A) is
somewhat shorter than that in TS; 3—Pt (3.132 A). The activa-
tion barrier of this step is 7.1/16.7 kcal/mol, and the reaction
energy is —1.7/7.2 kcal/mol. Then, 3—Pd transforms to a cis
intermediate cis-[PdBr(PMe;),{BrB(OSiMe;)}] 4—Pd through
the second transition-state TSz ,—Pd. This process is the cis
oxidative addition. When going from 3—Pd to TS; 4—Pd, the
Pd—B distance becomes somewhat shorter by 0.068 A, and the
B—Brl and B—Br2 bonds are moderately elongated by 0.028 and

0.045 A, respectively. The P1—Pd—P2 angle considerably de-
creases by 34°, and the P1—Pd—B angle considerably increases
by 36°. These angle changes necessarily occur to generate the cis
intermediate 4—Pd. The activation barrier and the reaction
energy for this step are 0.2/0.3(7.5) kcal/mol and —6.2/—4.8
kcal/mol, respectively, indicating that this step easily occurs.
Finally, 4—Pd transforms to a trans product trans-[PdBr{BBr-
(OSiMe;) } (PMe3),] 5—Pd through a pseudotetrahedral transi-
tion-state TS, s—Pd on the singlet potential energy surface. In
TS, s—Pd, the dihedral angle ¢ between the P—M—P and
B—M—Brl planes is 62°. The activation barrier and the reaction
energy for this step are 15.1/14.8 and 8.8/8.2 kcal/mol, respec-
tively, indicating that the cis—trans isomerization is the rate-
determining step, like in the Pt reaction system.

In the nucleophilic attack pathway, the transition state could be
optimized only when the P—Pd—P angle was fixed to be 160°,
which is the same as that in TS; s—Pt. This constrained transition-
state TS; s—Pd lies moderately higher in energy than TS, —Pd by
1.4/2.0 kcal/mol>* Despite of this small energy difference,
TS; s—Pd eventually changes to TS, s—Pd during the geometry
optimization without the constraint of the P—Pd—P angle. This will
be discussed below in more detail. These results indicate that the
nucleophilic attack pathway is unlikely.

In summary, the oxidative addition of the B—Br o-bond to
[Pd(PMej),] occurs in the stepwise pathway, the rate-determin-
ing step of which is the cis—trans isomerization step. The
nucleophilic attack pathway is unlikely, on the other hand, the
reason of which will be discussed below.

3.3. Electronic Process of the Oxidative Addition of B—Br
Bond. First, we investigate the population changes in the
oxidative addition of the B—Br bond, to clarify the electronic
process. As well-known, the molecular orbital (MO) of a total
system AB can be represented by a linear combination of MOs of
fragments, A and B, as follows:

¢,(AB) = ¥ Ch,(A)+ Y Clo,(B) (4)

where ¢;(AB) represents the i-th MO of the complex AB, ¢,,(A)
and ¢,,(B) are the m-th MO and n-th MO of fragments A and B,
respectively, and Ci, and C}, are the expansion coefficients of
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Scheme 2. Schematic Picture of the B—Br 6* MO of
[BrzB(OSiMe3)]
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Table 1. Relative Stability of Singlet and Triplet States
Calculated with Various Methods”

TS, 5Dt TS, s—Pd TS—Br,
MP2 3.06 2.86 —0.51
MP3 233 2.03 —0.16
MP4(DQ) 2.69 2.48 —0.34
MP4(SDQ) 274 2.55 039
SCS-MP2 2.51 2.79 —0.54
B3LYP 1.93 2.0 —023
B3PW91 1.92 1.98 —021
BLYP 1.87 1.93 —027
PBEPBE 1.86 1.92 —025

“ A positive value represents that the singlet state is more stable than the
triplet state. Values given in eV units.

¢@u(A) and ¢,(B), respectively. The Mulliken populations of
@m(A) and ¢,(B) can be obtained from these coefficients Ciy,
and C}. Here, we separate the total system into [M(PMej3),] and
[Br,B(OSiMe;)] 2. In the precursor complex 3—Pt, the electron
population mainly decreases in @g4; and @4, of [Pt(PMe;),] by
0.38¢ and 0.18e, respectively, where the ¢4; and ¢4, mainly
consist of d, and d.. orbitals of Pt, respectively, as shown in
Figure 3A. On the other hand, the electron population increases
in the empty p orbital ¢; of 2 by 0.58e. These population changes
clearly show that the charge transfer (CT) mainly occurs from
the @q; and @4, of [Pt(PMe;),] to the empty p orbital of 2 in
3—Pt. In the transition-state TS3; ,—Pt of the cis oxidative
addition, the CT (0.57e) occurs from the @4, and @43 of
[Pt(PMe3;),] to the o*-like MO ¢, of 2; see Figure 3B, where
(43 mainly consists of d,.. This ¢, mainly consists of the sp2
orbital of the B atom into which the p, orbital of the Br atom
mixes in an antibonding way, as will be discussed below. This is
one important feature of the borane substrate. This CT induces
the B—Br bond weakening and simultaneously the increase in the
oxidation state of Pt. In the transition state TS3 s—Pt of the
nucleophilic attack pathway, the similar CT (0.89¢) occurs from
Pa1, Par, and @4, orbitals of [Pt(PMes),] to the ¢; of 2, where
the 44 mainly consists of d,._,. (see Figure 3C). This CT is
much larger than that in TS; 4,—Pt. The acceptor orbital ¢; is
similar to the ¢, of TS3 4—Pt. As a result, the B—Br bond is more
weakened by this CT in TS; s—Pt, which is evidenced by the
considerable elongation (0.913 A) of the B—Br bond.

It should be noted that the ¢, and ¢ are the antibonding MO
between the sp2 orbital of the B atom and the p,, orbital of the Br
atom, and they apparently expand toward the Pt atom (see ¢,
and ¢ in Figure 3). This orbital expansion enhances the orbital
overlap with the d orbitals of Pt, which is favorable for the
oxidative addition. Thus, it is interesting to clarify the reason why
the ¢, and ¢; expand toward the Pt atom. In [Br,B(OSiMe;)],
the B atom possesses an empty p orbital perpendicular to the

5=52°

:

y

Z

Figure 4. Transition state for the cis—trans isomerization of
[PtBr,(PMe;),].

TS-Br,

HOMO HOMO

zt P1g, « © Y
. } /o P1 e

)‘!\ : !GPy
o ), m Br1—-p'§t..-Br2 ?"’&,
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Figure 5. The d—d orbital splitting in TS, s—Pt and TS—Br,. Unrest-
ricted DFT calculations were carried out for the triplet state, where the
singlet optimized geometry of TS, s—Pt was employed. For TS—Br,,
the triplet optimized geometry was employed, because the triplet state is
more stable than the closed-shell singlet state. (B) = [BBr(OSiMe3)],
and P1 = P2 = [PMe;].

molecular plane. Because this empty p orbital lies in higher
energy than the p,, orbital of the Br atom, it mixes into the sp>
orbital on the B atom in a bonding way with the Br p,, orbital.
This mixing changes the direction of the B—Br ¢* MO toward
the Pt atom, as shown in Scheme 2.

In 3—Pd and TS; 4,—Pd, the similar CT processes are found.
However, the total amount of CT is smaller than that in the Pt
system. For instance, the CT from the [M(PMej3),] moiety to
the 2 moiety is 0.40e and 0.56e in 3—Pd and 3—Pt, respectively,
0.51eand 0.57¢ in TS;3 ,—Pd and TS; 4—Pt, and 0.78¢ and 0.8%¢
in TS3 s—Pd and TS;3 s—Pt. The small CTs of the Pd reaction
system arise from the fact that the d orbital energy is lower in the
Pd system than in the Pt system, as is well-known®* (see also the
Figure S4, Supporting Information).

3.4. Why Does the cis—trans Isomerization Occur on the
Singlet Potential Energy Surface? The isomerization of the cis
intermediate (4—Pt and 4—Pd) to the trans form has been
proved here to unexpectedly occur on the singlet potential
energy surface without spin conversion, as mentioned in Sections
3.1 and 3.2. This is another important and interesting feature of
the reaction of bromoborane, because it is believed in general that
the thermal cis—trans isomerization of d° four-coordinate planar
transition-metal complex occurs through spin conversion from
singlet to triplet. Here, we recalculated the relative stabilities of
the singlet and triplet states with various methods, because the
relative stability between these two states is sensitive to the
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Figure 6. Total energy and the orbital energy changes against the P—Pt—P angle (in °).

computational method. All these computational results indicate
that the singlet state is considerably more stable than the triplet
state, as shown in Table 1. Moreover, all computational methods
provide similar energy difference between the singlet and the
triplet states (1.9 to 2.8 eV). These results lead to the conclusion
that the cis—trans isomerization occurs on the singlet potential
energy surface.

It is of considerable importance to provide a clear explanation
for this unexpected transition state on the singlet potential energy
surface. To make comparisons with the typical cis—trans isomeriza-
tion, we investigated the cis—trans isomerization of cis-[PtBr,-
(PMe;),]. The transition-state TS—Br, is pseudotetrahedral, as
shown in Figure 4. In TS—Br,, the Pt—Brl and Pt—Br2 distances
are 2.633 and 2.574 A, respectively. The Br—Pt—Br angle is 119°,
which exists almost on the xy plane. The P—Pt—P angle is 141°,
which exists almost on the yz plane (see Figure 4 for x, y, and z axes).
As aresult, d, and d,, orbitals are destabilized by two bromide and
two phosphine ligands, respectively. The energy gap between these
two d orbitals is 0.72 eV, as shown in Figure S, where the
Kohn—Sham orbital energies are presented. Due to this small
energy splitting, the triplet state becomes more stable than the
singlet for TS—Br,, as shown in Table 1.

In TS,s—Pt, on the other hand, one bromide ligand is
substituted for the boryl group (B). The boryl and one phosphine
ligand exist on the xy plane with the P1—Pt—B angle of 88°.
Thus, the d,, orbital energy is considerably destabilized by these
two ligands. The bromide and the other phosphine ligands lie on
the xz plane with the P2—Pt—Br angle of 89°, which destabilize
the d,, orbital energy. The energy gap between these two d
orbitals is 2.67 eV, which is much larger than that of TS—Br; (see
Figure S). Similarly, the d—d splitting energy is 2.75 eV in
TS, s—Pd (see Figure S3, Supporting Information). These large
d—d energy splittings arise from the strong donating ability of the
boryl ligand, as follows: The highest occupied molecular orbital
(HOMO) energy of the boryl ligand is much higher than that of
the Br ligand by 2.2 eV. In other words, the boryl ligand is much
stronger than the bromide ligand. For the presence of the
HOMO at high energy, the boryl ligand considerably raises the
d,, orbital energy, leading to the large d—d energy splitting.
Thus, the singlet state is more stable than the triplet one even in
the pseudotetrahedral TS, s—Pt and TS, s—Pd.

In summary, one d orbital is extremely destabilized by the
strong boryl ligand in the transition state of the cis—trans
isomerization of 4—Pt and 4—Pd. This is the reason why the
singlet state is more stable than the triplet one even in the
pseudotetrahedral transition state of the isomerization reaction.

3.5. Why Is the Nucleophilic Attack Pathway Possible in the
Pt System but Not in the Pd? Another important result here is that
the nucleophilic attack pathway is possible only in the Pt reaction
system and not in the Pd. To get an answer to this question, we
examined first the major differences between transition states for the
nucleophilic attack pathway (TS;s—Pt) and the cis oxidative
addition (TS;4—Pt and TS; ,—Pd). The P—Pt—P angle (160°)
of TS; s—Pt is much larger than those of TS;,—Pt (140°) and
TS;,4—Pd (120°). In addition, the electronic process is different
between these two pathways, as discussed in Section 3.3. In
TS;5—Pt, the CT mainly occurs from the d,-like MOs (¢4, and
(a4) of [Pt(PMe;),] to the B—Br 0* MO ¢, as shown in Figure 3.
InTS;3 4—Ptand TS;3 4—Pd, the CT mainly occurs from the d-type
MO @45 of [M(PMe;),] to the B—Br 6* MO ¢,. As clearly shown
in Figure 6a, the ¢ 43 orbital energy becomes higher by the bending
of the P—M—P angle. Thus, the small P—M—P angle is favorable
for the transition state of the cis oxidative addition, because the CT
from the @43 of [M(PMe,),] to the B—Br ¢* orbital is crucial in the
cis oxidative addition. In contrast, ¢4, and @4, MOs become
moderately lower in energy, as the P—M—P angle decreases; see
Figure 6a. This indicates that the CT from these ¢4, and 44 MOs
of [M(PMes),] to the *-type ¢, MO of 2 becomes weak in the
small P—M—P angle. Thus, the large P-M—P angle is favorable for
the nucleophilic attack pathway.

We also examined how much easier the P—M—P angle
decreases. For instance, when the P—Pt—P angle decreases from
180° to 120°, the destabilization energy (AE) is 18.0 kcal/mol
for the Pt system and 10.7 kcal/mol for the Pd system, as shown
in Figure 6b. These results indicate that the P—M—P bending
occurs with more difficulty in [Pt(PMe;),] than in [Pd(PMes), ].
In other words, the [Pt(PMes),] moiety tends to keep its linear
structure, and hence the nucleophilic attack is favorable in the Pt
system. In the Pd system, the cis oxidative addition becomes
favorable because the P—Pd—P angle easily decreases with
smaller destabilization energy. Actually, the P—Pd—P angle is
smaller than the P—Pt—P angle in both the borane precursor
complex 3 and the transition-state TS;3 4 for the cis oxidative
addition step (see Figures 1 and 2).

4. CONCLUSIONS

We have theoretically investigated the oxidative addition reaction
of the B—Brbond of [ Br,B(OSiMe;)] 2 to [M(PMes),] 1 (M =Pt
or Pd) yielding the trans bromoboryl complex trans-[ MBr{BBr-
(OSiMe;) } (PMes),]. These oxidative addition reactions are ther-
modynamically favorable; the exothermicity is 27.7/17.3 kcal/mol
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for the Pt system and 16.7/5.8 kcal/mol for the Pd system. The first
step of the reaction is the coordination of 2 with 1 to form a
precursor complex. The next step is the B—Br bond cleavage, in
which two reaction pathways are possible: One is the nucleophilic
attack pathway, and the other is the stepwise reaction pathway. In
the former pathway, the final trans bromoboryl complex is directly
formed through the dissociation of the Br~ anion from the B atom
and its successive coordination with the metal center at the position
trans to the (B) ligand. It is noted here that during this reaction step,
the Br~ anion does not completely dissociate from the
[Pt(PMe;),{BBr(SiMe;)} 1" cation but stays around it to form
an ion pair. In the latter pathway, the cis oxidative addition of the
B—Brbond to the metal center forms a cis intermediate, and then it
transforms to the trans product through a thermal cis—trans
isomerization. For the Pt system, these two reaction courses are
found, and the former one is more favorable than the latter one. For
the Pd system, only the latter one is found, where the rate-
determining step is the cis—trans isomerization. In both reaction
courses, the empty p orbital of the B atom plays a crucial role to
expand the B—Br 0* MO toward the metal center, which is
favorable for the B—Br bond cleavage.

Interestingly, the thermal cis—trans isomerization is found to
occur on the singlet potential energy surface without spin
conversion. In the transition state, one d orbital is much
destabilized in energy by the strong (B) ligand. As a result, the
singlet state is more stable even for the tetrahedral-like transition-
states TS, s—Ptand TS, s—Pd. This is the first theoretical report
to show that the thermal cis—trans isomerization occurs on the
singlet potential surface and the reason why.

In summary, we successfully elucidated the reaction mechan-
ism of the oxidative addition of bromoborane directly yielding
the trans product, the reason why, and the mechanism of
cis—trans isomerization of four-coordinate d* metal complex
on the singlet potential surface.
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