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ABSTRACT: The Pt−BO bonding nature and the formation reaction of
the experimentally reported platinum(II) oxoboryl complex, simplified to
PtBr(BO)(PMe3)2, were theoretically investigated with the density
functional theory method. The BO− ligand was quantitatively demonstrated
to have extremely strong σ-donation but very weak dπ-electron-accepting
abilities. Therefore, it exhibits a strong trans influence. The formation
reaction occurs through a four-center transition state, in which the Bδ+−
Brδ− polarization and the Br → Si and O pπ → B pπ charge-transfer
interactions play key roles. The Gibbs activation energy (ΔG°⧧) and Gibbs reaction energy (ΔG°) of the formation reaction are
32.2 and −6.1 kcal/mol, respectively. The electron-donating bulky phosphine ligand is found to be favorable for lowering both
ΔG°⧧ and ΔG°. In addition, the metal effect is examined with the nickel and palladium analogues and MBrCl[BBr(OSiMe3)]-
(CO)(PR3)2 (M = Ir and Rh). By a comparison of the ΔG°⧧ and ΔG° values, the M−BO (M = Ni, Pd, Ir, and Rh) bonding
nature, and the interaction energy between [MBrCl(CO)(PR3)2]

+ and BO− with those of the platinum system,
MBrCl(BO)(CO)(PR3)2 (M = Ir and Rh) is predicted to be a good candidate for a stable oxoboryl complex.

■ INTRODUCTION
In the last 2 decades, multiple-bonded compounds that involve
one or two heavier main-group elements in the p block have
attracted extensive interest.1 One of the most important reasons
is the challenge to the well-known double-bond rule that
elements with a principal quantum number of larger than 2
cannot form a multiple bond either with themselves or with
other elements.2 Another reason is to find alternatives to
versatile alkenes and alkynes, which would exhibit new
interesting bonding nature, electronic structure, and molecular
properties. In this regard, significant developments have been
achieved by the syntheses of SiSi double-bonded3 and SiSi
triple-bonded4 compounds. Besides, many multiple-bonded
systems containing group 155 and 166 heavier elements have
also been synthesized.
Though many multiple-bonded compounds have been

isolated between p-block first-row elements, as is well-known,
the multiple-bonded compounds of boron elements have not
been investigated well, as reviewed recently,1,7 except for BC
double-bonded8 and BN triple-bonded9 compounds. For
instance, a boron radical anion with a BB double-bond
character was experimentally detected in 1981 but was not
isolated.10 The reports of isolation and characterization of B
As and BB double-bonded compounds were presented in
199011 and 1992,12 respectively. In 1999, analogous tetraami-
nodiborate dianions were reported by Nöth et al.13 Recently,
neutral diborene compounds were reported by Robinson's
group.14 A theoretical study of an experimentally viable
compound with a BB double bond was carried out by
Kaufmann and Schleyer's group.15 The reports of the triple-

bonded boron compounds have been much more limited. One
neutral compound OCBBCO was detected under an argon
matrix,16 and its bonding nature was analyzed theoretically.16,17

Also, synthesis of the B−O multiple-bonded compound has
been very difficult for a long time. This is surprising because
BN triple-bonded compounds were synthesized and well
characterized.9 One of the reasons is that the B−O bond is
highly polarized and easily undergoes oligomerization reaction
to form a B−O−B linkage rather than remaining as a BO
double or BO triple bond. In fact, the R−BO (R = alkyl)
species including a BO double bond was detected in the gas
phase or a low-temperature argon matrix,18 but it could not be
isolated because it forms a dimer or trimer in solution.
In the past few years, however, new progress has been

successfully made in the chemistry of the B−O multiple-
bonded species. Cowley and co-workers successfully isolated a
stable compound [β-diketiminate](BO) → AlCl3.

19 In this
species, the B−O bond is considered to be a double bond with
a bond length of 1.304 Å. In 2010, more progress was achieved
by Braunschweig et al.20,21 They synthesized a remarkably
stable neutral platinum(II) oxoboryl complex, PtBr(BO)-
(PCy3)2, as shown in eq 1. The short B−O distance (1.2103
Å) and large B−O stretching frequencies ν(B−O) (1853 and
1797 cm−1) suggest that the BO moiety has a triple-bond
feature. This was confirmed by the bond index calculation.20

In addition to the neutral platinum(II) oxoboryl complex,
neutral platinum(II) iminoboryl complexes (LnMBNR) were
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reported.22 They were synthesized by a reaction similar to that
of eq1; see eq 2.

These new reactions are of considerable interest because the
strong Si−O and Si−N bonds are broken and the BO and
BN triple bonds are formed. However, the reaction
mechanisms, electronic processes, geometry changes, and
transition states of these reactions are not clear, to our
knowledge. Such information is valuable and indispensable not
only for the correct understanding of these reactions but also
for further development of the chemistry of similar multiple-
bonded compounds.
In the neutral oxoboryl complex PtBr(BO)(PCy3)2, the BO

moiety is considered to be an anion.23 The BO− anion is an
isoelectronic species of CO, where we use BO− with a negative
charge to describe this ligand when it is discussed as an
independent moiety hereafter. Finding alternatives to CO is
interesting in a wide area of chemistry. In this aspect,
theoretical studies of transition-metal oxoboryl complexes
have been reported by Baerends'24 and Schaefer's groups.25

However, there are important issues to be elucidated such as
the trans influence of the BO− ligand, the quantitative
evaluation of σ-donation and π-back-donation interactions in
the M−BO bond, and the theoretical prediction of new
transition-metal oxoboryl complex.
In this work, we theoretically investigated the platinum(II)

oxoboryl complex PtBr(BO)(PR3)2 (R = CF3, Me, or i-Pr) and
its formation reaction with density functional theory (DFT).
Our purposes here are to clarify the differences in the
coordination bonding nature and trans influence between the
BO− ligand and such well-known isoelectronic ligands as CO,
CN−, and NO+, to disclose the reaction features of the
formation reaction shown in eq 1, and to present a theoretical
prediction on a candidate of a stable transition-metal oxoboryl
complex.

■ COMPUTATIONAL DETAILS
Geometry optimizations were carried out with the DFT method using
the B3LYP functional.26,27 Two kinds of basis set systems, BS-I and
BS-II, were used in this work. In BS-I, the effective core potentials
(ECPs) of LANL2DZ28 were employed for transition metals (Ni, Pd,
Pt, Ir, and Rh) to replace their core electrons. Valence electrons of Pt
and Ir were represented by (541/541/111/1),28−30 those of Pd and
Rh by (541/541/211/1),28−30 and those of Ni by (541/541/311/
1).28−30 The 6-311+G* basis sets were used for Br and Cl atoms. For
other atoms, the 6-311G* basis sets31 were employed. In BS-II, core
electrons of Ni, Pd, Pt, Ir, and Rh were replaced with Stuttgart−
Dresden−Bonn ECPs,32 and their valence electrons were represented
with (311111/22111/411/11) basis sets.32,33 For other atoms, the
same basis sets as those of BS-I were used. BS-I was employed for
geometry optimization and vibrational frequency calculation. The
better basis set system, BS-II, was used for the evaluation of energy
changes because the energy change is rather sensitive to the basis set.34

All transition states were verified with intrinsic reaction coordinate
(IRC) calculation.35 The polarizable continuum model36 was
employed to compute the potential energy in the solvent (toluene),

where gas-phase-optimized structures were employed. The Gibbs
energy in solution was calculated in the same way as that described in
our previous works,37 in which the entropy of translational movement
was evaluated with the method developed by Whitesides et al.38 The
scale factor for the vibrational frequency was not employed here. All of
these calculations were carried out with the Gaussian 09 program.39 In
this work, B3LYP computational results are employed for discussion
after a careful check of the reliability; see the Supporting Information,
p S3 and Table S1.

■ RESULTS AND DISCUSSION
In the first subsection, the Pt−BO bonding nature is discussed
in comparison with the Pt−CO, Pt−CN, and Pt−NO bonds. In
the next two subsections, the mechanism and electronic process
of the formation reaction of the platinum(II) oxoboryl complex
PtBr(BO)(PMe3)2 (2PtBO) are investigated. Then, the effects of
the phosphine ligand and transition metal (M = Ni, Pd, Ir, and
Rh) on the formation reaction are explored. In the last
subsection, the theoretical prediction of a new candidate for a
stable transition-metal oxoboryl complex is presented.

Pt−BO Bonding Nature and Its Comparison with the
Pt−L (L = CO, CN−, and NO+) Bond. Optimized geometries
of platinum(II) complexes with L = BO−, CO, CN−, and NO+

are shown in Figure 1. The Pt−Br bond distance gradually

decreases in the order 2PtBO (2.606 Å) > PtBr(CN)(PMe3)2
(2PtCN; 2.550 Å) > [PtBr(CO)(PMe3)2]

+ (2PtCO; 2.479 Å) >
[PtBr(NO)(PMe3)2]

2+ (2PtNO; 2.393 Å), where the Pt−Br
distance is in parentheses. This trend indicates that the trans
influcence of the L ligand becomes weaker in the order BO− >
CN− > CO > NO+. Interestingly, the B−O and C−N distances
become moderately shorter by 0.016 and 0.011 Å, respectively,
upon coordination with the Pt center, while the C−O and N−
O distances become moderately longer by 0.009 and 0.063 Å,
respectively. These results provide us with the following
questions: (1) what differences exist in the bonding nature
between Pt−BO and Pt−L (L = CO, CN−, and NO+), (2) why
does the BO− ligand have the strongest trans influence, and (3)
why do the B−O and C−N bond distances become shorter but
the C−O and N−O bond distances become longer in the
transition-metal complexes than in the free diatomic molecules?
In general, the M−L bonding nature is discussed in terms of

the σ donation from the ligand to the metal center and the π

Figure 1. Optimized structures of 2PtBO, 2PtCN, 2PtCO, 2PtNO,
PdBr(BO)(PMe3)2 (2PdBO), and NiBr(BO)(PMe3)2 (2NiBO). H
atoms on the methyl groups are omitted for clarity. In parentheses
are the bond distances of free L molecules. Distances are in angstroms.
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back-donation from the metal center to the ligand. To discuss
those interactions, it is crucial to separately evaluate σ-donation
and π-back-donation interactions. The natural bond orbital
(NBO) population analysis cannot present such kind of
information because the electron population provided by this
method is a result of both σ donation and π back-donation. In
general, the molecular orbital (MO) of a total system AB can be
represented by a linear combination of MOs of fragments A
and B; see eq 3,40

∑ ∑φ = φ + φC Ci
m

im m
n

in n
AB A A B B

(3)

where φi
AB represents the ith MO of the complex AB and φm

A

and φn
B are the mth and nth MOs of fragments A and B,

respectively. Cim
A and Cin

B are expansion coefficients of φm
A and

φn
B, respectively. The electron populations of φm

A and φn
B can be

obtained from these coefficients, Cim
A and Cin

B. This idea was
employed in the discussion of the contributions of σ-donation
and π-back-donation interactions to the coordination bond in
our previous works.41 Here, the oxoboryl complex 2PtBO is
divided into such two moieties as [PtBr(PMe3)2]

+ and BO−.42

The electron populations of important MOs of [PtBr(PMe3)2]
+

and BO− are shown in Table 1 with MO pictures. The
population on the lowest unoccupied molecular orbital
(LUMO) of [PtBr(PMe3)2]

+ considerably increases to 1.174e,
where the LUMO mainly consists of the Pt dσ orbital.
Consistent with this increase, the population on the lone-pair
orbital (highest occupied molecular orbital HOMO) of BO−

considerably decreases to 0.702e. These results clearly indicate
that charge transfer (CT) substantially occurs from the lone-
pair orbital of BO− to the dσ orbital of the [PtBr(PMe3)2]

+

moiety. On the other hand, the populations of two π* orbitals
of BO− moderately increase to 0.068e and 0.042e, respectively.
Consistent with these increases in the population, the electron
populations on HOMO and HOMO−3 of the [PtBr(PMe3)2]

+

moiety moderately decrease by 0.074e and 0.028e, respectively,

where HOMO and HOMO−3 mainly consist of the dπ orbital
of Pt. These results demonstrate that the σ donation from BO−

to Pt is extremely strong and provides a predominant
contribution to the Pt−BO bond. On the other hand, the π
back-donation is very weak and its contribution to the Pt−BO
bond is very small.
Comparison of the Pt−BO bond with other Pt−L bonds (L

= CN−, CO, and NO+) is interesting. As shown in Table 1, the
electron population on the LUMO of the [PtBr(PMe3)2]

+

moiety considerably increases in the order NO+ < CO < CN−

≪ BO−. Consistent with this result, the electron population on
the HOMO (the lone pair orbital) of BO−, CN−, CO, and NO+

decreases in the order NO+ > CO > CN− ≫ BO−. On the
other hand, the electron populations on the π* orbitals increase
in the order BO− < CN− < CO ≪ NO+. These results indicate
that the σ-donation becomes weaker in the order BO− ≫ CN−

> CO > NO+, but the dπ-electron-accepting ability becomes
stronger in the reverse order.
The above results provide us with a clear explanation for the

reason why BO− has the strongest trans influence. The LUMO
of [PtBr(PMe3)2]

+ contains an antibonding overlap between
the pσ orbital of Br and the dσ orbital of Pt, while the HOMO of
[PtBr(PMe3)2]

+ contains a dπ−pπ antibonding overlap between
Pt and Br, as shown in Table 1. Thus, σ-donation of the L
ligand, which supplies the electron population to the LUMO of
the Pt moiety, induces weakening of the Pt−Br bond. On the
other hand, π back-donation from the Pt moiety to L reduces
the electron population on the HOMO of [PtBr(PMe3)2]

+,
which leads to strengthening of the Pt−Br bond. Because the
BO− ligand has the strongest σ-donation and the weakest dπ-
electron-accepting abilities in these ligands, as discussed above,
it exhibits the strongest trans influence. The weakest trans
influence of the NO+ ligand and the decreasing order of the
trans influence, BO− ≫ CN− > CO > NO+, can be understood
in a similar way.

Table 1. Important Molecular Orbitals and Their Electron Populationsa of [MBr(PMe3)2]
+ and L Ligand in MBrL(PMe3)2 (L =

BO−, CN−, CO, and NO+)

aThe electron population of each MO is presented here. In the LUMO, the population increases from zero to the number here in the complex. In
the doubly occupied orbital (HOMO, HOMO−1, and 5σ), the population decreases from two to the number here in the complex. bHOMO−2 for
Ni and Pd, HOMO−3 for Ir, and HOMO−4 for Rh systems. cHOMO for Ni and Pd, HOMO−4 for Ir, and HOMO−5 for Rh systems.
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It is interesting to discuss the reason why the B−O and C−N
distances become shorter but the C−O and N−O distances
become longer in their platinum(II) complexes than in free
diatomic molecules. Previous theoretical studies of several CO
complexes disclosed that the electrostatic effect of the cation
moiety induces polarization of the bond orbital of the CO
moiety, which leads to shortening of the C−O bond distance.43

The same effect is orbserved here for BO−, CN−, and NO+; see
Figure S4 in the Supporting Infromation. On the other hand,
the π back-donation of the metal moiety to the L ligand induces
significant elongation of the interatomic distance of the L
ligand. The π back-donation of the Pt moiety to the L ligand
increases in the order L = BO− (0.110e) < CN− (0.124e) < CO
(0.393e) ≪ NO+ (1.009e), where in parentheses is the sum of
the electron populations of the two π* orbitals of the L ligand.
In other words, bond elongation by π back-donation is larger
than bond shortening by the electrostatic interaction in CO and
NO+ but less in BO− and CN−. These are the reasons why the
B−O and C−N distances become shorter but the C−O and
N−O distances become longer.
In summary, our computations quantitatively demonstrated

that the BO− ligand has extremely strong σ donation but very
weak dπ-electron-accepting abilities. The next is CN

− and then
CO, and the last is NO+. This is the origin for the increasing
order of the trans influence: NO+ < CO < CN− ≪ BO−. The
relationship between the σ donation ability of the ligand and its
trans influence is clearly understood by the LUMO feature of
the [PtBr(PMe3)2]

+ moiety.
Formation Reaction of Platinum(II) Oxoboryl Com-

plex 2PtBO; Geometry and Energy Changes. Optimized
geometries of all species along the formation reaction are
shown in Figure 2. In the reactant PtBr[BBr(OSiMe3)](PMe3)2
(1PtMe), the B−O bond length is 1.335 Å. When going from
1PtMe to the transition state TSPtMe, the Pt−B and B−O
distances become somewhat shorter by 0.064 and 0.081 Å,
respectively, whereas the Pt−B−O angle considerably increases
from 129° to 167°. On the other hand, the B−Br2 and Si−O
bonds are considerably elongated by 0.718 and 0.267 Å,

respectively; see Figure 2 for Br1 and Br2. Simultaneously, the
Br2 and Si atoms are approaching each other. In TSPtMe, the
Br2···Si distance (2.754 Å) is about 20% longer than that
(2.285 Å) in the byproduct BrSiMe3, suggesting that the Br−Si
bond is not formed completely, but some bonding interaction is
already formed. The Gibbs activation energy (ΔG°⧧) of this
reaction is 32.3 kcal/mol. When going from TSPtMe to the
product 2PtBO, the B−O distance becomes further shorter by
0.037 Å. Interestingly, the Pt−Br1 distance in 2PtBO (2.606 Å)
is shorter than that in 1PtMe (2.670 Å) despite the shorter Pt−B
distance in 2PtBO than that in 1PtMe. This result suggests that the
boryl [BBr(OSiMe3)]

− ligand exhibits a stronger trans
influence than the oxoboryl BO− ligand. This is because the
lone-pair orbital of the boryl ligand lies at much higher energy
(1.47 eV) than that of the oxoboryl ligand (0.80 eV), where the
Kohn−Sham orbital energy is presented. For the whole
reaction, the Gibbs reaction energy (ΔG°) is −6.1 kcal/mol
and the reaction enthalpy change (ΔH°) is 4.9 kcal/mol (Table
3), indicating that the reaction is endothermic and the increase
of the entropy is important for the negative ΔG° value;
remember that two species are produced from one compound
in this reaction.
In addition, the structural parameters along the reaction

pathway were investigated by the IRC calculation. Upon going
from the reactant to the product, the B−Br2 distance gradually
increases, as shown in Figure 3A, while the Br2···Si distance
gradually decreases. It is noted that the Si−O distance changes
little in the very early stage of the reaction. Then, it is
moderately elongated around the transition state and
substantially in the late stage of the reaction. On the other
hand, B−Br2 bond elongation occurs earier than Si−O bond
elongation, which is considerably elongated around the
transition state. These results suggest that Si−O bond
elongation does not easily occur and that the reaction is
induced by B−Br2 bond elongation.

Electronic Processes of the Formation Reaction of the
Platinum(II) Oxoboryl Complex 2PtBO. The NBO popula-
tion changes along the reaction coordinate are presented in
Figure 3B. In the early stage of the reaction (stage a in Figure
3B), the Br2 atomic population considerably increases, but the
B atomic population considerably decreases. On the other
hand, the O atomic population slightly decreases and the Si
atomic population changes little. This is consistent with the
slight elongation of the Si−O bond in this reaction stage.
Around the reaction stage b, the Br2 atomic population
increases to almost the same extent as the sum of both O and B
atomic populations decreases; see Figure 3B. These population
changes indicate that B−Br2 bond elongation induces Bδ+−
Br2δ− polarization to decrease the B atomic population in this
stage. Hence, CT from the O atom to the B atom occurs to
compensate for the decrease in the B atomic population,
leading to a slight shortening of the B−O distance.
Around TSPtMe, B−Br2 elongation further occurs, which

strengthens Bδ+−Br2δ− polarization. However, the Br2 atomic
population begins to decrease rapidly in this reaction stage and
the Si atomic population increases steeply, as presented in
Figure 3B. These population changes indicate that CT starts to
occur from Br2 to Si. Actually, the Br pπ orbital is found in the
occupied level and the Si p orbital in the unoccupied level in
TSPtMe, as displayed in Figure 4. These orbitals participate in
CT from Br2 to Si. It is noted that the O atomic population
starts to significantly decrease. Si−O elongation further occurs
here, which weakens the participation of the O p orbital in the

Figure 2. Optimized structures of the reactant and transition state
(TS) in the formation reaction of the oxoboryl complex MBr(BO)-
(PMe3)2 from MBr[BBr(OSiMe3)](PMe3)2 (M = Pt, Pd, and Ni). H
atoms in the PMe3 and SiMe3 groups are omitted for clarity. All of the
distances are in angstroms.
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Si−O bond. As a result, CT from the O p orbital to the B p
orbital becomes stronger around TSPtMe, leading to a further
shortening of the B−O bond; see Scheme 1 for these CTs.

In the later stage c (see Figure 3), the Br2 atomic population
further decreases and the Si atomic population further
increases, indicating that CT from Br2 to Si becomes stronger.
The Br2−Si distance continues to decrease, as displayed in
Figure 3A. These structural and electron population changes
are consistent with the Br2−Si bond formation in this reaction.
Another important change is that the B atomic population
increases to almost the same extent as that of the O atomic
population decreases in stage c, indicating that the important
change in the BO moiety is the strengthening of CT from the
O pπ orbital to the B pπ orbital. This CT participates in the
formation of a new π-bonding interaction between the B and O

atoms, which corresponds to the conversion of the BO
double bond to the BO triple bond.

Phosphine Ligand Effect on the Formation Reaction.
As listed in Table 3, the ΔG°⧧ and ΔG° are 41.7 and 3.8 kcal/
mol, respectively, for the formation reaction of PtBr(BO)[P-
(CF3)3]2, 32.3 and −6.1 kcal/mol for that of 2PtBO, and 24.8
and −14.7 kcal/mol for that of PtBr(BO)[P(i-Pr)3]2.
Apparently, the electron-donating bulky phosphine is favorable
for the formation reaction of the oxoboryl complex. As
discussed above, the boryl [BBr(OSiMe3)]

− ligand is more
electron-donating than the oxoboryl BO− ligand. Hence, the
electron-donating phosphine much more destabilizes the boryl
reactant PtBr[BBr(OSiMe3)](PR3)2 than the oxoboryl product
PtBr(BO)(PR3)2. In addition, the boryl reactant is more
congested than the oxoboryl product. From the steric
viewpoint, therefore, the bulky phosphine ligand is more
unfavorable for the reactant than for the product. Because of
these two factors, the formation reaction becomes more
exothermic by the electron-donating bulky phosphine system.
Also, the electron-donating phosphine stabilizes the tran-

sition state from two aspects. In one aspect, it is in favor of the
Bδ+−Br2δ− polarization, the accumulation of the electron
population on the Br2 atom, and the Br2 → Si CT interaction,
as follows: Because CT from the [BBr(OSiMe3)]

− moiety to Pt
reduces the B atomic population, this CT suppresses Bδ+−
Br2δ− polarization, which is unfavorable for the accumulation of
the electron population on the Br2 atom. The electron-
donating phosphine can suppress this CT, and hence it is
favorable for Bδ+−Br2δ− polarization and the accumulation of
the electron population on the Br2 atom. In fact, the negative
charge on Br2 increases in the order P(CF3)3 (−0.30e) < PMe3
(−0.56e) < P(i-Pr)3 (−0.60e) at the transition state, as shown
in Table 2. As a result, the Br2 → Si CT interaction becomes
stronger in the order P(CF3)3 < PMe3 < P(i-Pr)3. Another is
the Pt−B bond strengthening in the transition state. As
discussed above, the Pt−B bond strengthening in the transition
state arises from dπ−pπ back-donation from Pt to B. The
electron-donating phosphine enhances this dπ−pπ back-
donation, which induces considerable shortening of the Pt−B
bond. In fact, the extent of Pt−B bond shortening increases in
the order P(CF3)3 (0.040 Å) < P(i-Pr)3 (0.063 Å) ∼ PMe3
(0.064 Å), where the extent of the Pt−B bond shortening is in
parentheses.
In summary, the formation reaction occurs through Bδ+−

Br2δ− polarization and Br2 → Si and O pπ → B pπ CT
interactions. The electron-donating bulky phosphine is
favorable for the reaction through (1) the enhancement of

Figure 3. Changes in several important bond distances and electron populations along the IRC of the formation reaction of 2PtBO. A positive value
represents an increase in the population or bond distance relative to those in the reactant 1PtMe and vice versa. The DFT/BS-II level was employed.

Figure 4. Several important occupied orbitals localized on the Br2
atom and a vacant orbital localized on the silyl moiety in TSPtMe.

Scheme 1
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Bδ+−Br2δ− polarization and electron accumulation on Br2, (2)
the enhancement of back-donation from Pt to B in the
transition state, and (3) destabilization of the boryl complex
(reactant) more than the oxoboryl complex (product) through
both electronic and steric effects.
Formation Reactions of Oxoboryl Complexes of

Other Transition-Metal Systems and Theoretical Pre-
diction of the New Oxoboryl Complex. The formation
reaction of a oxoboryl complex is explored in such systems as
nickel and palladium analogues, IrBrCl[BBr(OSiMe3)](CO)-
(PMe3)2,

44 and its rhodium analogue here. As shown in Figure
2, the geometry changes in the palladium and nickel reaction
systems are almost the same as those of the platinum reaction
system. The ΔG°⧧ and ΔG° values are 35.5 and −5.9 kcal/mol,
respectively, for nickel and 34.5 and −4.5 kcal/mol for
palladium, as shown in Table 3, indicating that the formation
reaction is difficult in nickel and palladium systems. Although
there is no big difference in the B, O, Si, and Br2 atomic
populations among these complexes, as demonstrated in Tables
4 and 4 and 5, we found that the extent of M−B bond
shortening in the transition state becomes larger in the order Ni

(0.043 Å) ∼ Pd (0.046 Å) < Pt (0.064 Å). In accordance with
this trend, π back-donation from the metal center to the boryl
ligand increases in the order Ni (0.08e) ∼ Pd (0.09e) < Pt
(0.12e) in the transition state, where in parentheses is the sum
of the electron populations on the π* orbitals of the boryl
group calculated by eq 3. Because π back-donation stabilizes the
transition state, as discussed above, the platinum system is more
reactive than the palladium and nickel systems.
In the iridium and rhodium systems, the Br and Cl ligands

coordinate with the metal center at the positions cis and trans
to the boryl ligand, respectively; see Figure 5. In the transition
state, the Si−O and Si−Br2 distances and the Br2 and Si atomic
populations are similar to those of the platinum system, as
listed in Table 5. However, the B−Br2 bond distance is 3.085 Å
in TSIrMe and 3.019 Å in TSRhMe, which are much longer than
that in TSPtMe. To compensate for the considerably long B−Br2
bond distance, M−B bond shortening is much larger in TSIrMe

(0.095 Å) and TSRhMe (0.080 Å) than in TSPtMe, which
contributes to the stabilization of the transition states in the
iridium and rhodium systems. As a result, the ΔG°⧧ and ΔG°
values for the iridium and rhodium systems are similar to those
of the platinum system, as shown in Table 3. It is noted that the
use of P(i-Pr)3 considerably decreases both ΔG°⧧ and ΔG°; see
Table 3 for ΔG°⧧ and ΔG° and Figure S3 in the Supporting
Information for the geometry changes by the reaction. They are
25.3 and −13.8 kcal/mol, respectively, for the iridium system
and 25.6 and −13.4 kcal/mol for the rhodium system. These
values are similar to those of the platinum system, indicating
that the formation reaction can occur in the iridium and
rhodium systems similarly to the platinum system.
In addition, we examined the M−BO (M = Ir and Rh)

bonding nature and the interaction energy between the metal
moiety and the BO− ligand. σ-donation of the BO− ligand to
the metal center decreases the electron population of the lone-
pair orbital by 1.212e and 1.190e in 2IrMe and 2RhMe,
respectively, indicating that σ donation is somewhat larger
than that in the platinum system. π back-donation from the
metal center to the BO− ligand is slightly weaker than that in
the platinum system because the sums of the π*-orbital
populations of BO− is 0.097e, 0.064e, and 0.110e in 2IrMe,
2RhMe, and 2PtMe, respectively. The Ir−BO and Rh−BO bond
energies are 154.7 and 149.1 kcal/mol, respectively.

Table 2. Ligand Effects on the Interaction Energy between
BO− and the Metal Moiety, Several Important Geometrical
Parameters, and NBO Population in 2PtBO

PR3

P(CF3)3 PMe3 P(i-Pr)3

Pt−BO interaction energya (kcal/mol unit) 158.6 154.7 138.5
R(Pt−P) (Å) 2.302 2.339 2.394
R(Pt−B) (Å) 2.001 1.970 1.958
R(Pt−Br1) (Å) 2.567 2.606 2.635
Population (in e Units)b

Pt −0.58 −0.61 −0.49
d 9.18 9.21 9.23
s 0.71 0.78 0.70
p 0.67 0.61 0.53

BO −0.04 −0.09 −0.14
Br1 −0.37 −0.50 −0.52
PR3 0.49 0.60 0.57

aSee ref 45. bNBO charge for atom (or group) and population for the
s, p, and d orbitals.

Table 3. Gibbs Activation Energy (ΔG°⧧)a, Gibbs Reaction
Energy (ΔG°)b, and Enthalpy Change (ΔH°)c for the
Formation Reaction of the Oxoboryl Complex
MBr(BO)(PR3)2 (kcal/mol)

M PR3 ΔG°⧧ ΔG° ΔH°

P(CF3)3 41.7 3.8 15.6
Pt PMe3 32.3 −6.1 4.9

P(i-Pr)3 24.8 −14.7 −2.8
Ni PMe3 35.5 −5.9 5.2
Pd PMe3 34.6 −4.5 6.6
Ir PMe3 31.3 −7.5 4.3

P(i-Pr)3 25.3 −13.8 −1.80
Rh PMe3 32.6 −6.4 5.0

P(i-Pr)3 25.6 −13.4 −1.43
aThe Gibbs energy difference between the transition state and the
precursor complex. bThe Gibbs energy difference between the reactant
and the sum of the products. cThe enthalpy change between the
reactant and the sum of the products.

Table 4. Changesa of Electron Populations in the Formation
Reaction of 2PtBO

1PtMe TSPtMe

Products

2PtBO BrSiMe3

Pt 78.48 78.52 78.61
d 9.23 9.22 9.21
s 0.73 0.71 0.78
p 0.51 0.59 0.61

B(Br2)
(OSiMe3)

b
−0.10 −0.21

B 0.64 0.90 0.78
O −1.11 −1.1 −0.87

SiMe3 0.66 0.50 0.38
Br2b −0.29 −0.57 −0.38
PMe3 0.57 0.61 0.60
Br1b −0.56 −0.49 −0.50

aA positive value represents increase in electron population and vice
versa. bSee Figure 2 for Br1 and Br2.
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Here, we present the theoretical prediction on a promising
candidate for a stable transition-metal oxoboryl complex based
on three aspects. (1) The ΔG°⧧ and ΔG° values: The values of
the rhodium and iridium systems are similar to those of the
platinum system, but those of the palladium and nickel systems
are somewhat larger; see Table 3. (2) The M−BO bonding
nature: σ donation of the BO− ligand to the metal center is
somewhat stronger in the iridium and rhodium systems than in
the platinum system, while π back-donations from the Ir and
Rh centers to the BO− ligand are slightly weaker than that from
the Pt center. (3) The interaction energy between [MBrCl-
(CO)(PMe3)2]

+ and BO−:45 The interaction energy is
evaluated to be 154.7, 149.1, 141.7, 130.9, and 123.6 kcal/
mol for the Pt−BO, Ir−BO, Rh−BO, Pd−BO, and Ni−BO
bonds, respectively. The Ir−BO bond moderately and the Rh−
BO bond are somewhat weaker than the Pt−BO bond, while
the Pd−BO and Ni−BO bonds are much weaker. According to
the above three factors, the iridium and rhodium systems are
close to the platinum system. The palladium and nickel systems
are much worse than the platinum system. Taking all of these
factors into consideration, it is predicted that MBrCl(BO)-
(CO)(PR3)2 (M = Ir and Rh) is a good candidate for a stable
oxoboryl complex, similar to PtBr(BO)(PR3)2.

■ CONCLUSIONS

In this theoretical work, we investigated the Pt−BO bonding
nature, made its comparison with other Pt−L (L = CN−, CO,
and NO+) bonds, and presented the mechanistic and electronic
insights into the formation reaction of the oxoboryl complex
PtBr(BO)(PR3)2 as well as the effects of the phosphine ligand
and transition metal on this reaction. On the basis of the
computational results, the following conclusions are presented:
(1) The BO− ligand has extremely strong σ donation but

very weak dπ-electron-accepting abilities. As a consequence, it
exhibits a very strong trans influence.
(2) The formation reaction of the oxoboryl complex 2PtBO

occurs through a four-center transition state, in which Bδ+−
Br2δ− polarization and Br2 → Si and O pπ → B pπ CT
interactions play key roles. The electron-donating bulky
phosphine ligand is favorable for the reaction by enhancing
Bδ+−Br2δ− polarization, stabilizing the transition state, and
destabilizing the boryl complex (reactant) more than the
oxoboryl complex (product).
(3) MBrCl(BO)(CO)(PR3)2 (M = Ir and Rh) is predicted to

be a good candidate of a stable oxoboryl complex based on the
comparisons in the ΔG°⧧ and ΔG° values of the formation
reaction, the M−BO bonding nature, and the M−BO
interaction energy between MBrCl(BO)(CO)(PR3)2 and
PtBr(BO)(PR3)2.

Table 5. NBO Population Changesa upon Going to the Transition State from the Reactant of the Formation Reaction of
MBr(BO)(PR3)2 (M = Pt, Pd, or Ni) and MBrCl(BO)(CO)(PR3)2 (M = Ir or Rh)

M = Pt R = Me

R = CF3 R = Me R = i−Pr M = Pd M = Ni M = Ir M = Rh

M −0.48 −0.53 −0.41 −0.41 −0.47 −1.33 −1.30
B 0.71 0.88 0.87 0.90 0.90 1.09 1.14
O −0.98 −1.03 −0.98 −1.08 −1.10 −1.04 −1.05
Si 1.76 1.78 1.74 1.77 1.78 1.78 1.84
Br2b −0.30 −0.57 −0.61 −0.56 −0.56 −0.56 −0.55
PR3 0.47 0.63 0.60 0.59 0.61 0.82 0.75
boryl −0.06 −0.22 −0.27 −0.23 −0.25 0.00 0.15
Br1b −0.40 −0.49 −0.50 −0.52 −0.49 −0.27 −0.26
ΔdM−B (Å)c −0.040 −0.064 −0.064 −0.046 −0.043 −0.095 −0.080

aA positive value represents an increase in the population upon going from the reactant to the transition state. bSee Figure 2 for Br1 and Br2. cThe
difference in the M−B distance between the transition state and the reactant. A negative value represents the shortening of the M−B bond.

Figure 5. Optimized structures of the reactant, transition state (TS), and product in the formation reaction of MBrCl(BO)(CO)(PMe3)2 (M = Ir
and Rh). H atoms on PMe3 and SiMe3 groups are omitted for clarity. All distances are in angstroms.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic202499u | Inorg. Chem. 2012, 51, 4597−46054603



■ ASSOCIATED CONTENT
*S Supporting Information
Complete representation of ref 39, discussion of the reliability
of the B3LYP functional in this study, optimized structure of
2PtBO and the B−O frequency, geometry changes in the
oxidative addition of BBr2(OSiMe3) to IrCl(CO)(PMe3)2,
geometry changes in the formation reaction of MBrCl(BO)-
(CO)([P(i-Pr)3]2 from MBrCl[BBr(OSiMe3)](CO)([P(i-
Pr)3]2, the B−O, C−N, C−O, and N−O distance changes by
proton and one positive charge, geometry changes in the
formation reaction of the P(CF3)3 and P(i-Pr)3 complexes of
platinum, electronic energies of [PtBr(PMe3)2]

+, BO¯, [PtBr-
(PMe3)2]

+, and BO¯, and potential energies both in the gas
phase and in the solvent, zero-point energy, Gibbs free energies
in the gas phase of all stationary points located in this work, and
the M06L-calculated energy changes. This material is available
free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: sakaki@moleng.kyoto-u.ac.jp.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is financially supported by the Grants-in-Aid from
Ministry of Education, Culture, Science, Sport, and Technology
through Grants-in-Aid of Specially Promoted Science and
Technology (No. 22000009) and Grand Challenge Project
(IMS, Okazaki, Japan). We are also thankful to the computa-
tional facility at the Institute of Molecular Science, Okazaki,
Japan.

■ REFERENCES
(1) Fischer, R. C.; Power, P. P. Chem. Rev. 2010, 110, 3877 and
references therein.
(2) (a) Jutzi, P. Angew. Chem., Int. Ed. Engl. 1975, 14, 232.
(b) Guseln'ikov, L. E.; Nametkin, N. S. Chem. Rev. 1979, 79, 529.
(c) Kuchta, M. C.; Parkin, G. Coord. Chem. Rev. 1998, 176, 323.
(d) Norman, N. C. Polyhedron 1993, 12, 2431.
(3) West, R.; Fink, M. J.; Michl, J. Science 1981, 214, 1343.
(4) Sekiguchi, A.; Kinjo, R.; Ichinohe, M. Science 2004, 105, 1755.
(5) (a) Yoshifuji, M.; Shima, I.; Inamoto, N.; Hirotsu, K.; Higuchi, T.
J. Am. Chem. Soc. 1981, 103, 4587. (b) Tokitoh, N.; Arai, Y.; Okazaki,
R.; Nagase, S. Science 1997, 277, 78. (c) Tokitoh, N.; Arai, Y;
Sasamori, T.; Okazaki, R.; Shigeru Nagase, S.; Uekusa, H.; Ohashi, Y. J.
Am. Chem. Soc. 1998, 120, 433. (d) Cowley, A. H.; Lash, J. G.;
Norman, N. C.; Pakulski, M. J. Am. Chem. Soc. 1983, 105, 5506.
(6) (a) Pohl, S.; Niecke, E.; Krebs, B. Angew. Chem., Int. Ed. Engl.
1975, 14, 261. (b) Seppelt, K. Angew. Chem., Int. Ed. Engl. 1991, 30,
361. (c) Fleischer, R.; Stalke, D. Coord. Chem. Rev. 1998, 176, 431 and
references cited therein.
(7) Scheschkewitz, D. Angew. Chem., Int. Ed. 2008, 47, 1995.
(8) Reviews: (a) Eisch, J. J. Adv. Organomet. Chem. 1996, 39, 355.
(b) Berndt, A. Angew. Chem., Int. Ed. Engl. 1993, 32, 985.
(9) (a) Niedenzu, K.; Dawson, J. W. Boron−Nitrogen Compounds;
Springer: Berlin, 1965. (b) Paetzold, P. Adv. Inorg. Chem. 1987, 31,
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