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In this paper, the trans influence of boryl ligands, together with that of other ligands commonly believed to have
a strong trans influence, has been investigated theoretically via density functional theory (DFT) calculations on a
series of square-planar platinum(II) complexes of the form trans-[PtL(Cl)(PMe3)2]. The following order of trans influ-

ence has been obtained: −BMe2 > −SiMe3 > −BH2 > −SnMe3 ∼ −BNHCH2CH2NH > −Bpin > −BOCH2CH2O >

−BOCHdCHO ∼ −Bcat ∼ −BCl2 ∼ −BBr2 ∼ −SiH3 > −CH2CH3 > −CHdCH2 > −H ∼ −Me > −C6H5 >
−SiCl3 > −SnCl3 > −CtCH. Natural bond order analyses have been used to understand how the substituents at
the boron center affect the trans-influence properties of the boryl ligands. The major factor is the σ-donor strength
of the boryl ligand. However, surprisingly, very strong π acceptors also enhance the trans influence.

Introduction

Transition-metal boryl complexes1 have attracted consider-
able interest because of their role in catalyzed hydroboration
and diboration reactions of unsaturated organics2-4 as well
as catalyzed borylation of C-H bonds in alkanes and arenes.5

Over the past decade, there has been a healthy discussion6-9

of the relative importance of the metal(d)-to-boryl(pπ) back-
bonding interaction in the complexes. It is generally well
accepted now that while there is someπ component in the

M-BR2 bond,1 this is relatively weak even in B(C6F5)2

complexes.10 Despite the controversy, it is well-known that
the boryl ligands exhibit a very strong trans influence because
of their strong σ-donating characteristics.5u,11 However,
several important questions remain, the answers to which
should enhance our understanding of the structure and
bonding in metal boryl complexes and aid in the design of
new catalytic systems. How do boryl ligands compare with
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other strong trans-influence ligands, such as hydride, methyl,
and silyl? What is the effect of boron substituents on the
trans influence of the boryl ligands? What are the effects of
substituents on C, Si, or Sn on the trans influence of alkyl,
silyl, or stannyl ligands? In this paper, we focus on square-
planar platinum(II) complexes in order to gain a deeper
insight into the trans-influence properties of boryl ligands.

Computational Details

Molecular geometries of platinum boryl complexes were opti-
mized at the Becke3LYP (B3LYP) level of density functional
theory.12 Frequency calculations at the same level of theory have
also been performed to confirm that all stationary points were
minima (no imaginary frequencies). The effective core potentials
of Hay and Wadt with a double-ú valence basis set (LanL2DZ)13

were used to describe Pt, P, Si, Sn, and Cl atoms, while the standard
6-31G basis set was used for C, N, B, O, and H atoms. Polarization
functions were added for Cl [ú(d) ) 0.514], B [ú(d) ) 0.6], Si
[ú(d) ) 0.262], Sn [ú(d) ) 0.183], C [ú(d) ) 0.6], and P [ú(d) )
0.34] that are directly bonded to the metal center.14 All calculations
were performed with theGAUSSIAN98software package.15

Results and Discussion

We carried out density functional theory (DFT) molecular
orbital calculations on a series of square-planar chloroplati-
num(II) complexes of the formtrans-[PtL(Cl)(PMe3)2] to
study the trans-influence properties of various types of
ligands, L. These are also models for the knowntrans-[Pt-
(boryl)(Cl)(PR3)2] complexes.8b,16

Trans Influence of Bcat and Bpin. Bcat and Bpin are
among the most popular boryl ligands found in transition-
metal boryl complexes as a result of their applicability to
catalytic processes. Therefore, we first optimized the geom-
etries oftrans-[Pt(Bcat)(Cl)(PMe3)2] (1) andtrans-[Pt(Bpin)-
(Cl)(PMe3)2] (2) to examine the strength of the trans
influences of Bcat and Bpin. We also computed optimized
structures oftrans-[Pt(T)(Cl)(PMe3)2] [T ) Me (3), H (4),
and SiH3 (5)] for comparison. It is commonly believed that
alkyl, hydride, and silyl are among the strongest trans-
influence ligands. The calculated structures for the two boryl
complexes and for the three complexes used for comparison
are shown in Figure 1. The dihedral angle between the plane
of the Bcat ligand and the platinum square plane is calculated
to be 51.5° for 1, smaller than the experimentally reported
value of 78.3° for trans-[Pt(Bcat)(Cl)(PPh3)2].16a The dis-
crepancy could well be due to use of PMe3 in the model
complex instead of PPh3. The orientation of the boryl ligands
is expected to be closely related to the metal(d)-to-boryl(p)
π-back-bonding interaction. As one will see later, theπ-back-
bonding interaction is certainly much less important thanσ
effects in determining the trans influence of the boryl ligands,
yet it cannot be completely ignored. Therefore, the dihedral
angles, which indicate the interplanar angles between the
boron trigonal plane and the platinum square plane, are given
in Figure 1.
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Trans influence is purely a thermodynamic phenomenon;
i.e., ligands can influence the ground-state properties of
groups to which they are trans such as the metal-to-ligand
bond distance, the vibrational frequency or force constant,
the NMR coupling constant, or a host of other parameters.17

We know that state-of-the-art theoretical methods have the
best performance in calculating molecular structures and that
they give limited accuracy in calculating other physical
properties, such as NMR parameters.18 Therefore, we used
calculated bond lengths as the most straightforward measure
of the trans influence. As shown in Figure 1, the Pt-Cl bond
lengths in the Bcat and Bpin complexes are longer than those
in the other three complexes, indicating that the trans
influence of the boryl ligands is certainly stronger than that
of the other ligands, and we suggest that this is due to their
strongσ-donating properties. Interestingly, and unexpectedly,
although the Pt-Cl bond in complex2 (2.563 Å) is longer
than that in1 (2.542 Å), the Pt-B bond in2 (2.022 Å) is
also longer than that in1 (2.005 Å).

In general, a strong trans-influence ligand will weaken the
bond between the metal and the trans ligand.19 According
to Pidcock et al.,20 for a linear L-M-X fragment, the shorter
the M-L bond, the higher the trans influence of the ligand
L and the longer the M-X bond. To obtain a deeper insight
into the trans influence of boryl ligands, we computed
optimized structures of other platinum(II) boryl complexes.

Trans Influence of Other Boryl Ligands. Calculated
bond lengths (Å) for other square-planar platinum(II) boryl
complexes are shown in Figure 1. On the basis of the Pt-
Cl bond distances, we conclude that (1) all of the boryl
ligands studied here have a stronger trans influence than
hydride, alkyl, and SiH3 ligands and (2) the decreasing order
of the trans influence for the boryl ligands is-BMe2 >

-BH2 > -BNHCH2CH2NH > -Bpin > -BOCH2CH2O

> -BOCHdCHO> -Bcat∼ -BCl2 ∼ -BBr2. Examining
the Pt-B distances, we found that they do not show a close
correlation with the above order, although the unexpected
trend, i.e., the shorter the Pt-B bond, the shorter the Pt-Cl
bond, can be found among some complexes, e.g., between
6 and7 and among8-10. For 6 and7, 6 has longer Pt-B
and Pt-Cl bonds while7 has shorter Pt-B and Pt-Cl bonds.
From8 to 9 and to10, the Pt-B and Pt-Cl bond distances
decrease simultaneously.

It is generally accepted that both theσ- and π-bonding
properties of a ligand affect the strength of its trans influence.
It is important to recall that the transinfluenceis a ground-
state (thermodynamic) property, in contrast to the transeffect,
which is a transition-state (kinetic) effect. Increasedσ-donat-
ing ability of a ligand enhances its trans influence. However,
enhancedπ-accepting ability of a ligand, situated trans to a
π donor, such as chloride, is expected to reduce its trans
influence because it reduces the dπ-electron density on the
metal center, alleviating the repulsive interaction between
the metal dπ electrons and theπ electrons from the ligand
trans to it. Let us first investigate how theπ-bonding property
of a boryl ligand affects the strength of its trans influence.

We calculated the electron population of the dπ orbitals
on Pt on the basis of the natural bond order (NBO) analysis21

for the boryl complexes1, 2, and 6-10 and plotted the
population against the Pt-Cl distances, shown in Figure 2a.
We do not observe a reasonable correlation between the
electron population of the dπ orbitals on Pt and the Pt-Cl
distances. A greater electron population of the dπ orbitals
on Pt does not translate into a longer Pt-Cl bond. In other
words, theπ-acceptor properties of the boryl ligands are not
the major factor in determining the strength of their trans
influence.

The question now is how theσ-bonding properties of the
boryl ligands affect their trans influence. With the aid of an
NBO analysis, we can calculate the percentage (Pt %)
contribution of Pt to the Pt-B σ bonds in the boryl
complexes. For a given complex, the greater the percentage
(Pt %) contribution to the Pt-B σ bond, the greater the
σ-donating ability of the boryl ligand because this represents
transfer of the electron density from the boron donor to the
platinum acceptor orbitals. Figure 2b shows a plot of Pt %
vs the Pt-Cl distances for the boryl complexes studied.
Generally, a good correlation between Pt % in the Pt-B σ
bonds and the Pt-Cl distances is observed, suggesting that

(17) Purcell, K. F.; Kotz, J. C.Inorganic Chemistry; W. B. Saunders Co.:
London, 1977.

(18) Autschbach, J.Struct. Bonding (Berlin, Ger.)2004, 112, 1.
(19) Appleton, T. G.; Clark, H. C.; Manzer, L. E.Coord. Chem. ReV. 1973,

10, 335.
(20) (a) Pidcock, A.; Richards, R. E.; Venanzi, L. M.J. Chem. Soc. A

1966, 1707. (b) Venanzi, L. M.Chem. Brit.1968, 4, 162.
(21) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weihold, F. NBO,

version 3.1.

Figure 1. Calculated structures of various square-planar platinum(II) boryl
complexes. For comparison, calculated structures of complexes3-5
containing methyl, hydride, and silyl ligands are also given. The bond
distances are given in angstroms.θ is the P-Pt-B-R dihedral angle,
showing the orientation of the boryl ligand plane.
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the σ-donating properties of the boryl ligands play the
primary role in determining the strength of their trans
influence.

To understand how the substituents at B affect the Pt %
contribution to the Pt-B σ bonds, we examined the ratios
of the boron p- to s-orbital populations in the Pt-B σ bonds
for the boryl complexes studied. A good correlation was
observed between Pt % and the boron p/s population ratios
in the Pt-B σ bonds (Figure 2c), with Pt % increasing with
the p/s population ratio. Chart 1 illustrates a two-orbital

interaction diagram between a metal d orbital and an sp-
hybridized orbital from a ligand, which can help explain the
good correlation. From the diagram, it is expected that the
orbital energy of the ligand’s sp-hybridized orbital increases
with its p character because p orbitals are higher in energy
than s orbitals. Therefore, the more p character that the
ligand’s sp-hybridized orbital has, the more covalent the
interaction is between the metal and the ligand, giving rise
to more contribution from the metal orbital in the metal-
ligand σ bond. On the basis of the results shown in parts b
and c of Figure 2, we conclude that the more boron p
character in the hybrid used for Pt-B σ bonding, the greater
the trans influence of the boryl ligand. This is a direct result
of the fact that the more boron p character in the M-B bond,
the more electron releasing the boryl ligand is. Conversely,
the greater the boron s character in the Pt-B σ bond, the
lower the trans influence even though the Pt-B bond is
shorter because the most probable radiusrmax of the boron s
orbital is smaller than that of its p orbitals. This explains
why we found that, in many cases, even when the Pt-B
bond is shorter, the trans influence of the boryl ligand is
actually weaker.

Bent’s rule22 states that more electronegative substituents
“prefer” hybrid orbitals having less s character and more
electropositive substituents “prefer” hybrid orbitals having
more s character. Table 1 lists the boron s and p character
in the Pt-B σ bond for the boryl complexes studied here
together with the Pt-Cl bond distance. Interestingly, the s
% character correlates well with the Pt-Cl distance that is
used as a measure of the trans influence of the ligand trans
to it. According to Bent’s rule, we can understand that BMe2

and BH2 exert the strongest trans influence among the series
of boryl ligands. Both Me and H substituents are relatively
electropositive and “prefer” hybrid orbitals having more s
character. Therefore, the boron center in each of the two
boryl ligands uses a hybrid orbital having less s character to
form theσ bond with Pt. The BMe2 ligand exerts a stronger
trans influence than the BH2 ligand, reflecting the fact that
Me is more electron-releasing than H.

Examining the order of trans influence for the boryl ligands
studied, we see that the boryl ligand having N substituents
has a greater trans influence than those having O substituents.
The results reflect the electronegativity order of N< O; i.e.,

(22) Huheey, J. E.; Keiter, E. A.; Keiter, R. L.Inorganic Chemistry:
Principles of Structure and ReactiVity, 4th ed.; Harper Collins: New
York, 1993; p 227.

Figure 2. (a) Plot of the populations of Pt dπ orbitals (with respect to the
Pt-Cl axis) vs the Pt-Cl distances. (b) Plot of the percentage contribution
of Pt in the Pt-B σ bond against the Pt-Cl distances. (c) Plot of the
percentage contribution of Pt vs the ratio of the boron p- to s-orbital
population in the Pt-B σ bond. (d) Two-parameter fit considering Pt % in
the Pt-B σ bond and the populations of Pt dπ orbitals, represented byσ
andπ, respectively.

Chart 1
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boryl ligands having more electronegative substituents have
a weaker trans influence.

Among the four boryl ligands having O substituents, Bpin

and its ethylene glycolato analogue, BOCH2CH2O, have

stronger trans influences than Bcat and its analogue, BOCHd

CHO. Because of the geometrical requirement resulting from
the presence of sp2 carbons and the aromatic ring capable
of removing electron density from the oxygens, the B-O σ
bonds are relatively weaker in Bcat and its analogue than
those in Bpin and its analogue.1g The B-O bond distances
differ by 0.02 Å between the two types of ligands. Because
of the weaker B-O bonding interactions, the B center in
Bcat or its analogue uses hybrid orbitals having more p
character to formσ bonds with O and a hybrid orbital having
more s character to form theσ bond with Pt, evidenced by
the shorter Pt-B bonds in1 and 10 when compared with
those in2 and9. Therefore, the hybrid orbital in Bcat or its
analogue used to form theσ bond with the metal center is
less electron-releasing, leading to the observation that Bcat
and its analogue have a weaker trans influence than Bpin
and its analogue.

Interestingly, the trans influence of the BX2 (X ) Cl and
Br) ligands is comparable to that of Bcat, although Cl and
Br are less electronegative than O. At first glance, Bent’s
rule appears applicable only to those boryl ligands having
substituents in which the boron-bonded atoms lie in the
second period. The B-X bonds are much longer than the
B-C, B-N, and B-O bonds. We would expect that the
orbitals of X overlap better with the p orbitals than with the
s orbitals of boron. This is why the trans influence of the
halide-substituted boryl ligands is the weakest in the series.
However, we note that for compounds7, 11, and 12, for
which strongπ back-bonding is expected and for which the
dihedral angles of 90° maximize theπ bonding, we find a
stronger trans influence than would be expected from Pt %
values (Figure 2b). While this is unexpected, the most
reasonable explanation is that theπ bonding leads to
exceptionally short Pt-B separations, which, in turn, lead
to strongerσ donation than that expected on the basis of the
p/s ratio in theσ bond (Figure 2c). Therefore, a two-
parameter fit was explored with a small andnegatiVe
coefficient for theπ-bonding component. As can be seen in
Figure 2d, this leads to an excellent fit, with the coefficient
for theπ component being-0.18 compared with that of the

σ coefficient. Thus, we can conclude that theσ effect is
approximately 5-6 times more important than theπ effect
and that theπ effect is in the opposite sense to what would
have been anticipated.

Trans Influence of -CH2CH3, -CHdCH2, -C6H5, and
-CtCH. Figure 3 shows the optimized structures calculated
for thetrans-Pt(R)Cl(PMe3)2 complexes (13-16). The trans
influence decreases in the order of-CH2CH3 > -CHdCH2

> -C6H5 > -CtCH. Interestingly, we also see the
unexpected trend that the shorter the Pt-C bond, the shorter
the Pt-Cl bond is. The Muirs23 explained this unexpected
trend by their “metal-to-ligandπ-back-bonding” model. They
suggested that the trans influence of the carbon-donor ligands
depended mainly on the extent of M-C π back-bonding,
which reduces the dπ-electron density on the metal center,
alleviating the repulsive interaction between the metal dπ

electrons and theπ electrons from the ligand trans to the
one in question. According to the Muirs,23 the -CH2CH3

ligand would be expected to have the strongest trans
influence because it does not have low-lyingπ* orbitals,
while the-CtCH ligand is expected to be the weakest trans-
influence ligand among the four carbon-donor ligands
because it has two availableπ* orbitals. In fact, many
studies24 show that acetylide ligands are poorπ acceptors
and appear to be modestπ donors, inconsistent with the
argument of the Muirs.

A reasonable, although not perfect, correlation between
the dπ-orbital populations and the Pt-Cl distances is il-
lustrated in Figure 4a, suggesting that theπ model may be
justified for the four carbon-donor ligands studied here.
However, we note that the variation in the population of the
Pt dπ orbitals in the series13-16 is very small, soπ bonding
must also be rather weak. Can theσ model also explain the
trans-influence order of the four carbon-donor ligands as it
does for the boryl ligands? To answer this question, we
plotted both the percentage (Pt %) contribution of Pt to the
Pt-C σ bonds against the Pt-Cl distances, shown in Figure

(23) Manojloviæ-Muir, L. J.; Muir, K. W.Inorg. Chim. Acta1974, 10, 47.
(24) (a) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D. L.J. Am.

Chem. Soc.1979, 101, 585. (b) Lichtenberger, D. L.; Renshaw, S.
K.; Bullock, R. M. J. Am. Chem. Soc. 1993, 115, 3276. (c)
Lichtenberger, D. L.; Renshaw, S. K.; Wong, A.; Tagge, C. D.
Organometallics1993, 12, 3522. (d) Lichtenberger, D. L.; Kellogg,
G. E. Acc. Chem. Res.1987, 20, 379.

Table 1. Boron s and p Character in the Pt-B σ Bond Together with
the Pt-Cl Bond Distance

trans-[PtL(Cl)(PMe3)2] L Pt-Cl (Å) s % p %

6 -BMe2 2.608 12.4 29.1
7 -BH2 2.591 14.2 30.3
8

-BNHCH2CH2NH
2.566 16.8 28.5

2 -Bpin 2.563 18.4 27.6
9

-BOCH2CH2O
2.553 18.9 27.2

10
-BOCHdCHO

2.544 19.8 27.0

12 -BBr2 2.543 20.9 28.3
11 -BCl2 2.542 20.8 27.9
1 -Bcat 2.542 23.1 24.3

Figure 3. Calculated structures for various square-planar platinum(II)
complexes having donor ligands derived from the carbon group atoms. The
bond distances are given in angstroms.θ is the P-Pt-C-C dihedral angle,
showing the orientation of the vinyl and phenyl ligand planes.
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4b, and the percentage (Pt %) contributions against the
carbon p/s population ratios, shown in Figure 4c. Good
correlations are found in both cases, suggesting that theσ
model developed for the boryl ligands is also applicable to
the carbon-donor ligands. In the ethyl complex,trans-Pt-
(CH2CH3)Cl(PMe3)2 (13), the Pt-bonded carbon is formally
sp3-hybridized, while in the acetylide complex,trans-Pt(Ct
CH)Cl(PMe3)2 (16), the Pt-bonded carbon is formally sp-
hybridized. In13, the Pt-bonded carbon uses a hybrid orbital
having more p and less s character for Pt-C bonding. As a
result, the hybrid orbital used is more electron-releasing and
exerts a greater trans influence. Again, the more p and less
s character in the Pt-C bond, the longer the bond, so the
ethyl complex has the longest Pt-C bond but the strongest
trans influence among the four complexes with carbon-donor
ligands.

Trans Influence of SiCl3, SiMe3, SnCl3, and SnMe3.
Because compounds containing Pt-Si or Pt-Sn bonds are

frequently found as intermediates in transition-metal-medi-
ated organic synthesis,25 the trans influence of SiCl3, SiMe3,
SnCl3, and SnMe3 was also investigated. Figure 3 shows the
optimized structures calculated for complexes17-20. On
the basis of the Pt-Cl distances, we find the following order
of the trans influence: SiMe3 > SnMe3 > SiCl3 > SnCl3.
The Me subsitituents have a profound effect on the trans
influence of the ligands. Sn and Si have similar electro-
negativities and electron affinities.26 The Pt-Si bond dis-
tances are much shorter (by ca. 0.25 Å) than the Pt-Sn ones.
Therefore, SiCl3 (or SiMe3) exerts a stronger trans influence
than SnCl3 (or SnMe3).

Conclusion

The trans influence of boryl ligands, together with other
ligands commonly believed to have a strong trans influence,
has been investigated, theoretically, via DFT calculations on
a series of square-planar platiumn(II) complexes. The fol-
lowing order of trans influence has been obtained:-BMe2

> -SiMe3 > -BH2 > -SnMe3 ∼ -BNHCH2CH2NH >

-Bpin > -BOCH2CH2O > -BOCHdCHO ∼ -Bcat ∼
-BCl2 ∼ -BBr2 ∼ -SiH3 > -CH2CH3 > -CHdCH2 >
-H ∼ -Me > -C6H5 > -SiCl3 > -SnCl3 > -CtCH.

The boryl ligands are among the strongest trans-influence
ligands. On the basis of NBO analyses, aσ model emphasiz-
ing the Pt-B σ-bonding interaction for the platinum boryl
complexes has been proposed to explain the order of the
trans influence of the boryl ligands. A boryl ligand having
a greaterσ-donating ability uses a hybrid orbital having more
p character to form theσ bond with Pt. Substituents on the
boryl ligands tune the hybrid used for the Pt-B σ bonding
and therefore affect the ligand’s trans influence.

Our NBO analyses show that theσ model is also applicable
to carbon-donor ligands, such as-CH2CH3, -CHdCH2,
-C6H5, and-CtCH. The previously proposedπ model,23

which emphasizes the Pt-C π-back-bonding interaction,
would only explain the order of the trans influence if one
assumes that the acetylide ligand is a goodπ acceptor, which
is known not to be the case. Indeed, for the series of four
hydrocarbon ligands above, theσ model suffices without the
need for significantπ correction.

(25) For example, see: (a) Marciniec, B.; Gulinski, J.; Urbaniak, W.;
Kornetka, Z. W. ComprehensiVe Handbook on Hydrosilylation;
Pergamon Press: Oxford, U.K., 1992. (b) Ojima, I. InThe Chemistry
of Organic Silicon Compounds; Patai, S., Rappoport, Z., Eds.; John
Wiley & Sons: New York, 1989; pp 1479-1526. (c) Lewis, L. N.;
Stein, J.; Gao, Y.; Colborn, R. E.; Hutchins, G.Platinum Met. ReV.
1997, 41, 66. (d) Noll, W. Chemistry and Technology of Silicones;
Academic Press: New York, 1968. (e) Auburn, M. J.; Stobart, S. R.
Inorg. Chem.1985, 24, 317. (f) Auburn, M. J.; Holmes-Smith, R. D.;
Stobart, S. R.J. Am. Chem. Soc.1984, 106, 1314. (g) Han, L. B.;
Tanaka, M.Chem. Commun.1999, 395. (h) Onozawa, S.; Tanaka,
M. J. Synth. Org. Chem. Jpn.2002, 60, 826. (i) Suginome, M.; Ito,
Y. Chem. ReV. 2000, 100, 3221. (j) Suginome, M.; Iwanami, T.;
Ohmori, Y.; Matsumoto, A.; Ito, Y.Chem.sEur. J. 2005, 11, 2954.
(k) Trost, B. M.; Ball, Z. T.Synthesis2005, 6, 853.

(26) (a) Douglas, B.; McDaniel, D.; Alexander, J.Concepts and Models
of Inorganic Chemistry, 3rd ed.; John Wiley & Sons: New York, 1994;
p 84. (b) Rodgers, G. E.Introduction to Coordination, Solid State,
and DescriptiVe Inorganic Chemistry; McGraw-Hill: New York, 1994;
p 223.

Figure 4. (a) Plot of the populations of Pt dπ orbitals (with respect to the
Pt-Cl axis) vs the Pt-Cl distances. (b) Plot of the percentage contribution
of Pt in the Pt-C σ bond against the Pt-Cl distances. (c) Plot of the
percentage contribution of Pt against the ratio of carbon p- to s-orbital
population in the Pt-C σ bond.
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