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The site preference of boryl ligands in five-coordinate transition metal boryl complexes has been investigated with
the aid of density functional theory calculations. The preferred site for a boryl ligand depends on the electron count
of the complex under consideration. Our studies show that the very strong σ-donating boryl ligands choose to
occupy coordination sites such that those orbitals accommodating metal d electrons have minimal metal−boryl
σ*-antibonding character.

Introduction

Transition metal boryl complexes have attracted consider-
able interest because of their role in catalyzed hydroboration
and diboration reactions of alkenes and alkynes1-3 as well
as catalyzed borylation of C-H bonds in alkanes and arenes.4

Among the numerous transition metal boryl complexes
synthesized and structurally characterized since 1990,5

several five-coordinate systems attracted our attention re-
garding their structural and bonding aspects. Chart 1 depicts
the structural characteristics of these complexes.6-12 Com-
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plexes 1-3 are 16-electron species,4 is a 17-electron
complex, and5 has an 18-electron configuration.

It is well-known that, for a 16-electron ML5 complex, both
square-pyramidal (SQP) and Y-shape distorted trigonal-
bipyramidal (DTBP) structures are possible.13-15 For these
complexes, having a very strongtrans-influencing boryl

ligand, adoption of a square-pyramidal structure for com-
plexes 1-2 is expected.6-9 The structural description of
complexes1 requires some comments here. In a Com-
munication published in 1993, [RhCl(PPh3)2(Bcat)2] (cat )
1,2-O2C6H4) was described as being distorted square-
pyramidal.6a In the subsequent full paper, published in 1998,
it was mentioned that the d6 complexes can also be described
as Y-shaped distorted TBP.6b In view of the fact that the
two boryl groups in these complexes are in different
environments, e.g., the two Cl-M-B (M ) Rh, Ir) angles
differ by 20-40° and the two M-B bond lengths differ by
0.02 Å, we feel that it is more appropriate to describe their
structures as distorted SQP. Complexes3, due to the B‚‚‚H
attractive interaction, adopt structures ranging from SQP to
an intermediate between SQP and DTBP depending on the
nature of the R groups of the two phosphine ligands and the
boryl ligand,4d,10,16a detailed discussion of which has been
given very recently.16 The 17-electron complex411 adopts
an SQP structure as well, although both SQP and TBP
structures exist for 17-electron complexes, e.g., [Co-
(dppe)2Cl]+.17 Interestingly, the two Bcat ligands in this
complex occupy two of the basal positions in contrast to
complexes1-2, wherein the apical site is occupied by one
of the strongσ-donating boryl ligands.

For an 18-electron ML5 complex, both SQP and TBP
structures are possible, e.g., [Ni(CN)5]3-.18 In the literature,
the TBP structure is found to be more prevalent, and it is
not unusual that complex5 adopts a TBP structure. The
interesting feature of this complex is that the Bcat ligand
preferentially occupies one of the axial sites instead of an
equatorial position.12

Clearly, the preferred site for a boryl ligand depends
greatly on the electron count of the complex under consid-
eration, and it is interesting to note that the very strong
σ-donating boryl ligand switches coordination site in re-
sponse to a change in the electron count. In this paper, we
address briefly, with the aid of density functional theory
calculations, the question of how different electron counts
determine the ligand arrangement around the metal center.

Computational Methods

Geometry optimizations have been performed at the Becke3LYP
(B3LYP) level of density functional theory.19 The effective core
potentials (ECPs) of Hay and Wadt with a double-ú valence basis
sets (LanL2DZ)20 were used in describing metal centers, P, and
Cl, whereas the 6-31G basis set was used for all other atoms.21

Polarization functions were added for the transition metals, Co (úf
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) 2.780), Rh (úf ) 1.350), and Os (úf ) 0.886),22 and the atoms
which are directly bonded to the metal center, P (úd ) 0.340), Cl
(úd ) 0.514),23 C (úd ) 0.800), and B (úd ) 0.600).21 Frequency
calculations have been performed for all fully optimized structures
to confirm their characteristics as minima. All calculations were
performed with the Gaussian 98 software package24 on Pentium
IV PC computers. Molecular orbitals obtained from the B3LYP
calculations were plotted using the Molden 3.7 program written
by Schaftenaar.25

Results and Discussion

Structures of 16-Electron Boryl Complexes.Complexes
1-2 (Chart 1) are 16-electron species and adopt ap-
proximately SQP structures in which the apical position is
occupied by one Bcat ligand.6-9 We first optimized [RhCl-
(PH3)2(BO2C2H2)2], a model for complex1. However, the
relative orientation of the two boryl ligands in the experi-
mental structures was not well reproduced with this model.
In the experimental structures of1, the apical Bcat ligand is
found to be coplanar with the P-Rh-P axis, and the basal
Bcat ligand has its plane perpendicular to the basal plane of
the SQP structure. In the calculated structure, while the
orientation of the apical boryl ligand was accurately repro-
duced, the basal boryl ligand has its plane coplanar with the
basal plane. When the model phosphine ligands (PH3) were
replaced by PH2Ph, the calculated structure was found to be
in good agreement with the experimental structures, not only
in the relative orientation of the two boryl ligands but also
in the bond distances and angles (see Figure 1). Apparently,
the steric effect of the phosphine ligand is important. The
plane of the basal Bcat ligand is sandwiched between the
two phenyl rings from the two (PH2Ph) phosphine ligands.

From Figure 1, we can see that the apical Rh-B bond is
shorter than the basal Rh-B bond. This is expected because
the trans position to the apical boryl ligand is vacant,
enhancing the Rh-B interaction. We also tried to locate a
structure in which both of the boryl ligands occupy basal
sites. However, starting from such a structure, the geometry
optimization leads to the final structure identical to the one
discussed above.

Complexes2 are interesting because each of them has two
different strongtrans-influencing ligands (Bcat and CO).8,9

The Bcat ligand occupies the apical site of the SQP structure,
suggesting that as a result of its very strongσ-donating
property, the boryl ligand exhibits an even strongertrans
influence than the strongπ-acceptor CO ligand. Figure 2
shows the calculated structural parameters of [OsCl(PH3)2-
(CO)(BO2C2H2)] together with experimental ones of [OsCl-
(PPh3)2(CO)(Bcat)].9 Again, the agreement between the
calculated and experimental geometries is good. The rota-
tional barrier of the boryl ligand around the Os-B bond was
also estimated to be quite small (3.9 kcal/mol). The result is
consistent with previous calculations on Os-B systems.26

The presence of thecis-CO ligand in the complex in principle
would give a higher rotational barrier if the boryl were a
strong single-faceπ accepting ligand. In an earlier study,27

metal complexes containing both single-face (e.g.,η2-olefin)
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Figure 1. Selected calculated structural parameters (bond lengths in Å
and bond angles in deg) for the model complex [RhCl(PH2Ph)2(BO2C2H2)2]
together with the experimental structural parameters for [RhCl(PPh3)2-
(Bcat)2] shown in parentheses. For the purpose of clarity, hydrogen atoms
on phenyl rings are omitted.

Figure 2. Selected calculated structural parameters (bond lengths in Å
and bond angles in deg) for the model complex [Os(CO)Cl(PH3)2(BO2C2H2)]
together with the experimental structural parameters for [Os(CO)Cl(PPh3)2-
(Bcat)] shown in parentheses.
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and double-face (e.g., CO)π-accepting ligands were shown
to exhibit unique structural preferences. The rotational
barriers of the single-faceπ-accepting ligands are in the range
7-8 kcal/mol.27 Therefore, the small rotational barrier
calculated for [OsCl(PH3)2(CO)(BO2C2H2)] indicates that the
Os-B π bonding through the “empty” p orbital of the boryl
ligand is weak. The results may also indicate that the B-O
σ* orbital, in addition to the “empty” p orbital, of the boryl
ligand also plays a role in the Os-B π interaction, as pointed
out earlier.16

Structures of 17-Electron Boryl Complexes.The 17-
electron metal boryl complex, [Co(PMe3)3(Bcat)2], 4, adopts
an approximately square pyramidal structure with the two
boryl ligandscis to each other,11 quite different from the
site preference in the 16-electron complexes.

For an idealC4V ML5 (SQP) complex, the frontier orbitals
consist of “t2g” orbitals and a higher energy a1 orbital.28 The
electron configurations of 16- and 17-electron SQP com-
plexes are (“t2g”) 6(a1)0 and (“t2g”) 6(a1)1, respectively. Appar-
ently, whether the a1 orbital is occupied or not plays an
important role in determining the arrangement of ligands.

We have investigated the electronic structure of the 17-
electron metal boryl complex,4, via calculations on the
model complexes [Co(PH3)3(BO2C2H2)2] and [Co(PMe3)3-
(BO2C2H2)2]. Selected structural parameters for the calculated
model complexes are shown in Figure 3 together with the
experimental values. The theoretical calculations reproduced
reasonably well the basal Co-P and Co-B bond lengths as
well as the B-Co-B and P-Co-B angles. However, the
apical Co-P distance was poorly reproduced. Use of
different phosphine ligands (PMe3 and PH3) did not improve
the result. In the case where PMe3 is used, the Co-B bond
lengths calculated are almost the same as those calculated
for the PH3 model complex. However, the Co-P bond
lengths calculated are even longer, by 0.013-0.025 Å, than
those calculated for the PH3 model complex. The steric effect

of the bulkier PMe3 ligands might have been overestimated.
At this moment, it is not clear what causes the significant
error, as the theoretical method does well for the M-P bonds
in the 16-electron complexes discussed above. Despite the
poor reproduction of the Co-P bonds, the trend that the
apical Co-P bond is longer than the basal Co-P bonds was
correctly predicted.

The HOMO of the 17-electron model complex was plotted
(Figure 4a), from which it can be seen that it corresponds to
the “a1” orbital of a SQP ML5 complex, having maximal

(28) Albright, T. A.; Burdett, J. K.; Whangbo, M. H.Orbital Interactions
in Chemistry; Wiley: New York, 1985.

Figure 3. Selected calculated structural parameters (bond lengths in Å and bond angles in deg) for the model complexes [Co(PH3)3(BO2C2H2)2] and
[Co(PMe3)3(BO2C2H2)2] together with the experimental structural parameters for [Co(PMe3)3(Bcat)2] shown in parentheses.

Figure 4. Spatial plots of the highest occupied MO accommodating the
unpaired d electron of the d7 cobalt bis-boryl complex at the fully optimized
structure when the apical site is occupied by one of the three phosphine
ligands (a) and at the partially optimized structure when the apical site is
occupied by one boryl ligand (b).
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amplitude in the vacant site opposite the apical position. In
addition, the HOMO, which can also be called the SOMO
(singly occupied molecular orbital), has significantσ*
antibonding character between the metal center and the apical
ligand i.e., Co-P σ*. If the very strongσ-donating boryl
ligand occupies the apical site, it is expected that the “a1”
orbital, which accommodates the unpaired d electron, would
be very high in energy because of its strongσ*-antibonding
character. Such a structural arrangement would make the
complex very unstable. In complex4, occupation of the
apical site by a weakerσ-donating PMe3 ligand instead of a
very strongσ-donating boryl ligand makes the “a1” orbital
less antibonding, and the complex more stable.

We also attempted to calculate a structure for the 17-
electron complex [Co(PH3)3(BO2C2H2)2] having a boryl
ligand in the apical site. However, the calculation suggests
that such a structure does not correspond to a local minimum
on the potential energy (PE) surface. In order to obtain such
a structure, we fixed the three phosphine ligands in a plane
in order to perform a partial geometry optimization. The
partially optimized structure was found to be 15.6 kcal/mol
higher in energy than the fully optimized one. The HOMO
(Figure 4b), which again has the maximal amplitude in the
vacant site opposite the apical position, was raised by 0.435
eV in energy in comparison with the one from the fully
optimized structure. These additional calculations further
demonstrate the importance of reducing theσ* antibonding
character of the “a1” orbital for the stability of such a 17-
electron complex.

One of the reviewers wondered whether the presence of a
second boryl ligand has a significant influence on the site
preference as a direct interaction between the twocis boryl
ligands may exist.11 To examine this possibility, we per-
formed calculations on the model complex [Co(PH3)3-
(BO2C2H2)Cl], obtained by replacing one boryl ligand of the

bis-boryl complex with Cl. The results of calculations show
that the boryl ligand still prefers the basal site in the mono-
boryl complex. The structure with the boryl ligand occupying
the apical site does not correspond to a local minimum on
the potential energy surface. In the calculated mono-boryl
complex, the boryl ligand plane is perpendicular to the basal
plane of the distorted SQP structure. The orientation of the
boryl ligand plane again suggests that the Co-B π bonding
through the “empty” p orbital is not particularly strong. The
reason is as follows. If the Co-B π-bonding were strong
and important, we would anticipate that the boryl ligand
plane would be coplanar with the basal plane as this would
allow overlap of the “empty” p-orbital on B with the SOMO
orbital which would be expected to stabilize the SOMO.

Structures of 18-electron boryl complexes.The 18-
electron metal boryl complex, [Rh(PMe3)4(Bcat)],5,12 adopts
a trigonal bipyramidal structure with the boryl ligand
occupying one of the two axial sites. For 18-electron TBP
ML5 complexes, it is well-known thatπ-acceptor ligands
preferentially occupy the equatorial sites whileσ-donor
ligands tend to choose the axial sites.13 The axial site
occupation of the Bcat ligand in5 implies that theσ-donating
property of the Bcat ligand is predominant over itsπ-ac-
cepting character.12,26,29

The calculated structures of the model complexes [Rh-
(PH3)4(BO2C2H2)] and [Rh(PMe3)4(BO2C2H2)], which re-
produced reasonably well the experimental structure of5,
are shown in Figure 5. We do not see any significant
differences in the structural parameters between the two
model complexes. Similar to the situation of the 17-electron
cobalt complexes discussed above, there is a systematic
overestimation of the Rh-P bond lengths by about 0.1 Å

(29) Dickinson, A. A.; Willock, D. J.; Calder, R. J.; Aldridge, S.
Organometallics2002, 21, 1146.

Figure 5. Selected calculated structural parameters (bond lengths in Å and bond angles in deg) for the model complexes, [Rh(PH3)4(BO2C2H2)] and
[Rh(PMe3)4(BO2C2H2)], together with the experimental structural parameters for [Rh(PMe3)4(Bcat)] shown in parentheses.
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compared with the crystal structure when PMe3 is used. PMe3
is not well modeled for some reason. Again, the trend that
the axial Rh-P bond is longer than the equatorial Rh-P
bonds is well predicted.

To understand the preference of the boryl ligand for an
axial site in the TBP structure, we attempted to calculate a
structure of [Rh(PH3)4(BO2C2H2)] in which the boryl ligand
occupies one of the equatorial sites. The result of this
additional calculation indicated that such a structure does
not correspond to a local minimum on the PE surface. In
order to determine how unstable such a structure is, we
partially optimized a structure in which the boryl ligand was
forced to be in the equatorial plane by fixing all of the
ligand-metal-ligand angles at either 90° or 120° of a perfect
TBP structure. The partially optimized structure is highly
unstable and lies 14.2 kcal/mol higher in energy than the
fully optimized one. We also partially optimized a perfect
TBP by applying the same angle constraints in which the
boryl ligand occupies the preferred site, one of the two axial
positions. This structure is calculated to be only slightly
higher in energy, by 2.3 kcal/mol, than the fully optimized
one. These results further indicate that there is a strong
preference for the boryl ligand to occupy one of the axial
sites.

Examining the bonding characteristics of the HOMO
(Figure 6) for the highly unstable structure, we again found
that there exists significant antibonding character between
the metal center and the boryl ligand in such a highly unstable
structure. For an idealized (D3h) 18-electron ML5 complex,
the HOMOs correspond to the metal’s dx2-y2 and dxy (e′)
orbitals when thez axis coincides with theC3 rotation axis.
These two d orbitals haveσ*-antibonding character between
the metal center and the equatorial ligands.28 When the very
strongσ-donating boryl ligand occupies one of the equatorial
sites, the HOMO is destabilized significantly. The energy
gap between the HOMO and the HOMO- 1 (2nd HOMO)
is 0.335 eV. The instability of such a structure, in which the
boryl ligand occupies one of the equatorial sites, is apparently
a result of the unfavorable, high orbital energy of the HOMO.

Examining the orientation of the highly unstable structure,
we found that the boryl ligand plane is perpendicular to the
equatorial plane of the TBP structure (Figure 6). The
preference for the perpendicular orientation suggests there
is a certain degree of Rh-B π bonding in this structure

through the “empty” p orbital of the boryl ligand. However,
the rotational barrier of the boryl ligand around the Rh-B
bond was estimated to be only 3.8 kcal/mol. Again, the
barrier is relatively small, indicating that the B-O σ* orbital,
in addition to the “empty” p orbital, of the boryl ligand may
also play a role in the Rh-B π interaction, as pointed out
earlier.16

Summary

The site preference of boryl ligands in ML5 metal-boryl
complexes has been discussed. In the absence of hydride-
boryl attractive interactions, 16-electron complexes normally
adopt SQP structures in which the apical site is occupied by
a boryl ligand. By adopting such a structure, the metal-
boryl σ-bonding interaction can be maximized because the
trans position of the apical boryl ligand is vacant.

For 17-electron SQP complexes, thetransposition of the
apical ligand is no longer exactly “vacant”. The unpaired
metal d electron occupies the “vacant” site; i.e., the molecular
orbital accommodating the unpaired electron has the maxi-
mum amplitude in the direction of the vacant site. The singly
occupied orbital also has significant M-L σ*-antibonding
character between the metal center and the apical ligand
preventing the very strongσ-donating boryl ligand from
occupying the apical site. An interesting way of seeing the
site preference is as follows. The unpaired electron is in an
orbital that becomes the strongesttrans-influencing “ligand”,
stronger than the boryl ligand, forcing the boryl ligand to
go to one of the basal sites so that the positiontrans to the
strongesttrans-influencing “ligand” is a weaker ligand. In
other words, it is significantly destabilizing when the
unpaired metal d electron “ligand” and the very strong
σ-donating ligand are mutuallytrans.

It has been shown that 18-electron ML5 metal-boryl
complexes adopt the prevalent TBP structure. The boryl
ligand avoids occupation of the equatorial sites in order to
stabilize orbitals that accommodate metal d electrons. For
an 18-electron ML5 complex, there are two pairs of metal d
electrons residing in two d orbitals having maximum
amplitudes on the equatorial plane. These two metal d
orbitals also contain significant M-L σ*-antibonding char-
acter between the metal center and the equatorial ligands. If
the very strongσ-donating boryl ligand occupies one of the
equatorial sites, one pair of the metal d electrons would have
to reside in an orbital that is even more strongly antibonding.
Similarly, one can envision the site preference as follows.
To alleviate the significantly M-L σ*-antibonding interac-
tions, the “ligands” of the metal d electrons force the boryl
ligand to go to one of the axial sites so that thetransposition
of the boryl ligand is a normal weaker ligand instead of the
“ligands” of the metal d electrons.

It should be pointed out that this paper deals mainly with
the site preferences of boryl ligands in various five-coordinate
complexes having different electron counts. The satisfactory
explanations given in the text suggest that the strong
σ-donating properties of boryl ligands determine the site
preferences in the five coordinate complexes discussed here.
The π-electronic properties of different boryl ligands are

Figure 6. Spatial plots of the highest occupied MO for a hypothetical
TBP complex in which the boryl ligand is forced to be in an equatorial
site.
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clearly less important. Discussion regarding the importance
of σ- andπ-electronic properties in other complexes can be
found in the literature.26,29-31 Our calculations also suggest
that different aryl or alkyl phosphine ligands should not
change the qualitative conclusions regarding the site prefer-
ences discussed in this paper.
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