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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 o-donating boryl ligands choose to
occupy coordination sites such that those orbitals accommodating metal d electrons have minimal metal—bory!
o*-antibonding character.

Introduction Among the numerous transition metal boryl complexes

synthesized and structurally characterized since 2990,

several five-coordinate systems attracted our attention re-
garding their structural and bonding aspects. Chart 1 depicts
the structural characteristics of these compléxésCom-

Transition metal boryl complexes have attracted consider-
able interest because of their role in catalyzed hydroboration
and diboration reactions of alkenes and alkyn&as well
as catalyzed borylation of-€H bonds in alkanes and arerfes.
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plexes 1-3 are 16-electron speciegl is a 17-electron
complex, and has an 18-electron configuration.

It is well-known that, for a 16-electron Mlcomplex, both
square-pyramidal (SQP) and Y-shape distorted trigonal-
bipyramidal (DTBP) structures are possibte!® For these
complexes, having a very strorgansinfluencing boryl
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G.; Whittell, G. R.J. Chem. Soc., Dalton Tran&998 2, 301.
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ligand, adoption of a square-pyramidal structure for com-
plexes1—2 is expected® The structural description of
complexesl requires some comments here. In a Com-
munication published in 1993, [RhCI(PH}{Bcat)] (cat=
1,2-O,C¢H4) was described as being distorted square-
pyramidal®®In the subsequent full paper, published in 1998,
it was mentioned that the® domplexes can also be described
as Y-shaped distorted TBP.In view of the fact that the
two boryl groups in these complexes are in different
environments, e.g., the two €M—B (M = Rh, Ir) angles
differ by 20—-40° and the two M-B bond lengths differ by
0.02 A, we feel that it is more appropriate to describe their
structures as distorted SQP. Complelgdue 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#410.163 detailed discussion of which has been
given very recently® The 17-electron comple#'* adopts

an SQP structure as well, although both SQP and TBP
structures exist for 17-electron complexes, e.g., [Co-
(dppe}Cl]*.17 Interestingly, the two Bcat ligands in this
complex occupy two of the basal positions in contrast to
complexesl—2, wherein the apical site is occupied by one
of the strongo-donating boryl ligands.

For an 18-electron Mi complex, both SQP and TBP
structures are possible, e.g., [Ni(GN) .28 In the literature,
the TBP structure is found to be more prevalent, and it is
not unusual that comple% 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 positioA?

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
o-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 theor?. The effective core
potentials (ECPs) of Hay and Wadt with a doufjlgalence basis
sets (LanL2DZ3° were used in describing metal centers, P, and
Cl, whereas the 6-31G basis set was used for all other atbms.
Polarization functions were added for the transition metals,&o (
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= 2.780), Rh {; = 1.350), and Os{ = 0.886)%2 and the atoms
which are directly bonded to the metal center =€ 0.340), Cl

(&4 = 0.514)23 C (&g = 0.800), and B {y = 0.600)2! 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 pacRage Pentium

IV PC computers. Molecular orbitals obtained from the B3LYP
calculations were plotted using the Molden 3.7 program written
by Schaftenaat®

Results and Discussion

Structures of 16-Electron Boryl ComplexesComplexes
1-2 (Chart 1) are 16-electron species and adopt ap-
proximately SQP structures in which the apical position is
occupied by one Bcat ligarfd? We first optimized [RhCI-
(PHs)2(BO.C,Hy)2], @ model for complexi. 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 dfthe apical Bcat ligand is
found to be coplanar with the-fRh—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;Ridre
replaced by PEPh, 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 (P#Ph) phosphine ligands.

From Figure 1, we can see that the apicaHBhbond is
shorter than the basal RiB bond. This is expected because
the trans position to the apical boryl ligand is vacant,
enhancing the RhB 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.

Complexeg are interesting because each of them has two
different strongrans-influencing ligands (Bcat and CG¥.

(22) Ehlers, A. W.; Bohme, M.; Dapprich, S.; Gobbi, A.; Hollwarth, A,;
Jonas, V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.
Chem. Phys. Letfl993 208 111.

(23) Huzinaga, SGaussian Basis Sets for Molecular CalculatipBtsevier
Science: Amsterdam, 1984.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.9; Gaussian, Inc.:
Pittsburgh, PA, 1998.
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B1-Rh-Cl  155.9°(162.1°)
P2-Rh-P1  170.8°(169.7°)
B2-Rh-B1  78.1°( 78.8°)
Figure 1. Selected calculated structural parameters (bond lengths in A
and bond angles in deg) for the model complex [RhCHPtrL(BO,C,Hy),]
together with the experimental structural parameters for [RhCHPh
(Bcat)] shown in parentheses. For the purpose of clarity, hydrogen atoms
on phenyl rings are omitted.

Q
B-Os-C 846 (90.9)
B-Os-Cl  111.8 (104.9)
P1-0s-C 939 (88.3)
P2-0s-C 939 (91.4)
B-Os-P1  89.5 (94.7)
B-Os-P2  89.5 (94.8)

Figure 2. Selected calculated structural parameters (bond lengths in A
and bond angles in deg) for the model complex [Os(CO)GRBIO,CzH,)]
together with the experimental structural parameters for [Os(CO)Cif2Ph
(Bcat)] shown in parentheses.

The Bcat ligand occupies the apical site of the SQP structure,
suggesting that as a result of its very stramglonating
property, the boryl ligand exhibits an even strongrans
influence than the strong-acceptor CO ligand. Figure 2
shows the calculated structural parameters of [OsG)#H
(CO)(BO.C,H,)] together with experimental ones of [OsClI-
(PPh),(CO)(Bcat)]? Again, the agreement between the
calculated and experimental geometries is good. The rota-
tional barrier of the boryl ligand around the ©8 bond was
also estimated to be quite small (3.9 kcal/mol). The result is
consistent with previous calculations on -8 systemg$

The presence of theis-CO ligand in the complex in principle
would give a higher rotational barrier if the boryl were a
strong single-facer accepting ligand. In an earlier stuéfy,
metal complexes containing both single-face (e¢9lefin)

(26) Giju, K. T.; Bickelhaupt, F. M.; Frenking, Gnorg. Chem200Q 39,
4776.

(27) (a) Choi, S. H.; Bytheway, |.; Lin, Z.; Jia, @rganometallics1998
17, 3974. (b) Lam, W. H.; Lin, ZJ. Organomet. Chen2001, 635,
84.

Inorganic Chemistry, Vol. 43, No. 8, 2004 2543



Lam et al.

Figure 3. Selected calculated structural parameters (bond lengths in A and bond angles in deg) for the model complexgj(FSD{EHH>),] and
[Co(PMey)3(BO.C,Hy),] together with the experimental structural parameters for [Co@PBcat)] shown in parentheses.

and double-face (e.g., C@}accepting ligands were shown
to exhibit unique structural preferences. The rotational
barriers of the single-face-accepting ligands are in the range
7—8 kcal/mol?” Therefore, the small rotational barrier
calculated for [OsCI(PE2(CO)(BO,C,H,)] indicates that the
Os—B xr bonding through the “empty” p orbital of the boryl
ligand is weak. The results may also indicate that theCB

o* orbital, in addition to the “empty” p orbital, of the boryl
ligand also plays a role in the ©8 x interaction, as pointed
out earliert®

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

For an idealCy, MLs (SQP) complex, the frontier orbitals
consist of “b4” orbitals and a higher energy arbital 28 The
electron configurations of 16- and 17-electron SQP com-
plexes are (45")%(a1)° and (“tg") ®(an)?, respectively. Appar-
ently, whether the jaorbital 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, via calculations on the
model complexes [Co(PHk(BO.C;H,),] and [Co(PMg)s- _ _ _ _ _
(BO.C::)]. Selected structural parameters for the calculated FTe &SP ot of e ghestoccupied MO sccommodatig e
model complexes are shown in Figure 3 together with the structure when the apical site is occupied by one of the three phosphine
experimental values. The theoretical calculations reproducedligands (a) and at the partially optimized structure when the apical site is
reasonably well the basal €& and Ce-B bond lengths as ~ °ccupied by one boryl ligand (b).
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 (PMand PH) did not improve error, as the theoretical method does well for the Rlbonds

Ithe risult. Iln tlhe gase wr|1ere Pbr’:e used, the Ch:eB bor;d | in the 16-electron complexes discussed above. Despite the
engths calculated are almost the same as those calcu atei?oor reproduction of the CeP bonds, the trend that the
for the PH model complex. However, the €4 bond

apical Co-P bond is longer than the basal€B bonds was
lengths calculated are even longer, by 08003025 A, than P g

h lculated for the Rifodel lex. Th i off correctly predicted.
those calculated for the Ritodel complex. The steric effect The HOMO of the 17-electron model complex was plotted

(28) Albright, T. A.; Burdett, J. K.; Whangbo, M. HDrbital Interactions (Flgure 4a)’. from which it can be seen that |t.corresppnds to
in Chemistry Wiley: New York, 1985. the “a" orbital of a SQP Mls complex, having maximal

of the bulkier PMgligands might have been overestimated.
At this moment, it is not clear what causes the significant

2544 Inorganic Chemistry, Vol. 43, No. 8, 2004
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(2.047) K

(2.305)
2.416

(2.340) (2.340)
P4 P4 €
e
e
P1-Rh-P2  115.6(117.3) PI-Rh-P2  120.9(117.3)
PI-Rh-P3  120.1(119.5) P1-Rh-P3  117.3(119.5)
P2-Rh-P3  120.1(119.5) P2-Rh-P3  118.1(119.5)

Figure 5. Selected calculated structural parameters (bond lengths in A and bond angles in deg) for the model complexes)(BRD{EMH,)] and
[Rh(PMey)4(BO,C,Hy)], together with the experimental structural parameters for [Rh@pBeat)] shown in parentheses.

amplitude in the vacant site opposite the apical position. In bis-boryl complex with CI. The results of calculations show
addition, the HOMO, which can also be called the SOMO that the boryl ligand still prefers the basal site in the mono-
(singly occupied molecular orbital), has significaot boryl complex. The structure with the boryl ligand occupying
antibonding character between the metal center and the apicathe apical site does not correspond to a local minimum on
ligand i.e., Co-P o*. If the very strongo-donating boryl the potential energy surface. In the calculated mono-boryl
ligand occupies the apical site, it is expected that thé “a complex, the boryl ligand plane is perpendicular to the basal
orbital, which accommodates the unpaired d electron, would plane of the distorted SQP structure. The orientation of the
be very high in energy because of its strarfgantibonding boryl ligand plane again suggests that the-®or bonding
character. Such a structural arrangement would make thethrough the “empty” p orbital is not particularly strong. The
complex very unstable. In compleX occupation of the  reason is as follows. If the CeB z-bonding were strong
apical site by a weaker-donating PMeligand instead of a ~ and important, we would anticipate that the boryl ligand

very strongo-donating boryl ligand makes the ;"aorbital plane would be coplanar with the basal plane as this would

less antibonding, and the complex more stable. allow overlap of the “empty” p-orbital on B with the SOMO
We also attempted to calculate a structure for the 17- orbital which would be expected to stabilize the SOMO.

electron complex [Co(Pgk(BO,C;H2),] having a boryl Structures of 18-electron boryl complexes.The 18-

ligand in the apical site. However, the calculation suggests electron metal boryl complex, [Rh(PN)gBcat)], 5,22 adopts
that such a structure does not correspond to a local minimuma trigonal bipyramidal structure with the boryl ligand
on the potential energy (PE) surface. In order to obtain such occupying one of the two axial sites. For 18-electron TBP
a structure, we fixed the three phosphine ligands in a planemLs complexes, it is well-known that-acceptor ligands

in order to perform a partial geometry optimization. The preferentially occupy the equatorial sites whikedonor
partially optimized structure was found to be 15.6 kcal/mol Jigands tend to choose the axial sitésThe axial site
higher in energy than the fully optimized one. The HOMO  occupation of the Beat ligand Bimplies that thes-donating
(Figure 4b), which again has the maximal amplitude in the property of the Bcat ligand is predominant over itsac-
vacant site opposite the apical position, was raised by 0.435cepting charactel?26.29

eV in energy in comparison with the one from the fully  The calculated structures of the model complexes [Rh-
optimized structure. These additional calculations further (PHy)4(BO,C,H,)] and [Rh(PMe)4(BO,C,H,)], which re-

demonstrate the importance of reducing #tfentibonding produced reasonably well the experimental structuré, of
character of the “d orbital for the stability of such a 17- 5.6 shown in Figure 5. We do not see any significant
electron complex. differences in the structural parameters between the two

One of the reviewers wondered whether the presence of amgqe| complexes. Similar to the situation of the 17-electron
second boryl ligand has a significant influence on the site o5t complexes discussed above, there is a systematic
preference as a direct interaction between the ¢istoryl overestimation of the RRP bond lengths by about 0.1 A
ligands may exist! To examine this possibility, we per-

formed calculations on the mF’del complex. [CO% (29) Dickinson, A. A.; Willock, D. J.; Calder, R. J.; Aldridge, S.
(BO,C;H)CI], obtained by replacing one boryl ligand of the Organometallic2002 21, 1146.
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through the “empty” p orbital of the boryl ligand. However,
the rotational barrier of the boryl ligand around the-Fh
bond was estimated to be only 3.8 kcal/mol. Again, the
barrier is relatively small, indicating that the-8 o* orbital,

in addition to the “empty” p orbital, of the boryl ligand may
also play a role in the RhB & interaction, as pointed out
earliert®

Summary

The site preference of boryl ligands in Minetal-boryl

Figure 6. Spatial plots of the highest occupied MO for a hypothetical COmplexes has been discussed. In the absence of hydride
TBP complex in which the boryl ligand is forced to be in an equatorial boryl attractive interactions, 16-electron complexes normally
site. adopt SQP structures in which the apical site is occupied by
a boryl ligand. By adopting such a structure, the metal
boryl o-bonding interaction can be maximized because the
trans position of the apical boryl ligand is vacant.

For 17-electron SQP complexes, tin@ns position of the
) apical ligand is no longer exactly “vacant”. The unpaired

To understand the preference of the boryl ligand for an metq| g electron occupies the “vacant” site; i.e., the molecular
axial site in the TBP structure, we attempted to calculate a orpjta] accommodating the unpaired electron has the maxi-
structure of [Rh(PR)4(BOCzH)] in which the borylligand 3y m amplitude in the direction of the vacant site. The singly

occupies one of the equatorial sites. The result of this occupied orbital also has significant-M. o*-antibonding
additional calculation indicated that such a structure does -haracter between the metal center and the apical ligand
not correspond Fo a local minimum on the PE surfar_:e. In preventing the very strong-donating boryl ligand from
order to determine how unstable such a structure is, We occypying the apical site. An interesting way of seeing the
partially optimized a structure in which the boryl ligand was  gjie preference is as follows. The unpaired electron is in an
forced to be in the equatorial plane by fixing all of the  qppita| that becomes the strongesinsinfluencing “ligand”,
ligand—metal-ligand angles at either 8@r 120 of a perfect  gyronger than the boryl ligand, forcing the boryl ligand to
TBP structure. The partially optimized structure is highly go to one of the basal sites so that the positramsto the
unstable and lies 14.2 kcal/mol higher in energy than the strongestransinfluencing “ligand” is a weaker ligand. In
fully optimized one. We also partially optimized a perfect iher words, it is significantly destabilizing when the
TBP by applying the same angle constraints in which the nnaired metal d electron “ligand” and the very strong
boryl ligand occupies the preferred site, one of the two axial o-donating ligand are mutuallyans
positions. This structure is calculated to be only slightly ¢ h55 peen shown that 18-electron Mimetakboryl
higher in energy, by 2.3 kcal/mol, than the fully optimized  complexes adopt the prevalent TBP structure. The boryl
one. These results further indicate that there is a strongjigand avoids occupation of the equatorial sites in order to
preference for the boryl ligand to occupy one of the axial giapilize orbitals that accommodate metal d electrons. For
sites. an 18-electron Mk.complex, there are two pairs of metal d
Examining the bonding characteristics of the HOMO electrons residing in two d orbitals having maximum
(Figure 6) for the highly unstable structure, we again found amplitudes on the equatorial plane. These two metal d
that there exists significant antibonding character betweenorbitals also contain significant ML o*-antibonding char-
the metal center and the boryl ligand in such a highly unstable acter between the metal center and the equatorial ligands. If
structure. For an idealized§,) 18-electron Mls complex,  the very strongr-donating boryl ligand occupies one of the
the HOMOs correspond to the metal's-¢¢ and dy (€) equatorial sites, one pair of the metal d electrons would have
orbitals when the axis coincides with th€; rotation axis. to reside in an orbital that is even more strongly antibonding.
These two d orbitals have“-antibonding character between  Similarly, one can envision the site preference as follows.
the metal center and the equatorial ligaft¥/hen the very  To alleviate the significantly ML o*-antibonding interac-
strongo-donating boryl ligand occupies one of the equatorial tions, the “ligands” of the metal d electrons force the boryl
sites, the HOMO is destabilized significantly. The energy ligand to go to one of the axial sites so that trems position
gap between the HOMO and the HOMO1 (2nd HOMO)  of the boryl ligand is a normal weaker ligand instead of the
is 0.335 eV. The instability of such a structure, in which the “igands” of the metal d electrons.
boryl ligand occupies one of the equatorial sites, is apparently |t should be pointed out that this paper deals mainly with
aresult of the unfavorable, high orbital energy of the HOMO. the site preferences of boryl ligands in various five-coordinate
Examining the orientation of the highly unstable structure, complexes having different electron counts. The satisfactory
we found that the boryl ligand plane is perpendicular to the explanations given in the text suggest that the strong
equatorial plane of the TBP structure (Figure 6). The o-donating properties of boryl ligands determine the site
preference for the perpendicular orientation suggests therepreferences in the five coordinate complexes discussed here.
is a certain degree of RFB & bonding in this structure  The z-electronic properties of different boryl ligands are

compared with the crystal structure when Rdeused. PMg

is not well modeled for some reason. Again, the trend that
the axial RR-P bond is longer than the equatorial -Rh
bonds is well predicted.
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