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Abstract

Density functional theory calculations at the Becke3LYP level have been performed to study structural isomers of borane adducts
of CpoM(H) (M = Nb, Ta). Results of calculations show that O- and N-substituted borane adducts can have various structural
isomers including boryl, hydridoborate and o-complex structures. H-, alkyl- and Cl-substituted borane adducts are found to adopt
hydridoborate structures. The structural feature is closely related to how the electron-deficient boron center is electronically

saturated.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Of considerable interests are synthetic and structural
studies of Groups 4 and 5 metallocene boron-containing
complexes [1-20]. Various compounds which can be
classified as borane o-complexes, hydridoborates and
boryl complexes have been experimentally reported to
date. Results of detailed examinations for these reported
complexes suggest that their structures and bonding
depend greatly on electronic properties of the metal
center, molecular environment as well as substituents on
the boron atom. For example, the strongly electrophillic
HB(C¢Fs), [13,14], BH; [6,19,20], and HBR, [15-18]
(e.g. 9-borabicyclononane) substrates are unexception-
ally found to form hydridoborate complexes with metal
hydride fragments (see A), in which the ‘hungry’
electron-deficient B atom is electronically satisfied.
Those alkoxy-substituted borane substrates [2—10]
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(HBcat or the substituted HBcat’) with electron pairs
on O partially delocalized to the vacant p-orbital on B
can serve as a part of a hydridoborate ligand or a n*
HBcat one, such as the one in Cp,Ti(L)(n*-HBcat) (see
B) [10,11,20]. Another type of n°-HBcat complexes (see
C) contains weak interaction between the B center and
its adjacent ligand due to the boron’s electron-deficient
properties [4,5,10,20]. Clearly, metal centers and mole-
cular environment play key roles to the resulting
structural isomers of the alkoxy-substituted borane
complexes.

Complicated structural isomers have been reported
for HBcat adducts of Cp,Nb(H) on the basis of 'H-, ?H-
and '"B-NMR and X-ray structural studies (see D)
[2,7,9]. The isomers include the borane ¢-complex exo-
Cp>Nb(H)(n>-HBcat), hydridoborate Cp,Nb(p-
H),(Bcat) and dihydride boryl Cp,Nb(H),(Bcat) com-
plexes. Interestingly, the latter two structures were
found to be rapidly equilibrating, which was probed
by an NMR isotopic perturbation of equilibrium [2].
However, the HBcat adduct of the same group
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Cp,Ta(H) fragment was unexpectedly shown to exclu-
sively adopt the endo- and exo-dihydride boryl isomers
Cp,Ta(H)»(Bcat), different from the isomers of the
HBcat adducts of Cp,Nb(H) [3].

Because of the difference in the structural isomerism
between the HBcat adducts of the Nb and Ta metallo-
cene complexes, different mechanisms have been pro-
posed for the Nb and Ta metallocene-mediated
hydroborations of olefin [9]. Although NMR and X-
ray studies have been carried out [2,3,7,9], due to the
known limitations of these used experimental techni-
ques, better understanding of their complicated struc-
tural isomers and bonding usually requires an aid of
quantum chemical calculations. Experimentalists fig-
ured out rapid equilibrium between the two limiting
isomers of Cp,Nb(p-H),(Bcat) and Cp,Nb(H),(Bcat),
and observed that "H-NMR signals can also be assigned
to an exo-Cp,Nb(H)(1>-HBcat) isomer. However, ques-
tion is raised that how about the possibility of an endo-
Cp>Nb(H)(n>-HBcat) isomer [2]. Is it a possible mini-

mum point? How about the stabilities of the two rapidly
equilibrating isomers? Related to the rapid equilibrium,
can a transition state between them be located in such a
limited wedge? If located, what is the barrier?

To answer these questions, the density functional
method at the Becke3LYP (B3LYP) level was employed
to study the structural isomers of the HBcat adducts of
Group 5 metallocene hydride fragments. In this paper,
calculations are also carried out for substituted borane
adducts of the niobocene and tantalocene hydride
fragments to study the substituent influences on the
structural isomers. The substituents chosen range from
H, alkyl, amino to chloride. We hope that these studies
provide a better understanding of structures and bond-
ing in this important class of transition metal complexes.

2. Computational details

On the basis of the fact that the B3LYP method [21]
can well describe properties of transition metal com-
pounds, all the geometries have been optimized using
this method. The effective core potentials of Hay and
Wadt with a double-{ valence basis set (LanL2DZ) are
used to describe the Nb and Ta atoms, whereas the 6-
31G basis set [22] is used for all other atoms. Polariza-
tion functions are added for B ({(d)=0.388) and for
those H atoms ({(p)=1.1) directly bonded to the
transition metal center. For computational simplicity,
HBcat is modeled by HB(OC,H»0). Frequency calcula-
tions were performed for all calculated structures to
confirm their characteristics as minima or transition
states. All calculations were performed using the GAUS-
SIAN-98 software package [23].

3. Results and discussion

The HBcat adducts of Cp,M(H) (M = Nb, Ta) can be
cleanly obtained from the metal-mediated hydrobora-
tion reactions of Cp,M(H)(n>-CH,=CH,) in room
temperature [7,9]. Earlier, the HBcat adducts of
Cp,Nb(H) and Cp,Ta(H) were synthesized through
mixture of Cp,Nb(H); and Cp,Ta(H),Li with HBcat
and ClBcat, respectively [2,3]. Here we focus on the
structural isomers and bonding studies of the HBcat
adducts of CpoM(H) and the substituent effects using
the density functional theory (DFT) method described
in Section 2.

3.1. Isomers of the CpoNb(H) +HB(OC>,H,0) adduct

Fully optimized isomers of the Cp,Nb(H)+HB(O-
C,H,0) adduct are shown in Fig. la. Three structural
isomers were located. The hydridoborate isomer (1)
contains a typical interaction between the Cp,Nb
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fragment and a hydridoborate ligand [H,Bcat] . Both
the endo- and exo-isomers (2 and 3) are borane o-
complexes containing an m*-borane ligand, which is
different from the oxidatively-added boryl hydride
complex suggested by the X-ray structure [2]. The H2-
B bond distances in the o-complex endo- and exo-
isomers (2 and 3) were calculated to be 1.491 and 1.391
A, respectively. The large charge concentrations be-
tween the B and H2 atoms have been found in the
corresponding Laplacian electron density plots obtained
from the B3LYP calculations (Fig. 1b), indicating a o-
complex structural character. In the Laplacian plots,
solid contour lines denote V?p <0, where the electron
density is locally concentrated; dashed contour lines
denote V?p >0, where the electron density is locally
depleted.

The hydridoborate isomer (1) and the two o-complex
isomers (2 and 3, endo- and exo-isomers) were calcu-
lated to have roughly equal stability at the B3LYP level
(Fig. 1a). The transition state connecting the endo-
isomer and hydridoborate isomer was also located. The
optimized transition structure (4) and barrier are also
shown in Fig. l1a. The barrier was calculated to be only
1.0 kcal mol ~'. The structural feature of the isomers
and their roughly equal stability indicate that the
Cp,Nb(H)+HB(OC,H,0) adduct favors structures
having a low oxidation state with a formal d* electron
configuration for the metal center.
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The rich structural isomers of the Cp,Nb(H)+ HB(O-
C,H,0) adduct can provide good understanding to the
experimental observations [2,7]. The X-ray structure of
Cp.Nb(H,Bcat) [2] gives the Nb—B distance at 2.292 A
and the H-Nb—H angle at 92.2°. In Cp, .Nb(H,Bcat")
(Bcat” = B-1,2-0,C4H3-3-'Bu) [7], the Nb—B bond dis-
tance is 2.348 A and the H-Nb—H angle is 72.6°. These
two complexes can be considered as representatives of
the hydridoborate [Cp, .Nb(H,Bcat’)] and the endo-
isomer [Cp,Nb(H)(n>*-HBcat’)] structures presented in
Fig. 1a. The stronger donating Cp* ligand in compar-
ison to Cp weakens the ligand coordinating ability of the
Cp, .Nb fragment, giving a traditional hydridoborate
structure. The exo-isomer structure can be found in the
tantalum analogue, exo-Cp,Ta(H)(n?-HBcat) [9]. The
exo-Cp,Nb(H)(n>-HBcat) can be expected to exist based
on its high stability from our calculations (Fig. 1a).

A rapid equilibrium between the hydridoborate iso-
mer and the endo-isomer can be expected to occur
because of the roughly equal stability of the two isomers
and the very low barrier connecting them (Scheme 1).
The stability of both the endo- and exo-isomers of
Cp>Nb(H)(n>-HBcat) and the rapid isomerization be-
tween the hydridoborate and endo-isomer structures can
be used to explain the extensive H/D scrambling
phenomena  between the hydride ligand of
Cp>Nb(H)(n>-olefin) and DBcat observed in the olefin
hydroboration reactions [2,9].

HI
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Fig. 1. (a) Calculated structures and relative energies of the structural isomers of the Cp,Nb(H)+HB(OC,H,0) adduct and the transition state
connecting the hydridoborate and endo-isomer. (b) The corresponding Laplacian electron density plots for the hydridoborate, endo- and exo-isomers

on the plane containing the H1, Nb, H2 and B atoms.
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3.2. Isomers of the Cp,Ta(H)+HB(OC,H,0) adduct

Isomers of the Cp,Ta(H)+HB(OC,H,0) adduct have
been optimized. Two fully optimized structures are
shown in Fig. 2a. Interestingly, there is no correspond-
ing n?-HBcat endo-isomer for the tantalocene hydride
adduct. Instead, a boryl structure (5) with a formal o
metal center was located. In the boryl structure, the B—
H1 and B-H2 distances are calculated to be 2.085 and
2.086 A, respectively, indicating no interactions between
the H and B atoms. The Ta—B distance is calculated to
be 2.293 A, in a good agreement with 2.263 A from the
X-ray crystal structure [2]. The HI-Ta—H2 bond angle
is as large as 120.7°, much larger than those of o-
complex structures (2 and 3) discussed above for the
niobium adduct ( < 107.0°). A hydridoborate structure
(Ta analog of 1) was also obtained from our geometry
optimizations. However, the energy of this hydridobo-
rate structure is lying 5.5 kcal mol ~ ! higher than that of
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Fig. 2. (a) Calculated structures and relative energies of the structural
isomers of the Cp,Ta(H)+HB(OC,H,0) adduct. (b) The correspond-
ing plots of Laplacian electron density on the plane containing the HI,
Ta, H2 and B atoms.

the boryl structure. In addition, the structure is found to
be very close to the transition structure connecting itself
and the boryl structure. Furthermore, the energy is
almost equal to that of the transition structure. These
calculation results suggest that the hydridoborate struc-
ture might not be a true stationary point. Indeed,
Cp,Ta(H),(Bcat) is believed to be a boryl hydride
complex. The instability of the hydridoborate structure
can be related to the fact that the B-O n bonding
interactions are very strong.

The exo-isomer (6) of the adduct adopts a o-complex
structure Cp,Ta(H)(n>-HB(OC,H,0)), rather than a
boryl structure having a formal oxidation state of +5
for the metal center. The B-H2 and Ta—B distances are
calculated to be 1.475 and 2.286 A, very close to the
distances of 1.450 and 2.295 A, respectively, reported in
the X-ray crystal structure [3]. Although Ta tends to
have a high oxidation state with a formal &° electron
configuration, the steric repulsion between the HB(O-
C,H,0) group and the two Cp rings may prevent an
expansion of ligand spread angle in the wedge, promot-
ing the formation of an n?-HB(OC,H,O) structure.
Thus, the exo-Cp,Ta(H)(n*-HB(OC,H,0)) ¢-complex
structure (6) is formed as a result of a compromise
between the electronic interactions and steric repulsions.
In energy, the exo-isomer (6) is 2.2 kcal mol ' less
stable than the boryl structure (5).

The Laplacian electron density plots, shown in Fig.
2b, provide further support to the structural classifica-
tion mentioned above. The boryl structure does not
have a B—H interaction while the exo-isomer has
significant charge concentrations along the B—H bond.

Different from the niobocene analogue featured with
a rapid equilibrium between structural isomers [2,9],
which allows extensive deuterium incorporations in the
presence of DBcat, the resulting structural preference of
the tantalocene analogue implies that the deuterium
incorporation in the HBcat adduct of Cp,Ta(H) is not
as easy as that in the niobocene analogue, well
consistent with experimental observations [9].

3.3. Isomers of the CpMB(OC,H,0) (M = Nb, Ta) +
HB(OC>,H>0) adducts

The structural isomers of Cp,M(Bcat) (M = Nb,
Ta)+HBcat adducts have also been investigated. Ex-
perimentally, the Cp,Nb(Bcat)+HBcat adduct was
obtained in the study of an olefin hydroboration
mediated by the Cp,Nb(H) fragment [9]. Interestingly,
the X-ray structure of the niobium adduct shows a
crystallographic equivalence of the two Bcat ligands,
which were not anticipated because the 'H- and !'B-
NMR spectra indicate chemically distinct Bcat units.
Due to the limitation of the X-ray technique for location
of hydrogen atoms, a boryl hydride Cp,Nb(H)(Bcat),,
in which the two Bcat ligands are next to each other and
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the hydride occupies one of the two exo positions in the
metallocene wedge, was proposed. A borane g-complex
structure was not suggested because borane elimination
chemistry (substitution reactions) was not observed. On
the contrary, our calculations for the
Cp,Nb(B(OC,H,0))+HB(OC,H,0) adduct give two
borane o-complex structural isomers (7 and 8) (Fig.
3a). The lowest energy isomer indeed has the hydride in
one of the two exo positions. The inconsistence between
our calculated structures and the proposed one suggests
that there might be other factors affecting the borane
substitution reaction by a carbonyl ligand used in the
experiment (7] The substitution product
Cp,Nb(Bcat)(CO) may not be very stable because both
Bcat and CO compete for backbonding interaction with
the metal center. The Laplacian electron density plot of
the lowest energy isomer shows a noticeable interaction
between the two boron centers (Fig. 3b). The additional
interaction may also affect the substitution reaction.

The calculated isomers of the Cp,Ta(B(OC,H,0))+
HB(OC,H,0) adduct adopt borane ¢-complex struc-
tures (9 and 10), similar to the situation found for the
niobium adduct. The exo-isomer (9) is found to be more
stable (Fig. 3c¢).
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Fig. 3. (a) Calculated structures and relative energies of the structural
isomers of the Cp,Nb(B(OC,H,0))+HB(OC,H,0) adduct. (b) The
corresponding plots of Laplacian electron density on the plane
containing the B1, Nb, H and B2 atoms. (c) Calculated structures
and relative energies of the structural isomers of the
Cp,Ta(B(OC,H,0))+HB(OC,H,0) adduct.

3.4. Substitutent effects on structural isomers of borane
adducts of CpoM(H) (M = Nb, Ta)

Substituents on B have been found to have significant
effects on structures of various borane adducts described
in Section 1. Substituents, ranging from H, Me and NH,
to Cl, were used to study the structures of Cp,M(H)
(M = Nb, Ta)+HBR; adducts. As expected, the H- and
Me-substituted borane adducts of Cp,M(H) (M = Nb,
Ta) exclusively adopt a hydridoborate structure (11)
(Fig. 4a), where the ‘very hungry’ electron-deficient B
center can be electronically satisfied. In all the calcula-
tions, neither boryl structures nor endo n>*-HBR, o-
complex structures can be located. The n?-HBR, exo-
isomers, in each of which the BR, unit occupies one
position and cannot interact with the hydride in the
other exo position, can be located. However, their
energies are much higher by ca. 5.0-9.0 kcal mol !
than their corresponding hydridoborate structural iso-
mers.

NH,-substituted borane adducts of Cp,M(H) (M =
Nb, Ta), in which the NH, substituents allow the
electron pairs on N partially delocalized to the vacant
p orbital on B, have structural isomers analogous to the
adducts having OC,H,O substituents. For the Nb
species, hydridoborate (13), n>-HB(NH,), endo- and
exo-isomers (12 and 14) have been located (Fig. 4b). In
both the endo- and exo-isomers, the Nb---B distances
are found to be remarkably long. Apparently, the
extremely strong B—N & bonding interaction is respon-
sible for the long Nb---B distances. In the calculated
structures (12 and 14), a roughly planar geometry can be
found around each of the N centers, providing evidence
of the extreme strong B—N 7© bonding interactions. In
addition, the two NH, structural moieties and the B—H2
bond in each of the two structures (12 and 14) are
almost coplanar, indicating that the B-N m bonding
interactions are very strong, which prevent the boron
center from further bonding with the metal center and
give the remarkably long Nb- - -B distances. For the Ta
species, boryl (15) and n>-HB(NH,), exo-isomer (16)
structures were located (Fig. 4c). Again, the n*
HB(NH,), exo-isomer (16) structure, similar to struc-
ture 14, has a very long Ta---B distance. The boryl
structure has higher stability, lying 3.4 kcal mol ~ ' lower
than the exo-isomer. The Cl-substituted borane adducts
of CpoM(H) (M =Nb, Ta) were also calculated. They
adopt hydridoborate isomers (11). Apparently the =-
donating ability of chloride is not strong enough to
stabilize a boryl structure or a n>-HBCl, endo-isomer.

4. Conclusion

The calculation results show that the O- and N-
substituted borane adducts of Cp,M(H) (M = Nb, Ta)
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Fig. 4. (a) Optimized H-, CH;- and Cl-substituted hydridoborate structures of the Nb and Ta metallocenes. Structural parameters of the Ta
metallocenes are shown in parenthesis. (b) Calculated structures and relative energies of the structural isomers of the Cp,Nb(H)+HB(NH,), adduct.
(c) Calculated structures and relative energies of the structural isomers of the Cp,Ta(H)+HB(NH,), adduct.

have various structural isomers including hydridobo-
rate, g-complex endo- and exo-isomer structures con-
taining n>-HB coordination. The simultaneous existence
of hydridoborate (1) and endo-isomer (2) structures as
local minima in the potential energy surface is unique
because the two structures differ mainly in one of the B
---H contacts. This feature is closely related to the
delicate bonding balance within the NbH,B structural
unit. For adducts of Cp,Ta(H), boryl structures and o -
complex exo-isomers are located. Boryl structures,
instead of hydridoborate ones, become the local
minima, reflecting the periodic property that Ta prefers
a higher formal oxidation state in comparison to Nb.
For H-, alkyl- and Cl-substituted borane adducts,
hydridoborate structures (11) are the most favorable
because the electron-deficient boron center in other type
of structural arrangements cannot be effectively satu-
rated.
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