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Dihydrogen elimination from the reaction of the niobocene trihydride Cp';NbH; (Cp' =
n®-CsH4SiMesz) and the appropriate borane provides a synthetic route to the new borate-
containing niobocene complexes [Nb(7°-CsHsSiMes) (n?-H2BR3)] (R2 = O,CesH4 (1), CsHi4 (2),
H: (3)). The reaction with H,BO,CsH. or H.BCgH14 proceeds at mild temperature, and the
BH3- THF adduct reacts even at low temperature. Complexes 2 and 3 show dynamic behavior
in solution. Spectroscopic and theoretical studies were carried out in order to clarify these
dynamic processes. In addition, X-ray diffraction studies of 2 were carried out and the results
correlated with the theoretical data. Finally, reactions of Cp’,Nb(H)(L) (L = CO, CN(2,6-
Me,CgHs), ' BUOOCH=CHCOO'Bu) with BH3-THF give rise to the complex 3, with the

elimination of the appropriate ancillary ligand L.

1. Introduction

Transition-metal complexes with boron ligands are
receiving renewed interest because of their practical
applications in synthesis and catalysis and also because
their structure and bonding constitute a compelling
topic in transition-metal chemistry. A boron-containing
species can be coordinated to a transition metal as a
borate, boryl, or neutral borane ligand. Many tetrahy-
droborate! and organohydroborate?metal complexes have
been prepared and studied. The synthesis and charac-
terization in the last few years of several o complexes®
have expanded the structural possibilities for boron
ligands with B—H bonds. Borane o complexes, with
coordination of the B—H bond of a neutral borane to a
transition-metal center, have been recently reported.*®
Mechanistic studies have revealed that borane o com-
plexes can be intermediates in catalytic hydroboration
processes.® The chemistry of transition-metal boryl
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compounds has been pursued because of their impor-
tance in the metal-mediated functionalization of organic
molecules, such as alkenes, alkynes, dienes, or ketones,
by boron reagents.” The synthesis8of these compounds
habitually implies reactions between (i) anionic metal
species and haloboranes, (ii) metal halide complexes and
borate salts, (iii) metal hydride complexes and hydrido-
boranes or haloboranes, by oxidative addition, and (iv),
more recently, reactions between hydrideolefin com-
plexes and hydridoboranes.

Early-transition-metal complexes with metal—boron
bonds constitute an interesting field of research in this
area because of the wide variety of structural situations
found in these complexes, from hydroborate and boryl
derivatives to agostic B—H—M interactions. Special
interest has been focused on metallocene derivatives of
group 5.9713 In this respect, complexes of the type
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Cng(HzBRz) (Cp = CsHs5, CsMes; M = Nb, Ta; HoBR»
= HyBHy,%10 H,BO,CsH4, 112 HoBO,CsH3-4-1Bu, 2 HBO,-
CeH3-3-'Bu,’® H,BCgH14%) have been prepared.

A new bonding possibility can arise when the metal
center also supports hydride ligands. Recently, the
ability of M—H bonds to act as an electron pair donor
to a trivalent boron to form a hydrogen-bridged bond,
which had been suggested,’* has been confirmed by
theoretical calculations'®>and experimentally demon-
strated.’® Actually, the bonding in early-transition-
metal complexes containing transition-metal—boron
interactions and hydrides was described as an equilib-
rium between boryl, hydridoborate, and hydride/borane
structures.'?

Lately, theoretical studies have suggested the pos-
sibility that the interaction between metallocene trihy-
drides and HBR; species can have interesting applica-
tions in the chemistry of these systems, such as the
formation and elimination of dihydrogen from these
complexes.'’"We have further explored the synthetic
potentialities of the niobocene trihydride/borane inter-
action. Herein we report the preparation and spectro-
scopic characterization of three new substituted niobo-
cene complexes containing boron ligands, Cp'>2Nb(y?-
H2802C6H4) (1), Cp'sz(?’]z-HzBCgH14) (2), and Cp'sz'
(7?>-H2BH,) (3), where Cp' = 7°-CsH;SiMes. Analogous
compounds with Cp instead of Cp’ were previously
reported.®~12 However, the presence of SiMes in the Cp
ring leads to the possibility of a more in-depth 'H NMR
study as a consequence of the different hydrogen atoms
of the Cp rings being inequivalent. The temperature-
variable TH NMR study of 2 and 3 has shown a dynamic
behavior of both systems in solution. The molecular
structure of 2 has been established by X-ray diffraction
studies. Moreover, theoretical calculations have been
used to explain the structural features of both complexes
and to explain the temperature dependence of their H
NMR spectra.

2. Results and Discussion

2.1. Synthesis. The complexes Cp'aNb(172-H,BO,CgHa)
(1) and Cp'2Nb(?2-H;BCgH14) (2) were prepared by
addition of catecholborane or 9-borabicyclononane, re-
spectively, to a toluene solution of the trihydride niobo-
cene Cp'2Nb(H)3,18 at 40 °C (see Scheme 1).

No reaction between Cp'2Nb(H)3; and the aforemen-
tioned borane reagents has been observed at room
temperature. Conversely, with stronger Lewis acids
such as B(CgFs); the reaction between the trihydride
niobocene and the Lewis acid was completed even at
low temperatures, as pointed out by several of us
elsewhere.’® In accordance with this noted reactivity,
Cp'2Nb(n?-BH4) (3) was instantaneously obtained in
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guantitative yield by reaction of a toluene solution of
Cp'2Nb(H); and BH3-THF at —78 °C, due to the Lewis
acid character being stronger than that of catechol-
borane or 9-borabicyclononane. Previously, the reactions
of CpoNb(H); with these latter boranes have been
described, which take place at 65 and 20 °C, respec-
tively.2? It is also noteworthy that the complex Cp,Nb-
(H)3 loses dihydrogen in the absence of a Lewis acid at
80 °C.20

The mechanism proposed for the process (see Scheme
1) can be explained in terms of the interaction between
BHR; (R; = 0O,C¢Hy4, CsHi4, H2), a Lewis acid, and one
of the hydride ligands of Cp’,Nb(H)s, followed by H,
elimination. In this latter process, the strength of the
Lewis acid is directly related to the height of the energy
barrier for the H; loss, as was theoretically proposed
by some of us.1>17 In fact, we demonstrated by means
of DFT calculations that the interaction of a Lewis acid
with the lateral hydride of a trihydride isomer causes
the depletion of electron density on the metal center and
stabilizes a dihydrogen structure. The presence of a
Lewis acid assists in the subsequent dihydrogen elimi-
nation.

To gain more insight into the hydride—BHj3; inter-
action, the reaction of BH3-THF with several hydrido-
niobocene complexes, namely Cp'>Nb(H)(L) (L = CO,
CN(2,6-Me,CsH3), BUOOCH=CHCOOBuU),?! was also
considered. The corresponding adducts [Cp'2Nb(BH,)-
(L)] were not detected or isolated. However, the reaction
at room temperature gave rise to the formation of 3 and
the corresponding elimination of the ancillary ligand
(see Scheme 2). In the case where L = olefin, a
temperature of 40 °C was necessary to eliminate the
olefin and give the borate complex 3, probably because
of the considerable metallocyclopropane character of the
initial complex.21¢

2.2. Structure and Dynamics. Complexes 1—3 have
been studied by means of 'H and 13C NMR spectroscopy.
In some cases, coalescence of signals in the NMR spectra
has been discovered, a situation that indicates the
existence of dynamic processes. Further theoretical
studies have been carried out in order to clarify the
mechanism of these processes. Structural information
has been obtained by means of an X-ray diffraction
study of 2.
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2.2.1. Cp'2Nb(n?-H;B(02CeH4)) (1). The *H NMR
spectrum (CgDs, 300 MHZz) of complex 1 shows a broad
high-field peak appearing at 6 —9.54, which is inte-
grated for a total of two hydrogens and has been
assigned to the two hydride ligands. The fact that a
single signal is observed for the two hydrides denotes
that they are equivalent. Moreover, an AA'BB’ spin
system for the four protons in the Cp’' rings was
observed and two signals integrated for four protons
each were found. These data are also consistent with a
symmetrical disposition of the two hydrides around the
niobium atom. The disposition of the Cp' rings around
the niobium atom was further corroborated by 13C NMR
spectroscopic studies, in which three resonances appear
that correspond to the nonequivalent carbon atoms in
the cyclopentadienyl groups. Variable-temperature 'H
NMR studies reveal that the signals in all the studied
range of temperatures remain unmodified and therefore
that the symmetrical disposition of the hydrides re-
mains unchanged. In addition, complex 1 shows, in the
11B NMR spectrum, a broad signal at 6 54.5 that is
situated downfield from that found for the hydridoborate
compound Cp,Nb(72-H,BH>)° (6 40.5) but has a chemical
shift similar to that found in the related complex
Cp*2Nb(2-H,B(02,CeH3-3-1Bu) (6 60.9), which has been
characterized as a hydridoborate compound.’® However,
Cp*Ta(H)2(B(02CsH4)) (Cp* = CsMes),r2 which was
proposed as a typical d° boryl species, shows a downfield
chemical shift resonance (6 73.5).

In summary, from an experimental point of view there
is evidence that complex 1 should have a symmetrical
structure for the two hydrides in a 72-H,BR,-cointaining
niobocene complex (see Scheme 1). However, we cannot
rule out some contribution of boryl character to this
complex.

Complexes 2 and 3, however, show some kind of
dynamic behavior in solution because coalescence proc-
esses were observed in the variable-temperature 'H
NMR spectroscopic studies, although these processes
were different for both complexes. These processes will
be discussed further in the next section.

2.2.2. Cp'2Nb(#®?-H,B(CgH14)) (2). Surprisingly, com-
plex 2 displays an unusual 'H NMR spectrum (toluene-

Antifolo et al.

ds, 300 MHz), in that an odd temperature dependence
for their H NMR spectra was observed. For instance,
at low temperature (203 K) four peaks are observed
integrated for a total of eight protons, which correspond
to the hydrogen atoms of the Cp’ rings. Such a set of
signals may indicate an asymmetrical disposition of the
two hydrides around the niobium atom. When the
temperature is increased, coalescence processes take
place and the spectrum changes from having four peaks
to having two peaks. Each signal in the latter spectrum
is integrated for four protons. In fact, two coalescence
processes were observed: at 233 K the two most
downfield signals of the Cp’ protons coalesce, and this
process takes place with a AG* value of 22.8 kcal/mol.
Subsequently, at 243 K the other two peaks coalesce to
give the characteristic spectrum at high temperature.
In this second process, the AG* value measured was 23.8
kcal/mol. The difference in temperature of these two
coalescence processes is due to the separation between
the decoalesced signals. The difference in AG* values
falls into acceptable limits of experimental error for this
kind of measurement. In addition, a single resonance
for the two equivalent hydrides, appearing at 6 —15.20,
was observed in the variable-temperature 'H NMR
spectra. The resonance appears as a sharp peak at low
temperatures and as a broad peak, with widths as high
as 300 Hz, at high temperatures. The existence of four
peaks for the Cp’' protons in the 'H NMR spectrum at
low temperature (203 K) indicates that they have
chemically different environments, although this situ-
ation changed when the temperature was raised. How-
ever, the two hydrogen ligands exhibit just a single
resonance (more or less broadened) in all the ranges of
temperatures. In addition, complex 2 shows a resonance
in the 1B NMR spectrum at 6 57.60, similar to that
found for complex 1.

Different structural situations can be proposed to
explain the dynamic behavior. One possibility is the
interconversion between a symmetrical Nb—#,2-H,BR;
borate or Nb(H).BR; boryl and an asymmetrical Nb(H)—
n?-(H—B)R, borane structure via an interchange be-
tween the two hydrogens and the boron atom. An
alternative could be the hindered rotation of the Cp’ ring
in a symmetrical Nb—#2-H,BR; structure. In the com-
plex Cp,Nb(172-H,B(CsH14))'2 nondynamic behavior was
observed and a single signal for both hydrides was found
in the 'H NMR spectra. This complex was described!?
as the endo-hydridoborate isomer.22 The proposed struc-
ture was corroborated by means of an X-ray diffraction
study. Conversely, in another related tantalocene com-
plex, synthesized by the reaction with B-chloro-5-
methylcatecholborane,!1? it was observed that the exo
isomer of the boryl—dihydride species displayed in its
IH NMR spectra a broadening of the signal correspond-
ing to the protons of the Cp ring upon decreasing the
temperature. This phenomenon suggested the onset of
decoalescence, but this situation was not achieved even
though the H NMR spectrum was studied at temper-
atures as low as —80 °C. The authors imply the
existence of a fluxional process to be responsible for this
decoalescence.12

(22) The endo/exo designation refers to the stereochemical orienta-
tion of BR, within the metallocene wedge.
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Figure 1. X-ray structure of Nb(#5-CsHsSiMe3),(n?-
H.BCsH14) (2).

Table 1. Selected Bond Lengths (A) and Angles

(deg) for 2
Nb(1)—C(Cp) (mean) 2.364(4) Nb(1)—HB 1.85(3)
Nb(1)—B(4) 2.419(5) B(4)—HA 1.38(4)
Nb(1)—HA 1.82(4) B(4)—HB 1.28(3)
HA—Nb(1)-HB 66.0(15) C(5)—B(4)—C(1) 107.1(4)

HA-B(4)-HB 97(2)
Nb(1)-HA-B()  97.2(12)
Nb(1)-HB—-B(4)  99.6(10)

C(5)-B(4)—Nb(1)  127.1(3)
C(1)-B(4)—Nb(1)  125.8(3)

X-ray Diffraction Study of Cp’,Nb(%-H,B(CgH14))
(2). Crystals of 2 suitable for X-ray diffraction were
obtained by crystallization from hexane. The single-
crystal X-ray structure of 2 is shown in Figure 1.
Selected bond distances and bond angles are listed in
Table 1. A more complete listing of distances and angles,
as well as the atomic coordinates, can be found in the
Supporting Information.

Complex 2 crystallizes in the monoclinic space group
P2;/n with one molecule in the asymmetric unit cell. The
local coordination geometry around the Nb atom can be
described as a pseudo-tetrahedral complex with two
cyclopentadienyl rings bonded to the metal in a #° mode
and two hydrides comprising the immediate coordina-
tion sphere. The distances between the metal atom and
the centroids of the Cp rings are 2.0386(6) and 2.0379(5)
A, and the angle Cent(1)—Nb(1)—Cent(2) is 140.48(2)°
(Cent(1) is the centroid of C(10)—C(14), and Cent(2) is
the centroid of C(20)—C(24)). This value agrees with a
Nb(I11) formulation. The orientation of the Cp rings is
eclipsed, as indicated by the value of the torsion angle
being near 1°.

Despite their proximity to heavy niobium nuclei, the
bridging hydride positions could be located in difference
Fourier maps and their positional parameters were
refined isotropically. It is noteworthy that these hy-
drides are symmetrically disposed within the bridging
Nb—H-B linkages. The Nb(1)—B(4) distance is 2.419(5)
A, and Nb(1)—HA and Nb(1)—HB are 1.82(4) and 1.85(3)
A, respectively. The HA—B(4) and HB—B(4) distances
are 1.38(4) and 1.28(3) A, respectively. These values are
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Figure 2. Optimized Becke3LYP geometries of (a, top)
endo-Cp;Nb(#?-H,B(CgH14)) and (b, bottom) exo-Cp,NbH-
(ﬂZ-HB(CgH]A)).

very similar to those found in the X-ray structure of
Cp2Nb(;72-H;B(CgH14)).12 The Nb—B distances in endo-
szNb(H)z(B(02C5H4))12 and szNbH(B(OzCeH4))z,ll
which have been described as boryl-containing species,
are significably shorter (2.29 A).

Theoretical Study of Cp'2Nb(n2-H2B(CgH14)) (2).
A great deal of information can be gained by a theoreti-
cal study of this system. Hence, theoretical work was
carried out in order to localize several interesting points
in the potential energy hypersurface of this system and
to analyze the corresponding dynamics. However, the
complete system is far too complicated for complete
geometry optimizations to be affordable. Consequently,
purely quantum calculations were performed on a
simplified system in which the (trimethylsilyl)cyclopen-
tadienyl groups were represented as “simple” cyclopen-
tadienyl groups. Even with this modification the system,
treated quantum chemically, has no less than 46 atoms
and 256 basis functions. It is therefore clear that
guantum calculations, even with the simplified system,
are still quite sizable.

The quantum study of this system initially involved
looking for different minima corresponding to stable
structures. Both the endo and exo orientations of
B(CgH14) were considered as starting points in the
optimizations. Two different isomers were found. The
first structure corresponds to a endo-(72-H,BR,) isomer
that matches the structure experimentally characterized
by X-ray diffraction and described in the previous
subsection of this paper. In this system both hydrides
are symmetrically bound to the niobium atom (and also
to the boron atom). All the attempts to find an asym-
metrical endo structure ended at the same endo sym-
metrical structure. The second structure, on the other
hand, corresponds to an exo-(72-(H—B)R,) borane isomer
in which only one hydride is shared between the boron
and the niobium atoms. Parts a and b of Figure 2 depict
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Table 2. Relevant B3LYP Optimized Parameters
(Distances in A and Angles in deg) for the
endo-(?-H>BR;) and exo-(p?-HB)R, Isomers of

szNb(HzB(C8H14))
endo-(72-H2BRy) exo-(n?-HB)R2
Nb—H; 1.900 1.744
Nb—H, 1.900 1.861
Nb—B 2.418 2.371
B—H31 1.342 3.281
B—H; 1.342 1.338
Nb—C(Cp)? 2.448 2.466
H;—Nb—H> 67.1 70.5
Nb—H;—B 94.9 44.3
Nb—H,;—B 94.9 94.2
Hi—B—H; 103.0 70.5

a2 Mean values.

the structures found, and Table 2 displays relevant
geometrical structural information corresponding to
both isomers.

Although the two regioisomers (exo and endo) had
been synthesized and structurally characterized for
Cp2TaH»(B(02CeHa)),1 12 only the endo isomers have
been characterized for the niobium analogues.'213 How-
ever, very recently the structure exo-Cp,NbH(7?-
HB(02CsH4)) was assigned to an intermediate found in
the reaction of Cp,NbH(CH,=CHMe) with HB(O,-
CeHy).110 Our finding of a exo-(72-(H—B)R2) minimum
in the potential energy surface of Cp2NbH>B(CgH14)
supports this assignment. In agreement with experi-
mental results presented in this paper, the most stable
isomer found theoretically is the symmetrical endo-
borate species, which in the simplified system belongs
to the C,, symmetry point group. The less stable
asymmetrical hydridoborane isomer, a Cs structure in
the simplified calculations, lies 10.5 kcal/mol above the
former. In a comparison of the structural data obtained
theoretically (Table 2) with those from the X-ray dif-
fraction study (Table 1), it can be seen that there is very
good agreement and so the theoretical description of the
system seems to be sufficiently accurate.

Additionally, given that two different minima were
found, the dynamics of the isomerization was studied.
This study was performed by obtaining the potential
energy profile of the reaction coordinate that leads from
one minimum to the other. We took as a reaction
coordinate the Nb—H—B angle, which varies from 94.9°
in the endo-(2-H2BR,) borate isomer to 265.8° in the
exo-(72-H—B)R, borane. The procedure consisted of
fixing the Nb—H—B angle at different values starting
from the borate-containing minimum and going to the
exo-borane-containing one, followed by optimization of
the whole structure barring this angular parameter. The
resulting potential energy profile is depicted in Figure
3. The potential energy barrier to the isomerization
process can be estimated as approximately 28 kcal/mol,
as ascertained from Figure 3.

Upon reaching this point, it is necessary to find an
explanation for the spectroscopic 'TH NMR data de-
scribed in the preceding subsection. The isomerization
from the most stable symmetrical endo-borate to the exo-
borane cannot be the observed process. As explained
above, we detected a dynamic process with a free energy
barrier of ca. 23 kcal/mol. At the low-temperature end,
the four protons directly bound to the carbon atoms in
the Cp’ groups produce a total of four different signals,
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Figure 3. Potential energy profile for the endo-(7>-H;BRy)
borate — exo-(2-H—B)R; borane isomerization in Cp,NbH-
(B(CgHu1a)).

which overall are integrated as two protons each, due
to the fact that each has a different chemical environ-
ment. This would be the case if the Cp' groups did not
have essentially free rotation. We will return later to
this question.

Although there is not experimental evidence for
hydride exchange in compound 2, since the hydride
ligands are related by a C; axis, theoretical calculations
were performed, aimed at studying further the dynamics
and structure of complex 2. In particular, we studied
the dynamics of the exchange process of both equivalent
hydrides in endo-Cp,Nb(;2-H2B(CgH14)) by determining
the potential energy barrier of such a process. There
are several options available when devising a mecha-
nism for the exchange of these hydrides. One possibility
(mechanism A, Scheme 3) implies the rotation of the
n%-(H,BBN) (BBN = 9-borabicyclononane) fragment
around the imaginary axis that passes through the
niobium and the boron atoms (this axis is a real
symmetry axis in the C, minimum found previously).
We have also considered another possibility (mechanism
B, Scheme 3), which consists of a reaction path that
passes through the exo-hydridoborane intermediate.
With the most stable minimum energy borate-contain-
ing structure found as a starting point, the geometrical
deformation consisting of the opening of an Nb—H—-B
angle, discussed above, leads to the borane isomer. Next,
both hydrides approach each other in such a way that
a dihydrogen ligand is formed. Finally, this dihydrogen
ligand rotates by 180° and the process goes back to its
origins, the hydrides having been exchanged. Although
this mechanism seems very speculative, the pairwise
hydrogen exchange via an 52-H; species is a well-known
process in transition-metal polyhydrides.?® A sche-
matic representation of both mechanisms is depicted in
Scheme 3.

(23) Maseras, F.; Lledos, A.; Clot, E.; Eisenstein, O. Chem. Rev.
2000, 100, 601
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Scheme 3
MECHANISM A

C\l/ CAT/

o7 S\

Ha® Cp Hx—

The potential energy through exchange mechanism
A amounts to 37.3 kcal/mol with respect to the absolute
minimum for this complex. As for exchange mechanism
B, some adjustments need to be made. For instance, no
minimum corresponding to a true dihydrogen complex
could be located; therefore, the energy of a tentative
dihydrogen complex was calculated by forcing the H—H
distance to be 0.80 A, a representative value of the H—H
distance in dihydrogen complexes. By doing this, a
“transition state structure” corresponding to the rotation
of this dihydrogen ligand could be located, and this
structure would correspond to the highest energy point
in the exchange process through mechanism B. The
corresponding value for the potential energy barrier is
47.5 kcal/mol, which is much higher than that of
mechanism A. In summary, it seems clear that the
exchange process of the two hydrides in this complex is
an energy costly process that only will be operative at
high temperatures. It would take place through a
mechanism similar to mechanism A.

We now turn our attention to the dynamic process
with a AG* value of ca. 23 kcal/mol and attempt to put
forward a plausible explanation for it. There are dozens
of organometallic complexes that have two cyclopenta-
dienyl groups (or related groups) around a metal atom.
In general, it is widely accepted that the rotational
motion of such ligands takes place with almost no
energy barrier, so that the cyclopentadienyl group
rotates freely at all but the lowest of temperatures. This
being the case, it is clear that one should expect only
two different NMR signals for the protons in the
monosubstituted Cp groups, because their rapid rotation
averages the different chemical environments of the
protons in the ring, with the exception of those coming
specifically from the ring itself. This means that at the
low-temperature end, in which four NMR signals were
observed experimentally rather than two, it could be the
case that the rotation of the Cp’ group stops.?* In fact,
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the Cp' groups present in this complex include a quite
voluminous group, Si(CHs)s, which could give rise to
steric interactions on rotation due to collision with the
C—H bond perpendicular to the NbH,B plane in the
BBN group. The following discussion deals with the
determination of the energy barrier for this process.

To determine the potential energy barrier for the
process of rotation of the Cp' groups, it is necessary to
take into account their structure in an explicit way. The
minimum energy structure should be recalculated with
trimethylsilyl groups included, and the transition state
structure for the rotation of one Cp' group should also
be located. While the minimum energy structure will
still belong to the C, symmetry point group, the transi-
tion state structure will certainly not and will be Cj.
This fact alone makes the calculation extremely difficult
due to the significant increase in basis functions and
electrons and the lack of symmetry. However, given that
we are interested in studying the steric hindrance to
the rotation process, we carried out these calculations
using a hybrid QM/MM method, IMOMM, in which we
treated the complex quantum chemically (Becke3LYP)
and included a molecular mechanics (MM3) description
of the two Si(CHs); groups. This approximate descrip-
tion will be quite accurate if only steric interactions are
important,?> which seems to be the case here.

To determine the potential energy barrier associated
with the rotation of the Cp' rings, the minimum energy
structure was recalculated for the real complex, opti-
mizing its geometry with the IMOMM/(Becke3LYP:
MM3) method (Figure 4a). According to X-ray diffraction
data, the complete species seems to belong to the C,
symmetry point group, and the minimum was sought
with this requirement enforced. As far as the rotational
transition state is concerned, the lowest energy struc-
ture was calculated in which one of the Cp’ rings
projects its Si(CHz); group toward the BR; part of the
borate ligand (Figure 4b). This means that we can, at
best, estimate the barrier height because the transition
state was not precisely located. In addition, we explored
the possibility of both Cp’ groups rotating synchro-
nously, but the resulting energy barrier is much higher
than in the previous case.

Table 3 shows some geometrical parameters resulting
from the IMOMM(Becke3LYP:MM3) calculations, and
Figure 4 displays the structures found. The IMOMM
calculations reveal that the structure found for the
potential energy minimum differs little geometrically
from that found with the pure quantum-mechanical
model, at least with respect to the environment of the
metal atom and the hydrides. This can be seen clearly
by comparing the data in Tables 2 and 3. However, the
study of the rotation of one of the Cp' groups reveals
severe steric hindrance in the region in which the
Si(CHg3)3 group passes over the C—H bond in the BBN
fragment, with the Cp' ring becoming more inclined to
make room for this contact. According to this, the mean
value of the C(Cp)—Nb distances increases from 2.459
A'in the minimum to 2.530 A in the rotational transition
state and the Nb—H distances are also lengthened. In
fact, even with the Cp ring moving away, the closest

(24) Long, N. J. Metallocenes, An Introduction to Sandwich Com-
plexes: Blackwell Science: Oxford, U.K., 1998; p 165.
(25) Maseras, F. Top. Organomet. Chem. 1999, 4, 165.
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Figure 4. IMOMM (Becke3LYP:MM3) optimized geom-
etries of (a. top) Nb(#5-CsH4SiMes),(172-H,BCgH14) and (b,
bottom) the transition state for the rotation of a Cp’ ring.

Table 3. Selected IMOMM (B3LYP:MM3)
Optimized Parameters (Distances in A and Angles
in deg) for the Minimum and Rotational
Transition State of the
Nb(T]S-C5H4SiMea)z(ﬂz'HzB(Cng4)) Complex

minimum rotational transition state

Nb—H; 1.897 1.925
Nb—H; 1.897 1.939
Nb—B 2.413 2.482
B—H; 1.347 1.341
B—H> 1.347 1.346
Nb—C(Cp)? 2.459 2.5300
Nb—C(Cp)? 2.459 2.474¢
Hi1—Nb—H, 67.5 65.0
Nb—H;—B 94.6 97.3
Nb—H,—B 94.6 96.5
H:—B—H> 103.2 101.2

a Mean values. P Rotating ring. ¢ Nonrotating ring.

contact between the H atom in the borate ligand and
one of the H atoms in the trimethylsilyl groups is 2.341
A. The transition state structure was not precisely
located but was estimated. In this way, the potential
energy barrier found amounts to 21.0 kcal/mol, in
excellent agreement with the experimental value of ca.
23 kcal/mol. This confirms that the dynamic process
responsible for the coalescence of the NMR signals is,
in fact, the rotation of the cyclopentadienyl groups.
There is, however, another peculiarity in the TH NMR
spectrum that remains unexplained, i.e., the tempera-
ture-dependent width of the peak corresponding to the
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two hydride ligands. When studying the isomerization
process that interconverts the borate-containing and
borane-containing structures, we found that the poten-
tial energy profile was quite damped in the neighboring
areas of the minimum near the borate-containing
structure. This can be seen in Figure 3, where it is easy
to quantify an energy increase of only 3.7 kcal/mol on
opening the Nb—H—-B angle from 95 to 110°. In this
way, upon increasing the temperature, the vibrational
motion of the system along this potential energy profile
would be somewhat loose. This means that the hydrides
can be found in a rather wide area of the potential
energy surface, causing the broadening of the NMR
signals corresponding to these protons, as was experi-
mentally detected. On the other hand, it is also possible
that the unusual width is the result of the coupling of
both hydride atoms to the 'B atom.

2.2.3. Cp'2Nb(n?-H2BH>) (3). The H NMR spectrum
of complex 3 shows a sharp singlet signal at 6 —0.04
and two pseudotriplet resonances at 6 4.08 and 5.41,
corresponding to the (trimethylsilyl)cyclopentadienyl
ligands in a symmetrically bent niobocene disposition.
In addition, a very broad peak, centered at 6 —16.37,
was found, and this corresponds to the bridged hydrogen
atoms of the #2-BH, ligand. The peak corresponding to
the terminal boron hydride atoms could not be observed,
due to the fact that it was obscured by the peak at ¢
5.41 from the cyclopentadienyl ring protons. The reso-
nance in the B NMR spectrum at 6 40.0 ppm is
consistent with a hydridoborate character.’® The IR
spectrum of complex 3 shows two bands in the terminal
B—H region at 2466 and 2424 cm~! and two bands in
the bridging M—H—B region at 1750 and 1739 cm™.

As for complex 2, a variable-temperature 'H NMR
study was also performed for 3. At temperatures below
250 K a resonance at ¢ 5.60 was observed, corresponding
to the terminal hydrogen atoms of the BH, ligand.
However, upon increasing the temperature above 250
K, the resonances at 6 —16.50 and 5.60 broaden and
shift toward each other, starting a coalescence process.
Coalescence of these signals was observed at 348 K, and
the AG* value for this process was determined to be 13.6
kcal/mol. It seems clear that the dynamic process behind
this coalescence is exchange of the bridging (b) and
terminal hydrides (t) in the n2-BH,4 group. The value
found for the free energy barrier is similar to those
found for the exchange processes in related complexes,
namely CpzNb(72-BHy4) (AG¥= 14.6 kcal/mol), Cp*,Nb-
(7?-BHy) (AG*= 16.4 kcal/mol), and CpCp*Ta(»?-BHy)
(AG*= 16.4 kcal/mol).%d:10 A very recent thorough study
of the hydrogen scrambling processes in the tetrahy-
droborate derivatives of group 5 ansa-metallocenes has
proved that the free energy barrier to bridge—terminal
exchange is considerably reduced when the bridging
unit imposes significant structural changes in the
metallocene (AG* = 8.3 kcal/mol in [Nb{(-CsH4)CMe,-
(7-CsHa)} (7>-BH,)]).28 To clarify the mechanism of the
Hy, — H¢ exchange in Cp',Nb(172-BH,), we have carried
out theoretical calculations on the model system
Cp2Nb(?-BHy4), which will be presented in the next
section.

(26) Conway, S. L.; Doerrer, L. H.; Green, M. L. H.; Leech, M. A.
Organometallics 2000, 19, 630.
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Figure 5. Optimized Becke3LYP geometry of (a, top)
Cp2Nb(2-H,BH,) and (b, bottom) the transition state for
the H, — H¢ exchange.

Table 4. Relevant B3LYP Optimized Parameters
(Distances in A) for the Minimum and the
H-Bridging/H-Terminal Transition State of the
Cp2Nb(n2-H,BH,;) Complex

minimum transition state
Nb—H; 1.906 2.329
Nb—H, 1.906 1.943
Nb—Hj3 3.165 2.333
Nb—Hg 3.165 3.500
Nb—B 2.362 2.333
B—H; 1.321 1.217
B—H; 1.321 1.318
B—H3 1.200 1.217
B—H,4 1.200 1.196
Nb—C(Cp1)? 2.445 2.472
Nb—C(Cp2)2 2.445 2.472
C—C(Cp1)2 1.433 1.431
C—-C(Cp2)2 1.433 1.431
Nb—C(Cp1)P 2.375/2.495 2.405/2.559
Nb—C(Cp2)P 2.375/2.495 2.397/2.561

a Mean values. ® Maximum and minimum values.

Theoretical Study of Cp,Nb(n2-H,BH). The op-
timized geometry of the model complex CpaNb(#?-
H2BH>) is depicted in Figure 5a, and its main geometri-
cal parameters are collected in Table 4. The calculated
structure is in good agreement with the X-ray structure
determination.®® The molecular structure confirms the
assignment of a bidentate 52-BH,4 binding mode. The
bridging B—Hj, bond lengths are longer than the ter-
minal B—H; bond lengths. The weakening of the bridg-
ing B—H, bonds is also reflected in the calculated
vibrational modes (v(B—Hp), 1728 and 1719 cm~1; v(B—
Hy), 2615 and 2556 cm™1). These values agree reason-
ably well with the experimental IR vibrational data of
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this complex.®© The preference of BH4~ for the 72
coordination mode in the Cp,Nb(BH,) complex can be
explained with the electron-counting concepts previously
applied to the rationalization of the BH, coordination
to transition-metal systems.*27 The equilibrium struc-
ture will obey the 18-electron rule.

The exchange process between terminal and bridging
hydrogen atoms of a tetrahydroborate ligand coordi-
nated in a bidentate mode is generally considered to
involve a change in the coordination mode of the
ligand.’219 Thus, there are in principle two possible
mechanisms: via a monodentate BH, ligand (dissocia-
tive mechanism) and via a tridentate BH, ligand (as-
sociative mechanism). Greenl%26 has proposed that in
group 5 metallocene tetrahydroborate complexes the
mechanism is associative and that the formation of a
n3-BH,4 intermediate is accompanied by an #° — 72 ring
shift of one of the cyclopentadienyl rings.

We have studied by means of DFT calculations the
mechanism of the Hy/H; exchange in Cp,Nb(172-BH,). We
started our search for the transition state of the
exchange process with the optimization of two different
structures containing “ideal” monodentate and triden-
tate BH, ligands, which were obtained by forcing a local
Csy symmetry on Nb—BH,. Neither of these structures
corresponds to a stationary point. The preference for the
associative mechanism has already been put forward
in these preliminary calculations. Whereas the ideal »*
structure lies 34.3 kcal/mol above the %2 minimum, the
73 structure is found 18.9 kcal/mol above the minimum.
We used the ideal #® structure as a starting point for
the direct search of the transition state in the full
potential energy hypersurface. This strategy has already
been successfully applied to the location of transition
states for tetrahydroborate Hy/H: exchanges.?8In this
way we found a stationary point that was characterized
as a transition state: it has a single negative eigenvalue
in the calculated Hessian matrix. This transition state
is shown in Figure 5b, and its main bond distances and
angles are collected in the second column of Table 4. In
the transition state the BH, unit is clearly tridentate,
although the local C3, symmetry on the Nb—BH,4 moiety
is lost. One of the bridging H atoms is closer to the metal
than the other two, and the angle Nb—B—Hy is smaller
than 180°. The B—H bond distances for the two further
H, atoms are very similar to that of the B—H; bond,
indicating a week Nb—H interaction. In going from the
equilibrium structure to the transition state, changes
in the metal—cyclopentadienyl distances are small (see
Table 4). The angle between the Cp rings is slightly
reduced to accommodate the tridentate tetrahydro-
borate, as can be seen by comparing the shortest and
longest Nb—C(Cp) distances in both structures. This fact
could explain why the AG* value is sensibly reduced in
ansa-metallocenes, in which the ansa bridge imposes
an important reduction of the angle between the ring
planes.?6 The C—C distances of the Cp ligand remain

(27) (a) Lledods, A.; Duran, M.; Jean, Y.; Volatron, F. Inorg. Chem.
1991, 30, 4440. (b) Volatron, F.; Duran, M.; Lledos, A.; Jean, Y. Inorg.
Chem. 1993, 31, 951. (c) Jarid, A.; Lledos, A.; Jean, Y.; Volatron, F.
Inorg. Chem. 1993, 32, 4695.

(28) (a) Jarid, A.; Lledos, A.; Jean, Y.; Volatron, F. Chem. Eur. J.
1995, 1, 436. (b) Demachy, I.; Esteruelas, M. A.; Jean, Y.; Lledoés, A.;
Maseras, A.; Oro, L. A.; Valero, C.; Volatron, F. J. Am. Chem. Soc.
1996, 118, 8388.
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almost unchanged, indicating that a change in the
coordination mode of the Cp ligand does not occur.

The energy of the transition state is 13.9 kcal/mol
above that of the equilibrium structure. This value is
in excellent accord with those experimentally deter-
mined for Cp.Nb(2-BH4) (AG*= 14.6 kcal/mol)®d and
complex 3 (AG*= 13.6 kcal/mol). Analysis of the eigen-
value associated with the only imaginary frequency
(440.5i cm™1) sheds light on the mechanism of the
exchange. The transition vector has no components in
the Cp rings. The reaction coordinate is essentially the
rotation around one of the B—Hp bonds in the minimum
(Scheme 4). The same mechanism was found for the
hydrogen exchange in [Cu(PHa):(#2-BH4)], with an
energy barrier of 11.7 kcal/mol.?82

3. Concluding Remarks

New borate-containing niobocene complexes, [Nb(°-
C5H4SiM€3)2(772-HzBR2)] (Rz = 02C6H4 (l), C8H14 (2), Hz
(3)), have been prepared by reaction of [Nb(7>-CsHy-
SiMes)2(H)3] and the appropriate boranes. The experi-
mental conditions for the process, which probably
involves the initial interaction of the trihydride niobo-
cene with the borane, are clearly dependent on the acid
character of the borane. These processes demonstrate
the validity of a previous theoretical study showing that
the interaction of a Lewis acid with the lateral hydride
of a trihydride species stabilizes a dihydrogen and
assists its elimination. NMR spectroscopic data and an
X-ray crystal structure for complex 2 indicate that a ?-
borate-containing structure must be considered for these
complexes. Complex 1 exhibits a static behavior in
solution, even though a dynamic behavior for 2 and 3
was found. Theoretical studies of 2 were carried out.
The quantum studies established that the endo-(?2-
borate) isomer is the most stable, which is in agreement
with the X-ray crystal structure data obtained. An exo-
(n?(H—B)borane) isomer was found about 10 kcal/mol
above the most stable structure. In addition, theoretical
calculations to study the dynamics of 2 were also
considered. They allowed us to characterize the dynamic
process responsible for the coalescence of the Cp' NMR
signals as the rotation of the cyclopentadienyl groups.
Finally, an exchange between the bridging and terminal
hydrides in the #>-BH,4 group of 3 has been proposed as
being responsible for the dynamic behavior observed for
this compound. A theoretical study of the hydrogen
exchange has shown that it takes place with an associa-
tive mechanism, via a #%-BH, transition state.

Experimental Section

General Procedures. All reactions were carried out using
Schlenk techniques under an atmosphere of dry nitrogen.
Solvents were distilled from appropriate drying agents and
degassed before use. The complexes Cp'2NbH3 and Cp'2Nb(H)-

Cp /
\ . ,.“\\\\H C I, ..

_— N B

[ /) S \HA

N Cp
(L) (L = CO, CN(2,6-Me,CgH3), BUOOCH=CHCOO'BuU) was
prepared by literature procedures.'®2! Borane reagents, cat-
echolborane, 9-borabicyclononane, and the BH3; THF adduct,
were purchased from Aldrich and used as received. *H and
B3C NMR spectra were obtained on a Varian Unity 300
spectrometer. Trace amounts of protonated solvents were used
as references, and chemical shifts are reported in parts per
million relative to SiMe,. 1'B NMR spectra were recorded on
a Varian Unity 300 spectrometer operating at 96.2 MHz, and
the spectra were referenced to a BF3;-Et,0 external standard
solution. IR spectra were obtained in the region 200—4000
cm~* using a Perkin-Elmer 883 spectrophotometer.
Nb(?]s-65H4SiMe3)2(1]2-HzBOZC6H4) (1) Nb(;75—C5H4SiMe3)2—
(H); (0.30 g, 0.80 mmol) was dissolved in 30 mL of toluene to
give a light brown solution. To this solution was added 0.80
mmol of HBO,C¢H,, and the mixture was stirred at 40 °C for
3 h. The resulting dark brown solution was filtered, and the
solvent was removed, from the filtrate, in vacuo. After the solid
was washed with 10 mL of hexane, complex 1 was obtained
as a brown microcrystalline solid (yield: 88%). IR (Nujol/PET,
cm~1): 1690 (w), 1676 (w) bridging M—H—B region, 1248 (m),
836 (s). *H NMR (300 MHz, C¢Dg): ¢ —9.54 (s, 2H, Nb—H—
B), 0.06 (s, 18H, SiMes), 4.37 (m, 4H, CsHa), 5.23 (m, 4H, CsHJ),
7.00 (M, 4H, B(02C¢H4)). BC{*H} NMR (75 MHz, CgDg): 6 1.1
(SiMe3), 95.2, 97.6, 92.1 (CsHy4), 110.8, 121.2, 152.9 (B(O,CsHa)).
1B NMR (96.2 MHz, C¢Dg): 0 54.5. Anal. Calcd for CpoHs-
BNbO,Si,: C, 54.09; H, 6.62. Found: C, 53.72; H, 6.49.
Nb(#5-CsH4SiMes),(57?-H2BCgHa4) (2). Complex 2 was pre-
pared in a manner similar to that for 1, to obtain a dark green
solid (yield: 85%). IR (Nujol/PET, cm™1): 1704 (w), 1695 (w)
bridging M—H—B region, 1254 (m), 830 (s). *H NMR (300 MHz,
CeDg): 0 —15.20 (br s, 2H, Nb—H-B), —0.03 (s, 18H, SiMe3),
1.50 (m, 14H, BCgHu4), 4.00 (br s, 4H, CsHy), 5.54 (br s, 4H,
CsHy). BC{*H} NMR (75 MHz, C¢Dg): 0 1.2 (SiMejg), 24.5, 34.0
(BCsH14), 98.0, 103.0 (br peaks, CsH4, the peak corresponding
to C1 carbon atoms was probably overlapped). 1B NMR (96.2
MHz, CsDg): 6 57.6. Anal. Calcd for C4H42,BNbSi,: C, 58.76;
H, 8.65. Found: C, 58.27; H, 8.55.
Nb(?]S-C5H4SiME3)2(1]2-HQBH2) (3) Nb(nS-C5H4SiMe3)2(H)3
(0.30 g, 0.80 mmol) was dissolved in 40 mL of THF to give a
light brown solution. This solution was cooled to —78 °C and
80 uL (0.80 mmol) of a 1 M solution of BH3THF in THF was
added. The mixture was stirred for 30 min. The resulting light
brown solution was filtered, and the solvent was removed, from
the filtrate, in vacuo. After the solid was washed with 10 mL
of hexane, complex 3 was obtained as a green microcrystalline
solid (yield: 90%). Alternatively, this compound can be pre-
pared by reaction between BH3-THF and Nb(%-CsH,SiMes),-
(H)(L) (L = CO, CN(2,6-Me,CgH3)) in a way similar to that
described for Nb(#°-CsH.SiMez),(H)s. When the complex Nb(i°-
CsH4SiMes)2(H)('BUOOCH=CHCOO'"BuU) was used, the solu-
tion was heated at 40 °C for 2 h, to obtain the complex 3. IR
(Nujol/PET, cm™1): 2466 (s), 2424 (s) terminal B—H region,
1750 (w), 1739 (w) bridging M—H—B region, 1247 (m), 840 (s).
IH NMR (300 MHz, C¢Dg): 6 —16.37 (s, 2H, Nb—H—-B), —0.04
(s, 18H, SiMej3), 4.08 (m, 4H, CsHa4), 5.60 (s, 2H, BH,, measured
below 250 K, see the text), 5.41 (m, 4H, CsH,). 13C{*H} NMR
(75 MHz, CGDG): 0 0.7 (SiMe3), 87.0, 98.7, 103.0 (C5H4). 1B
NMR (96.2 MHz, Cg¢Ds): 0 40.0. Anal. Calcd. for CigHso-
BNbSi,: C, 54.28; H, 8.48. Found: C, 54.12; H, 8.52.



Downloaded by NORTH CAROLINA CONSORTIUM on June 29, 2009
Published on August 2, 2000 on http://pubs.acs.org | doi: 10.1021/om000221d

[N b(175-C5H4Si M83)2(172-H28R2)] Complexes

Structure Determination of Complex 2. A green crystal
of approximate dimensions 0.3 x 0.2 x 0.2 mm was mounted
in a glass capillary. Intensity data were collected on a Nonius-
MACHS3 diffractometer equipped with graphite-monochro-
mated Mo Ka radiation (1 = 0.710 70 A) using an w/26 scan
technique to a maximun value of 56°. Crystal are monoclinic,
space group P2:/n, with the following cell parameters: a =
7.714(2) A, b =21.9380(10) A, ¢ = 16.070(3) A, 5 = 100.80(2)°,
V = 2671.4(9) A3, Z = 4, calculated density 1.22 g cm—3, Data
were corrected in the usual fashion for Lorentz and polariza-
tion effects, and empirical absorption correction was based on
a y scan?® (maximum and minimum values of the transmission
factor were 0.544—1.000). The structure was solved using
directs methods (SIR92).%° Refinement on F? was carried out
by full-matrix least-squares techniques (SHELXL97).3t All
non-hydrogen atoms were refined with anisotropic thermal
parameters. The hydrogen atoms were include in calculated
positions, except HA and HB, which were located in the
difference Fourier map and were refined isotropically. Refine-
ment (6439 reflections, 261 parameters) converged to give the
following values: R1 = 0.0378, wR2 = 0.0703, GOF = 0.965
for 3495 reflections with | > 2¢(1); R1 = 0.0949, wR2 = 0.1178
for all data. Maximum and minimum residual electron densi-
ties were 0.626 and —0.508 e A3

Computational Details. DFT calculations on model com-
plexes Cp2,Nb(H.B(CgH14)) and Cp,Nb(BH,4) were carried out
with the Gaussian 98% series of programs using the Becke3LYP
functional .33 A quasi-relativistic effective core potential opera-
tor was used to represent the 28 innermost electrons of the
niobium atom.®* The basis set for the niobium atom was that
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associated with the pseudopotential with a standard valence
double-¢ LANL2DZ contraction.®? The 6-31G(d,p) basis set was
used for the boron atom and all the hydrogen atoms, except
those of the Cp ligands. For the Cp and BNN hydrogen atoms,
as well as for the carbon and nitrogen atoms, the 6-31G basis
set was used.®® Calculations on the real complex Nb(77°-CsHa-
SiMes)2(7?>-H2BCgH14) were performed using the IMOMM
method,3® with a program built from modified versions of two
standard programs: Gaussian 92/DFT®’ for the quantum
mechanics part and mm3 (92)%8 for the molecular mechanics
part. The QM part of the calculations was done at the
Becke3LYP level®® using the same basis sets32343 as for the
model complexes. The MM part of the calculations used the
mm3 (92) force field.*® van der Waals parameters for the
niobium atom were taken from the UFF force field.*® Torsional
contributions involving dihedral angles with the metal atom
in the terminal position were set to zero. All geometrical
parameters were optimized, except the bond distances between
the QM and the MM regions of the molecule. The frozen values
were 1.10 A (C—H) in the QM part and 1.85 A (C—Si) in the
MM part.
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