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Abstract

The influence of group 15 various substituents and effect of metal centers on metal-borane interactions and structural isomers of
transition metal-borane complexes W(CO)s(BH; - AH3) and M(CO)s(BH; - PH3) (A = N, P, As, and Sb; M = Cr, Mo, and W), were
investigated by pure density functional theory at BP86 level. The following results were observed: (a) the ground state is monoden-
tate, n', with C, point group; (b) in all complexes, the ' isomer with Cg symmetry on potential energy surface is the transition state
for oscillating borane; (c) the 1) isomer is the transition state for the hydrogens interchange mechanism; (d) in W(CO)s(BH; - AH3),
the degree of pyramidalization at boron, interaction energy as well as charge transfer between metal and boron moieties, energy
barrier for interchanging hydrogens, and diffuseness of A increase along the series A = Sb < As <P < N; (e) in M(CO)s(BH; - PH3),
interaction energy is ordered as M = W > Cr > Mo, while energy barrier for interchanging hydrogens decreases in the order of

M = Cr > W > Mo.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A large number of transition metal complexes con-
taining tetrahydroborate ligand, BH,, are known. The
BH; ligand can bind to metal atoms in three fashions
(Scheme 1), depending on number of bridging hydro-
gens between boron and metal center atoms [1-3].

It is well established that the BH, coordination
modes (n', n? and 1n*) depend on the number of elec-
trons which are offered to metal. A BH, can act as 2-,
4-, or 6-electron donor, when it is bonded to the metal
by n',n? or n° coordination modes [1,4,5]. Actually,
each B-H unit donates its o-bonding electron pair to
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the metal center to form a metal-ligand dative bond
[1]. The BH, coordination modes in some complexes
can readily be understood according to the 18-electron
rule. Interestingly, in these complexes the bridge H®
and terminal H' hydrogens of BH, ligand can be inter-
changed at ambient temperature [6].

In these complexes, the n' coordination modes in
comparison with n? and n’ ones are limited. The 1’
coordination modes are usually unstable and are con-
verted to the other coordination modes [7,8].
Bomer et al. [9] in 1977 characterized the first stable
complex of borohydride with n' mode, Cu(n'-
BH;OAc)(PMePh,);. Later on M(n'-BH4)(PMePh,)
(M = Ag, Cu) [10,11], Mn(n'-BHy); - THF [12], V(n'-
BH,)y(dmpe), [13,14], FeH(n'-BH,)(dmpe), [15],
CpMn(CO),(n'-BH; - L) (L =NMe; and PMes) [16],
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and Mn(CO),- (PMe,Ph)(n'-BH; - L) [17] with 0! coor-
dination mode were reported. The formal oxidation
states of metals in above-mentioned complexes are +1,
+2 or +3. However, recently Shimoi and coworkers syn-
thesized borohydride complexes with n' coordination
mode in which the metal oxidation states are zero
[18,19]. They reported that photolysis of M(CO)s
(M =Cr, Mo, and W) in presence of B,Hg-2PMes
and BH3 - L (L = PMe;, PPh;, NMes) ligands generates
M(CO)s(n'-B,Hy4 - 2L) and M(CO)s(n'-BH; - L). The
structures of W and Cr analogues have been determined
by X-ray diffraction analysis, whereas Mo derivatives
thermally are unstable and have only been characterized
by NMR spectroscopy. Interestingly, for large number
of M(CO)s(n'-BH; - L) complexes only a single peak
was observed in their '"H NMR spectrum from room
temperature down to —80 °C, indicating that the coordi-
nated Hy, and terminal H; are rapidly exchanging in
solution. As a contribution to this interesting class of
compounds, this paper details with structural and elec-
tronic features of M(CO)s(n'-BH; - AH3) complexes as
models for the real complexes. In addition, we have
studied the effect of central metal as well as A atom
on energy barrier for scrambling between terminal and
bridge hydrogens.

2. Computational details

Geometry optimizations were performed at BP86 le-
vel [20] of density functional theory for all model com-
plexes in which methyl groups are replaced by
hydrogen atoms for theoretical simplicity. The geome-
tries of different species under consideration were opti-
mized wusing analytic gradient. The harmonic
vibrational frequencies of the different stationary points
of the PES have been calculated at the same level of the-
ory in order to identify the local minima as well as to
estimate the corresponding zero point vibrational energy
(ZPE).

The 6-31G** was used for BH3 moiety. Other hydro-
gen atoms, carbons and oxygens were described with
standard 6-31G basis set [21]. The LANL2DZ effective
core potentials [22] and basis sets were used to describe
transition metals, phosphorus, arsenic, and antimony.
All calculations were performed using the GAUSSIAN
98 software package [23].

The natural bond orbital (NBO) [24] theory was used
to evaluate the bond hybridization and Wiberg bond
indices [25]. The energies associated with charge transfer
and particular orbital interaction were calculated with
the NBO deletion procedure as the difference between
the total SCF energy and the energy obtained by delet-
ing the off-diagonal Fock matrix elements correspond-
ing to interacting filled—unfilled orbital [24]. NBO
calculations were performed with NBO code [26] in-
cluded in GaussiaN 98.

The final interaction energies, Ejipsse(AB), have
been calculated as difference between the energy of the
complex and sum of the energies of the monomers
(M(CO)s and BH; - AHs). These values have been cor-
rected from the inherent basis set superposition error
(BSSE) which is calculated, using the Boys—Bernardi
counterpoise technique [27]

Ei psse(AB) = E(AB) 5 — E(A), — E(B)g + [E(A')
- E(A,>AB] + [E(B/)B - E(B,)AB]

where E(AB)ap represents the energy of complex, E(A)a
the energy of the isolated monomer A with its basis set,
E(A’) the energy of A in its geometry within the com-
plex calculated with its basis set, and E(A’)sp the energy
of A in its geometry within the complex with the com-
plete basis set of the complex AB.

3. Results and discussion

3.1. Investigation of electronic properties of
W(CO)s(BH; - AH3) (A = N, P, As and Sb) complexes

In order to see the effect of types of A atoms on elec-
tronic features of W(CO)s(BH; - AH3) (A=N, P, As
and Sb) model complexes, the corresponding structures
have been fully optimized at BP86 level (Scheme 2). The
selected structural data for the calculated complexes are
represented in Table 1. For Wp, the optimized geome-
tries obtained from above calculations are in satisfac-
tory agreement with the experimental values [19] of
W(CO)s(BH; - PMe3) complexes (Table 1). However, it
should be mentioned that the only discrepancies are
found in the B-H and W-H bond distances. These dis-
crepancies can be attributed to the systematic error
resulting from positions of hydrogen atoms in X-ray
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diffraction studies of these complexes. The optimized
structure of Wn—Wgy, can be described as an octahedral
geometry. For all complexes, as most stable conforma-
tions, C; symmetries were obtained in which borane is
bonded to central metal as a ' mode. This result is in
excellent agreement with experimental data. The n'
mode with C; symmetry (Scheme 3) has an imaginary
frequency; indicating W/, is not a ground state. Examin-
ing results of frequency calculations, we found that W/,
can be a transition state for exchange of BH; - AHj; li-
gand from side to side in the complexes. Also, the energy
differences between conformations W/, and Wy are so
much small that it seems the borane can readily oscillate
in room temperature and lower (1.1 kcal/mol for Wy,
2.1 kcal/mol for Wp, 1.9 kcal/mol for Wy, and 2.1
kcal/mol for Wg). In addition, the vibration frequency
study of the complexes in the ground state indicates that
there is a harmonic motion with very small frequency,
corresponding to the rotation of the n'-BH; - AH; along
the W-B axes. This indicates that the BH; - AH; rota-
tional barrier along the W-B axes is very small. Such

Table 1
Selected optimized geometrical parameters (A, °) for W(CO)s(BH;
W(CO)s(BH; - PMe;) complex

CS Symmetry

Scheme 3.

feature for a number of tetrahydroborate complexes
has also been reported [28,29], in which the rotational
barrier of borohydride ligand along metal-BH, axes is
explained based on the very low energy value of the cor-
responding vibrational mode.

Regarding the metal-BH, bonding feature in this
type of complexes, Parry and Kodama [30] have sug-
gested that the B-H has ability to donate the c-bonding
pair, to some extent, to central metal and make a 3c—2e
bond. The o-bonding electron donation feature of B-H
can be easily seen in Wn—Wg,, in which B-Hy, bond dis-
tances are significantly longer than B-H bond distances.
Table 1 clearly shows that the calculated bond distances
of B-Hj, for all complexes are within the range of 1.262-
1.282 A, while those of B-H; bonds are within range of
1.201-1.213 A. The NBO analyses also show that bond
orders of W-H,, are significantly larger than those of W-
H; (Table 2). In addition to this electronic feature, NBO
analyses confirm that W—B bonding interactions for all
complexes are present in which the Wiberg bond indices
of W-B are within the range of 0.113-0.115. In view of
the structural and electronic characteristics described
above, one can conclude that these complexes are as
n! coordination modes.

Taking into account Parry and Kodama [30] sugges-
tion, one expects that the electron occupancy of B-Hjy,
bond can be a good indication of the extent of its electron

-AH3) (A=N, P, As, Sb) model complexes and experimental ones for

Species W-C; (average) w-C, W-H, B-Hy, B-Hy, B-H,, B-W >0 >0
Wxn 2.035 1.987 1.930 1.282 1.205 1.213 2.905 326.7 333.6
Wp 2.037 1.981 1.955 1.266 1.203 1.211 2.860 303.8 339.8
Was 2.037 1.981 1.951 1.265 1.202 1.209 2.874 300.1 340.4
Wsy, 2.038 1.980 1.958 1.262 1.201 1.207 2.852 294.7 345.0
[W(CO)S(BH3 - PMe3)*  2.05(2) 1.97(1)  2.01(9) 114(10)  0.92(12) 1.14(28)  2.86(2) - -

@ Ref. [19].
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Table 2

Selected calculated Wiberg bond indices (from NBO) for W(CO)s(BH; - AHj) (A =N, P, As, Sb)

Species W-C, (average) W-C, W-H, W-Hg; W-H, B-H,, B-Hg, B-H,, B-W
Wxn 0.880 1.114 0.157 0.003 0.006 0.721 0.978 0.967 0.113
Wp 0.872 1.140 0.137 0.004 0.004 0.757 0.961 0.953 0.114
Was 0.870 1.141 0.139 0.004 0.005 0.756 0.964 0.953 0.113
Wsp 0.868 1.145 0.134 0.004 0.004 0.766 0.965 0.959 0.115

donation to central metal. The electron occupancy of B—
H,, o-bonding was calculated by NBO analyses and re-
sults are listed in Table 3. Results of calculations indicate
that the o-bonding electron donation of B-Hy, decreases
in the order of Wn > W, = W, > Wg,. A similar trend
is also visible in bond order and bond distance of B-
Hy, (Tables 1 and 2).

3.2. Charge transfer

It seems that reduction of electron density in o-bond
of B-Hy, in comparison with that in B-H, can be a good
criterion for measuring charge transferred from
BH; - AH; to W(CO)s. Since charge transfer interac-
tions are associated with the occupancy shifts from the
manifold of filled orbitals of one fragment to the unfilled
orbitals of other, AEcr can be estimated by deleting
Fock matrix elements connecting these manifolds and
noting to the total energy. In the present work, by using
this approach, the energies of charges transferred be-
tween W(CO)s and BH; - AHj3 species have been calcu-
lated and results are given in Table 3. The charge
transfers are predominately in the direction from
BH; - AH;3 to W(CO)s. The largest single contribution
to AEct can be identified with the matrix element
(op-mb|F|oy ) between the opy, of donor
BHj; - AH; ligand and unfilled antibonding c* of accep-
tor W(CO)s fragments. When this single element of
Fock matrix is set to zero and all other elements are left
unchanged, the donated energies are obtained, which are
109.5, 95.0, 94.1 and 92.8 kcal/mol for Wy, Wp, Wy,
and Wgy,, respectively. The results confirm that the
charge is mainly in direction from op p to o3_, and
there is no back-donation from M(CO)s to BH; - AH;3
ligand.

On the basis of molecular orbital theory the c3,_, is
only a slight W-C oc-antibonding orbital which has
proper symmetry for interaction with the B-H o-bond-

Table 3

ing orbital of BH; - AHj; ligand (Scheme 4). It is evident
that a rise in the extent of the charge transferred from
BH; - AH; to W(CO)s; makes the W-C2 interaction
weaker. This effect clearly explains why the W-C2 bond
distance in Wy is slightly longer than that in other
complexes.

To understand above electronic behavior we have de-
fined two geometrical parameters (Scheme 5): (a) the
sum of the bond angles around A, > 0=0,+ 6, + 0;
and (b) around B, Y0 = 0, + 0, + 0, which measure
the degree of pyramidalization at them (Table 1). It is
clear from this table that the Wy complex has the largest
>0 among these complexes, and that decreases along
the series from Wy to Wgy,. This trend can be rational-
ized in terms of increasing p character in the A-H o-
bonds as one moves down group 15 from N to Sb (the
calculated p/s ratios for the A-H o-bonds are 3.57 in
Whn, 3.86 in Wp, 3.92 in Wy, and 3.94 in Wgy,). As a re-
sult, lone electron pair on A have more p-character
when moving up the column, similar to the well-known
behavior of NHj; versus PHj [31]. This behavior is also
in accordance with Bent’s rule [32]. By increasing p-
character of lone pair on A, slightly its diffuseness and
overlap with acceptor fragment increase. Thus, electron
donor ability of NH; in BH; - NHj3 is more significant
than that of AH; (A =P, As, and Sb) in other com-
plexes. Apparently, the increase of diffuseness of lone
pair on A causes an increase in the degree of pyramidal-
ization at BH3. The sum of the bond angles around B
(Scheme 5), >0, can be an appropriate criterion for
determining the degree of pyramidalization. In
W(CO)s(BH3 - AH3) complexes, the values of o0’ are
ordered as Wy  (333.6°) <Wp  (339.8°) < Wy,
(340.4°) < Wg,;, (345.0°). The higher pyramidalization
degree of BHj3 leads to an increase in p-character in
B-H bonds. In addition, the results of calculations indi-
cate that the boron p/s ratios of B-A bonds are 4.47,
4.71, 5.15, and 6.44 for the complexes Wy, Wp, Wy,

Natural bond occupancies for op_p orbitals and deleting Fock matrix elements (kcal/mol) between M(CO)s and BH; - AH; fragment as well as 6g_pp
filled orbital and c3,_, unfilled orbital within [W(CO)s(BH3 - AH3) ] model complexes

Species OB_H, OB H, OB_H, AEct M(CO)s- - -BH; - AH3 (OBt | F | OW_c2)
Wy 1.746 1.981 1.971 111.0 109.5
Wp 1.771 1.965 1.961 100.7 95.0
Was 1.771 1.982 1.968 100.6 94.1
Wsp, 1.781 1.969 1.967 99.3 92.8
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and Wg,,, respectively. Therefore, it should be concluded
that diminishing contribution of boron p orbital in A-B
bond is resulted in increasing same contribution, p, in
B-H bonds. In such case, B-H o-bonding orbital in
BH; - AH; with more diffuse A, such as the expression
containing nitrogen, should have higher energy than
other ones. Therefore the B-H o-bonding orbital and
the slight W-C2 oc-antibonding orbital in Wy should
be closer in energy, leading to a more effective
interaction.

3.3. Interaction energy between W(CO)s and BH; - AH;

The results obtained from the interaction energy be-
tween W(CO)s and BH; - AH; in the optimized com-
plexes are given in Table 4. Our effort for optimizing
BH; - SbHj3 in BP86 level was not successful; therefore,
we couldn’t report interaction energy in Wgyp,. Generally,
the BSSE effect is not very significant in all the cases. In
terms of energy, the complex formed between W(CO)s
and BH; - NHj; is the most stable complex in these ser-
ies, which is in satisfactory agreement with the results
obtained from its charge transfer. The strength of inter-
action between BH; - AH; and W(CO)s fragments is or-
dered as following: Wy > Wp > Wy, It is interesting to
note that, in these series of complexes, though
BH; - PH; and BH; - AsH; ligands have fairly similar
transferred charge to W(CO)s (see AEct in Table 3),
the interaction of BH3 - PH; with central metal is some-
what stronger than that of BH; - AsH; with metal cen-
ter. Since the interaction energy contains charge
transfer (CT) and no-charge transfer (NCT) parts, inter-
action energy = AEnct + AEct [24], the difference be-
tween them can be attributed to higher contribution of
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Table 4

Interaction energies between W(CO)s and BH;-AH; fragments
without (Ey) and with the BSSE correction (Ej+pssg) (kcal/mol) for
some of studied complexes

E BSSE Ervpsse
W(CO)s- - -BH; - NH; 31.0 35 275
W(CO)s- - -BH; - PH, 24.1 2.8 213
W(CO)s- - -BH; - AsH, 224 2.7 19.7

AEncT In the larger ligand of BH; - AsHj;. In other
words, the shares of repulsion and electrostatic interac-
tions between W(CO)s and BH; - AsH; in Wy, due to
larger size of BHj;- AsHj relative to BH; - PHj, are
greater than those in Wp.

Shimoi et al. [19] also showed that coordination of
BH; - AH; (A = N and P) to metal is very weak in which
borane is readily dissociated and a precipitation of
W(CO)¢ is formed in a solution containing free CO.
The total interaction energy for coordination of
BH; - NH; and BH; - PHj; ligands to W(CO)s fragments,
as calculated by DFT/BP86, are 27.5 and 21.3 kcal/mol,
respectively (Table 4). These values can be compared
with those calculated for CO coordinated to W(CO)s
using same theoretical procedure (Ej+gssg of 46.2 for
complexation of CO). Therefore, one can conclude that
the strength of interaction between BH;-AH; and
W(CO)s in the ground sate is significantly weaker than
the strength of interaction between CO and W(CO)s.
This is in good agreement with experimental data that
shows W(CO)s(BHj - L) is easily converted to W(CO)s.

3.4. 112 coordination mode of BH; - AH;z to W(CO)s

As mentioned in Section 1, the bridge Hy, and termi-
nal H; in [M(CO)s(BH3-L)] (M =Cr, Mo and W;
L = P(CH3); and N(CHj3)3) can be interchanged down
to —80 °C, indicating that the energy barrier for
exchanging process is significantly low. This result
prompted us to determine a suitable transition state
for the process. For all complexes, only a bidentate
structure with C point group was calculated (Scheme
6). One imaginary frequency obtained from calculations
confirms that these structures are transition state on the
potential energy surfaces. The associated mode essen-
tially corresponds to a n> — 1' change of the n*-coordi-
nated borane group; therefore, these structures are the
transition states for exchange of hydrogen atoms.

The selected structural data for optimized transition
states is represented in Table 5. It is clear that the W—
C2 bond distance in W/, in comparison with that in
W, decreases (Table 1). It seems that in this case the
strength of o-donation of borane to slight W—C2 c-anti-
bonding orbital become weaker. To calculate the extent
of charge transferred from BH; - AH; to W(CO)s, we
used the NBO deleting approach. The AEct for
Wy, Wp, Wi, and Wg, are 84.5, 76.4, 75.8 and 76.1

9
A =N, P, As, Sb

WA

Cs Symmetry

WN :A =N

W' :A=P
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Table 5
Selected optimized geometrical parameters (A) for transition states of
W(CO)s(n*-BH; - AH3) model complexes

Species W-C;, WC, WH, BH, BH BW

WY 2.038 1.968 2.367 1.226 1.210 2.757
Wp 2.039 1.965 2.371 1.223 1.207 2.764
Wi 2.039 1.965 2.376 1.222 1.206 2.763
W, 2.039 1.965 2.380 1.221 1.206 2.755

kcal/mol, respectively, which shows a significant de-
crease compared with their corresponding results in
ground state (Table 3).

To further evaluate bonding features of the bidentate
structures, we also used NBO analysis (Table 6). The
calculated Wiberg bond indices indicate that there is a
reasonable interaction between BHj - AHj ligand and
tungsten central metal. However, the W-H;,, and W-B
Wiberg bond indices for all the model complexes are
smaller than the ones of our previous calculations for
[Mo(CO),(n*BH4)]~ (0.133 and 0.262) and
[Cr(CO)4(m*BHy4)]™ (0.141 and 0.292) [33]. From this

Table 6
Selected calculated Wiberg bond indices (from NBO) for the transition
states of W(CO)s(BH; - AH3z) model complexes

Species W-H,, W-H; W-B
Wy 0.040 0.002 0.216
Wjé 0.035 0.001 0.195
Wi 0.034 0.001 0.194
W, 0.034 0.001 0.194
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Table 7

Relative energies without zero-point energy (ZPE) (AE) and with ZPE
(AEy) (kcal/mol) for hydrogen exchange processes within W(CO)s(B-
H; - AH;) model complexes

AE AE,
Wn — WY 5.9 5.5
Wp — Wp 4.2 3.7
Was — Wi, 3.5 3.1
Wep, — W, 34 3.0

comparison we conclude that the W—borane interactions
in the bidentate transition states [W(CO)s(n*
BH; - AH3)] are weaker than those in the molybdenum
and chromium borane complexes, which are minimum
on the potential energy surface.

Our calculations indicate that all saddle points are lo-
cated in the energy range of 3.4-5.9 kcal/mol above the
local minimum, and by taking into account zero point
energy (ZPE) the corresponding relative energies fall in
the energy rang of 3.0-5.5 kcal/mol. Table 7 represents
required energies for n> — n' process for all model com-
plexes. The results of calculations explain why coales-
cence can not be experimentally observed in the
temperature range studied (<7.2 kcal/mol) [16]. Table
7 also shows that the calculated energy barriers for inter-
change of hydrogen atoms in the studied complexes de-
crease along the series Wn > Wp > W, > Wg,. The
trend can be attributed to the extent of interaction be-
tween W(CO)s and BH; - AHj;. Indeed, the strong bond-
ing interactions between them increase stability of stable
species, W,, more than the corresponding transition
states. Interestingly, these results are consistent with
experimental finding for CpMn(CO),(n'-BH; - L)
(L = NMe;, PMe;) complexes in which the barrier for
scrambling between coordinated and terminal BH
hydrogens of CpMn(CO),(n'-BH; - NMes) is substan-
tially higher than that of CpMn(CO),(n'-BH; - PMes)
(AG*=9.6 kcal/mol for CpMn(CO)(n'-BH; - NMes)
and AG*=7.2 kcal/mol for CpMn(CO)y(n'-BHj; -
PMe»)) [16].

3.5. Molecular orbital calculation

The studied complexes can be formally described as
species. The molecular orbital calculation of
W(CO)s(BH5 - PH;3) model complex shows that the
three orbitals which accommodate the six d electrons
correspond to three highest occupied molecular orbitals
(HOMOs), as shown in left hand column of Fig. 1.
These three orbitals HOMO, HOMO -1, and
HOMO — 2 are designated as d_, d+, and d,), respec-
tively. The d_ orbital represents the linear combination
of d,. —d,., while the d, orbital represents the linear
combination of d,. + d,.. The HOMO indicates slightly
a m-antibonding interaction between metal and

BH; - AH;, whereas there is no significant interaction
between them in HOMO — 1 and HOMO — 2. The
LUMO is also represented within left hand column of
Fig. 1. This unoccupied orbital is a hybrid type orbital
(hy) for metal and has significant c-antibonding charac-
ter with respect to the W-BH; - AH;3 bond. This result
demonstrates that bonding between the borane and me-
tal can be only described as donation of bonding elec-
tron pair of B-H to W(CO)s fragment. This is in
satisfactory agreement with the results obtained from
NBO analyses. Fig. 1 also exhibits the orbitals correla-
tion diagram of HOMO — 2, HOMO — 1, HOMO and
LUMO between conformations Wp and Wy. Examina-
tion of other model complexes gives similar results as
well. Considering listed values in Fig. 1, one can observe
that the orbital energies of HOMO — 2, HOMO — 1,
and LUMO in Wp with respect to those analogues in
Wp are almost same, whereas HOMO undergoes a rise
in energy when borane has a m? arrangement (W}).
Apparently, in Wy, there is a stronger antibonding inter-
action between d_ and m-orbital of borane, which leads
to a greater instability in HOMO. This can be explained
on the basis of the fact that the involved hydrogen
atoms in antibonding interaction in average become clo-
ser to central metal (2.946 A for Wp vs. 2.367 A for Wp).
Therefore, it is expected that the destabilization of con-
formations W/, relative to W, is related to a rise in
HOMO energy.

We now understand why in comparison with [Mo-
(CO)(m*BHy)]” and [Cr(CO)y(n*-BHy,)]" [33], the
bonding interaction between W(CO)s and AH; - BH;
in W(CO)s(m*BH; - AH3) complexes is meaningfully
weaker. In the n> complexes, there are no m-interaction
between W(CO); and BH; - AH; because the d_ orbital
having appropriate symmetry for m-interaction is occu-
pied. Thus, in the bidentate transition states, the W—
AHj; - BH; c-interaction plays most important role for
managing bonding while in [M(CO)s(n*BHy4)]~
(M = Cr, Mo) complexes, both o- and m-interactions ap-
pear to be significant.

3.6. Effect of metal center

In order to investigate effect of metal center on elec-
tronic feature of these types of complexes, Mo(CO)s-
(BH3 : PH3) (MO])) and CI'(CO)S(BH3 . PH3) (Cl'p)
(Scheme 7) were optimized at BP86 level. The geome-
tries of these complexes in the ground state are similar
to Wp. Selected optimized geometrical parameters for
these complexes along with experimental ones [19] for
Cr(CO)s(BH3 - P(CH3);) are represented in Table 8.
The theoretical calculations fairly well reproduce the
experimental results.

Total interaction energies between M(CO)s (M = Cr,
Mo) and BHj; - PHj are listed in Table 9. From Tables 7
and 9, one can find that the total interaction energies are
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Fig. 1. Three highest occupied molecular orbitals and lowest unoccupied molecular orbital in Wp and W}, as well as schematic showing orbital

correlation diagram between them.

ordered as Wp > Crp > Mop. This trend is in excellent
accord with a rule for transition metals [34], in which
the metal-ligand interaction energy changes in the fol-
lowing sequence: first row > second row < third row.
The stronger metal-ligand bonding of the first row tran-
sition metals compared with that of the second row can
be rationalized on the basis of the fact that the overlaps
of the first row metal 4s orbitals with ligand orbitals are
larger than the ones of the second row Ss orbitals [34].
Indeed, first row transition metals would make better
interaction with ligands since radii ratio of 4s/3d is sig-
nificantly larger than that of 5s/4d [35]. This behavior
demonstrates that the dominant contribute in the
hybridization of 3d and 4s orbitals is the metal 4s orbi-

tal. On the other hand, the larger magnitude of d orbi-
tals of third row transition metals in metal-ligand
bonding should be a plausible explanation for the fact
that the metal-ligand interactions of third row transi-
tion metals are stronger than the ones of the second
row analogues. For heavier transition metals, s'd”*!
and s°d"*! electronic arrangements are energetically
not very much greater, sometimes even smaller, than
the s°d” ones. Furthermore, the size of d orbitals, rela-
tive to the s orbital, increases as the metal become hea-
vier. These factors result in better s—d hybridization and
larger involvement of d orbitals in metal-ligand interac-
tion of heavier transition metal. In addition, because
tungsten has more diffuse d orbitals than molybdenum,
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C, Symmetry
Crp :M = Cr
MoP :M = Mo
Scheme 7.

it is evident that the W-ligand interactions become
stronger.

The n? isomers of these model complexes have also
been optimized at BP86 level (Scheme 8) and the impor-
tant structural parameters are listed in Table 10. In view
of the fact that only o-interaction governs the W-
BH; - AH; bonding in the bidentate transition states, it
is reasonable to see that the calculated metal-boron
interatomic distances in Crp (2.728 A) and Moy, (2.798
A) are longer than the isolated ones in [Cr(CO)4(n*-
BH4)]™ (2.29 A) [8] and [Mo(CO)4(m*BHy,)]™ (2.413
A) [7]. This result is also supported from comparison be-
tween the calculated complexes M(CO)s(n?-BH; - AH)
and Weller's mn’borane complex [(COD)Rh{(n*
BH;)Ph,PCH,PPh,}]" [36] in which the metal-boron
interatomic distance in Weller’s complex (2.313 A) is sig-
nificantly shorter than the ones in calculated complexes
(see Tables 5 and 10).

Table 8

CS Symmetry

Cr"', :M = Cr

Mo 5 ? M = Mo
Scheme 8.

Taking into account the results derived from the
interaction energy between M(CO)s and BH; - PHj; frag-
ments, one can expect that the energy barrier for
exchanging H® and H' decreases in the order of
Wp > Crp > Mop. On the contrary, the results of our
calculations, however, anticipate that the corresponding
energy barrier increases in the following order:
Mop < Wp < Crp (see Tables 7 and 11). It seems that
the corresponding difference can be related to the
increasing steric interaction between metal and boron
moieties in n? isomer relative to that of n' ones. Appar-
ently, the steric repulsive interaction in chromium com-
plex should be significantly larger than that in tungsten
complex, since in former case, boron and central metal
are much closer to each other. As a result, the energy
barrier for exchanging hydrogen atoms in these types
of complexes is governed by both electronic and steric
factors. These results are consistent with available exper-
imental findings for similar complexes i.e., M(CO)s(n'-
B,H, - 2PMe3)(M = Cr, W), in which the free energy of

Selected optimized geometrical parameters (A) for M(CO)s(BH;-PH;) (M =Mo, Cr) model complexes and experimental ones for

Cr(CO)s(BH; - PMes;) complex

Species M-C, (average) M-GC, M-H, B-H, B-H B-H,» B-M
M = Mo(Mop) 2.043 1.979 1.966 1.256 1.204 1.210 2.926
M = Cr(Crp) 1.880 1.834 1.797 1.260 1.203 1.211 2.817
[Cr(CO)s(BH; - PMe3)] 1.90(1) 1.84(1) 1.94(10) 1.12(11) 0.94(7) 0.97(17) 2.79(1)
Table 9
Interaction energies between M(CO)s (M = Mo, Cr) and BHj; - PH; fragments without (£;) and with the BSSE correction (E+pssg) (kcal/mol)

E; BSSE E\+Bsse
Mo(CO)s- - -BH3 - PH; 20.0 2.6 17.4
Cr(CO)s---BH3 - PH; 19.1 2.3 16.8
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Table 10

Selected optimized geometrical parameters (A) for transition states of M(CO)s(n>-BH; - PH3) (M = Mo, Cr) model complexes

Species M-C, (Average) M-C, M-H, B-H,, B-H, B-M
M = Mo(Mo}) 2.046 1.962 2.401 1.223 1.208 2.798
M = Cr(Cr}) 1.885 1.823 2.341 1.221 1.209 2.728
Table 11 [14] J.A. Jensen, G.S. Girolami, Inorg. Chem. 28 (1989) 2107.

Relative energies without zero-point energy (ZPE) (AE) and with ZPE
(AEy) (kcal/mol) for hydrogen exchange within M(CO)s(BH; - PH3)
(M = Mo, Cr) model complexes

AE AE,
Mop — Mo, 2.7 23
Crp — Crp 5.4 4.8

activation for the geminal hydrogen exchange was esti-
mated to be 6.7 kcal/mol for Cr complex, whereas acti-
vation energy for W complex, ought to be less than 6.7
kcal/mol [37].
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