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Abstract

Synthesis, structure and bonding in transition metal complexes with borane ligands HBcat’ (catecholborane or substituted catecholborane),
HBpin (pinacolborane), HBCy, (dicyclohexylborane), HBEt, (diethylborane) and HBMe, (dimethylborane) have been discussed. The review
summarizes the results and progress in the understanding of the nature of the metal-borane bonds, which has been gained in recent theoretical
studies. Geometrical data (both experimental and theoretically calculated) show M—B, M—H and B—H bond distances longer than the sum of covalent
radii. These results are consistent with the interaction of both boron and hydrogen with metal central, while preserving B—H bond character. The
nature of the metal-borane interactions is quantitatively analyzed with an energy decomposition analysis. The [L,M]-[n?-BHR;] bonding in
metal-borane complexes is more than half electrostatic.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A o-complex is defined as the coordination of an H-E (E=H,
B, C, Si) bond to a metal center, a two electron three center bond.
Transition metal o-complexes have attracted much attention due
to their role in the oxidative addition and reductive elimination
steps occurring in a wide variety of catalytic processes [1]. Since
the report of the first o-dihydrogen complex [2] in 1984, numer-
ous examples of o-dihydrogen [3-11] and o-silane [12-20]
complexes have been synthesized and characterized. In con-
trast to the large number of dihydrogen and o-silane complexes,
relatively few stable a-borane [21-29] have been reported. Syn-
thesis and bonding of the transition metal complexes containing
residual B- - -H interaction have been reported [30-38]. Mech-
anistic studies have revealed that o-borane complexes can be
intermediates in catalytic hydroboration processes [32,39—41].
The reactions of transition metal complexes with boranes, in
particularly, HBpin and HBcat (pin=1,2-0,C,Mey, cat=1,2-
0,CgHy) involve either B-H oxidative addition to give hydride
boryl complexes [42,43] or formation of o-borane complexes.
B-H oxidative addition can be implicated in catalytic hydrobo-
ration and dehydrogenative borylation of alkenes [44—46]. The
formation and properties of metal boryl complexes, key inter-
mediates in all of these reactions have been reviewed [47-54].
Photochemical B-H oxidative addition was first reported by
Hartwig and He [55,56]. Perutz and co-workers reported pho-
toinduced B-H oxidative addition of HBpin at [Ru(depe)>H>]
and [Rh(triphos)H3] [57]. Recently, Perutz and Sabo-Etienne
investigated hydroboration and dehydrogenative borylation of
alkenes using [RuH{(w-H)>Bpin}(o-HBpin)(PCy3),] [58] A
review, dealing with o-complex-assisted metathesis mech-
anismn in catalysis, has been written by Caballero and
Sabo-Etienne [59]. The catalytic hydroboration and dehydro-
genative borylation of alkenes reactions are not examined here.
In this review, synthesis, reactivity, structure bonding in o-
borane complexes will be discussed.

2. Synthesis of metal-o-borane complexes
2.1. Titanium complexes

Hartwig et al. [21], Muhoro and Hartwig [22] and Muhoro
et al. [23] reported, for the first time, representative exam-
ples of the titanium—o-borane complexes by the reaction
of [(m-CsHs),TiMes] with catecholborane or a substituted
catecholborane (1-7). The reaction of complex (1) with [(1’-

CsHs),Ti(PMes);] in toluene resulted in the formation of
complex [(ns-C5H5)2Ti(HBcat)(PMe3)] (8). Complexes (9)
and (10) were prepared similarly by the reaction of complex
(2) with [(n3-CsHs),Ti(PMe3)] and complex (7) with [(n’-
Cs5Hs), Ti(PMes), ] respectively. Reaction of complex (2) with
phenylsilane in toluene yielded complex [(n5—C5H5 ), Ti(HBcat-
4-t-Bu)(SiH3Ph)] (11).
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2.2. Manganese and rhenium complexes

Manganese complexes [(n’-MeCsH4)Mn(CO),(HBcat)]
(12) and [('r]5 -MeCs5H4)Mn(CO),(HBpin)] (13) are prepared by
photolysis of [(m°-MeCsH4)Mn(CO)3] in THF in the presence
of excess of the borane ligands HBcat and HBpin, respectively.
Reaction of K[(1°-MeCsH,4)Mn(CO),H] with CIBcat or CIBpin
in pentane also produces complexes (12) and (13). BrBMe,
reacts with K[(nS-MeC5H4)Mn(CO)2H] in pentane to give
[(m°-MeCsH4)Mn(CO),(HBMe»)] (14). Similarly, reaction of
CIBCy, with K[(1’-MeCsH4)Mn(CO),H] results in the forma-
tion of borane complex [(ns—MeC5H4)Mn(CO)2(HBCy2)] (15)
[24]. Rhenium borane complex [(n5—C5Me5)Re(CO)2(HBpin)]
is formed when [('r]5 -CsMes)Re(CO)>(Bpin)2] (16) with
methanol in benzene [24].
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2.3. Ruthenium complexes

Reaction of [RuH»(H>),(PCy3)2] with excess pinacolbo-
rane at room temperature yields the ruthenium borane complex
[RuH[(H>Bpin](HBpin)(PCy3)> (17) [27]. The stoichiomet-
ric reaction of [RuH;(H2)2(PCy3)2] with HBpin in toluene
results in the formation of [RuH;(HBpin)(Hy)(PCy3)2] (18).
Similarly, [RuH2(H3)2(PCy3)2] reacts with 1.1 equivalent
of HBcat in pentane to give ruthenium borane complex
[RuH,(HBcat)(H2)(PCy3)21 (19) [28].
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2.4. Nickel complexes

Reaction of two equivalent of substituted diphenylethane
nickel hydride complexes [(Ro,PCH;CH>PR,)NiH] (R=Cy,
iPr, t-Bu) with a mixture of LiHBEts; and BEts
results in the formation of nickel(o) borane complexes
[(Cy,PCH,;CH,PCy,)Ni(HBEt,)] (20), [(iPr,PCH,CH;,PiPry)
Ni(HBEt,)] (21) and [(tBuyPCH,CH,PtBu;)Ni(HBEt,)] (22).
Complexes (20), (21) and (22) are also prepared in low yield by
the reaction of [(Ro,PCH,CH;PR;)NiH] with (HBEt;), in THF
[29].
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3. Elongated metal-o-borane complexes

A few metal-o-borane complexes containing elongated
B---H bond have been synthesized and characterized.
Thermal or photochemical reaction of [(nS-C5Me5)Rh(H)2
(SiEt3)2] with HBpin results in the formation of [(”r]s—
CsMes)Rh(H)»(SiEt3)(Bpin)] (23) [30]. Hartwig et al. have
reported that the photochemical reaction of HBpin in cyclo-
hexane with [(1)°-CsMes)Rh(n*-C¢Meg)] yields hydride boryl
complex [(1]5-C5Me5)Rh(H)2(Bpin)2] (24), which reacts in
neat HBpin to give [(nS—CsMe5)Rh(H)(Bpin)3] (25) [31]. Pho-
tochemical reactions of [(n°-CsHs)Rh(PR3)(C2H4)] (R =Me,
Ph) in hexane with HBpin give the hydride boryl complexes
[(m’-CsHs)Rh(H)(Bpin)(PR3)] (26, R =Me; 27, R = Ph) having
some residual B- - -H interaction [53]. Smith et al. have synthe-
sized iridium complex [(ns-C5Me5)Ir(H)(Bpin)(PMe3)] (28)
by the reaction of [(n’-CsMes)Ir(H)(Cy)(PR3)] with HBpin
in cyclohexane [35b]. Hydridoborate complexes are common
[60,61] and have residual B- - -H interactions when the boron
contains alkoxo groups.
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4. Reactivity of metal-o-borane complexes

Ligand substitution reactions for Bcat ligand in borane
complexes [(ns-C5H5)2Ti(Hbcat-4—t-Bu)2] and [(nS-MeC5H4)
Mn(CO),(HBcat)] have been investigated by Muhoro et al. [23]
and Schlecht and Hartwig [24]:

[(m’-CsHs), Ti(HBcat-4-t-Bu); ] + PMe3 — [(n°-CsHs), Ti(HBcat-4-t-
Bu)(PMe3)]

[(m’-CsHs), Ti(HBcat-4-t-Bu);] + 2CO — [(n°-CsHs)2 Ti(CO); ]

[(m’-CsHs), Ti(HBcat-4-t-Bu), | + PhSiHz — [(n’-CsHs), Ti(HBcat-4-
t-Bu)(PhSiH3)]

[(m’-CsHs), Ti(HBcat-4-t-Bu), ] + PhCoHoPh — [(n-
CsHs), Ti(HBcat-4-t-Bu)(PhC, HyPh)]

[(m°-MeCsH;)Mn(CO), (HBcat)] + HBpin — [(1-
MeCsH4)Mn(CO),(HBpin)]

[(m°-MeCsH4)Mn(CO),(HBcat)] + HSiPhyMe — [(1°-
MeCsH,;)Mn(CO),H(SiPh,Me)]

[(m’-MeCsH4)Mn(CO), (HBcat)] + PhC2H2Ph — [(n-
MeCsH;)Mn(CO),(PhCoHyPh)]

[(m>-MeCsH4)Mn(CO), (HBcat)] + CO — [(1°-MeCsHs)Mn(CO)3]

5. Spectroscopic studies

Infrared frequency, '"H NMR and "B NMR spectral data
of the o-borane complexes are presented in Table 1. The IR
spectra of the o-borane complexes exhibit a medium intense
band in region 1592-1773 cm™!, which is described as a v(_p).
Decrease in vy-g) on coordination of a borane ligand to tran-
sition metal and variation in vy-g) frequencies depend on the
extent of activation of the B-H bond upon coordination. The
larger the value of vy_g), the smaller the activation of B-H
bond.

The ' B NMR signals of the o-borane complexes in the region
35-65 ppm are downfield of free borane ligands, but upfield
of isolated metallocene boryl complexes. These observations
reveal the partial metal-boron bond character. The trend in ''B
NMR signals in borane complexes (1), (2), (7) and (8), (9), (10)
is attributed to differences in electron density at titanium and
boron atoms in the two set of complexes. The 'H NMR spectra
of o-borane complexes show a broad hydride signal approx-
imately in the range —5 to —17 ppm due to interaction with
the boron atom. These signals sharpen upon decoupling from
boron.

6. X-ray crystal structural studies

The metal-o-borane complexes, which have been struc-
turally characterized, are listed in Table 2. In general, the
M-B bond distances of the borane complexes are longer
than those expected for single bond based on sum of cova-
lent radii (Ti-B =2.16 A, Mn-B =2.05 A, Ru-B =2.13 A) while
for elongated borane complexes, the Rh—-B bond distances
are shorter than the sum of covalent radii (Rh—B=2.09 A).
The difference in bond distances and bond angles between
the complexes [1-CsHs)Ti(n>-HBcat),] and [n>-CsHs)Ti(n>-
HBcat-4-F)(PMes)] may be due to differences in electron
density at the titanium atom in the two complexes. Upon substi-
tuting HBcat for HBpin, the M-B bond distances in manganese
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Table 1

Important IR frequencies (cm™~!) and 'H NMR and ''B NMR spectral data of transition metal—o-borane complexes

Complex u(M-H-B) (cm™1) 'H NMRS$ (ppm) 1B NMR & (ppm) Reference

o-borane complexes
[°-CsHs ), Ti(n?-HBcat), ] 1611 —5.85 45.0 [23]
[n>-Cs5Hs)2 Ti(m?-HBcat-4-t-Bu), | 1603 —5.67 46.0 [23]
[1°-CsHs), Ti(n?-HBcat-3,5-t-Bu); | 1621 —5.37 46.3 [23]
[0’-CsHs), Ti(m?-HBcat-4-Me), ] 1611 —5.45 45.8 [23]
[°-CsHs), Ti(n2-HBcat-4-Cl);] 1599 —5.80 45.8 [23]
[°-CsHs), Ti(n?-HBcat-4-SMe); | 1599 —5.83 45.7 [23]
[m°-CsHs), Ti(n2-HBcat-4-F), | 1626 —5.80 45.7 [23]
[°-CsHs), Ti(n?-HBcat)(PMe3)] 1650 —9.80 64.2 [23]
[°-CsHs), Ti(n?-HBcat-4-t-Bu)(PMe3)] —9.70 64.0 [23]
[°-CsHs), Ti(n?-HBcat-4-F)(PMe3)] —9.40 64.9 [23]
[1°-CsHs), Ti(n?-HBcat-4-t-Bu)(SiH3Ph)] 1773 —6.78 37.1 [23]
[n’-MeCsH4)Mn(CO),(m?-HBcat)] 1606 —14.46 46.0 [24]
[n°-MeCsH)Mn(CO)(n>-HBpin)] 1603 —15.66 45.0 [24]
[1°-MeCsH,)Mn(CO),(n2-HBMe;y)] 1592 —17.06 101 [24]
[n°-MeCsH)Mn(CO)»(m>-HBCy>)] 1597 —16.96 104 [24]
[1°-CsMes)Re(CO),(m>-HBpin)] 1603 —11.06 46.0 [24]
[RuH(H,Bpin)(n2-HBpin)(PCy3)1] -7.13 373 [27]
[RuH,(n2-HBpin)(n?-H,)(PCy3),] —8.83 35.1 [28]
[RuH,(n2-HBcat)(n?-H,)(PCy3),] —8.48 35.8 [28]
[(Cy2PCH,CH,PCy»)Ni(n2-HBEt)] —7.00 43.32 [29]
[(iPr,PCH,CH,PiPr2)Ni(n2-HBEt,)] —6.96 45.38 [29]
[(tBuyPCH,CH, PtBu, )Ni(m2-HBEt,)] —7.50 48.0 [29]

Elongated o-borane complexes
[°-CsMes)Rh(H),(Bpin), ] —11.9 40.4 [31]
[n’-CsMes)RhH(Bpin);] —11.3 39.9 [31]
[n°-CsMes)RhH(Bpin)(PMe3)] —14.04 45.4 [54]
[n°-CsMes)RhH(Bpin)(PPh3)] —13.04 44.8 [54]
[n°-CsMes)IrH(Bpin)(PMe3)] —17.64 33.0 [34b]

and ruthenium complexes are significantly shorter. The better
mr-acceptor character of HBcat compared to HBpin is responsi-
ble for a stronger M-B bond. As pointed out by Eisenstein et
al. [11] the X-ray diffraction method does not properly locate a
hydrogen center. The borane complexes contain extremely small
H-M-B bond angles. The B-H bond distances are also longer
than the sum of covalent radii (1.19 A). More detailed descrip-
tion of M-H, B-H and H-M-B will be discussed in bonding
section.

7. Theoretical studies

Theoretical calculations have been performed for o-borane
complexes of titanium [21,40,62,63], manganese [64], thenium
[65], ruthenium [28,63], nickel [66] and rhodium [67] as well
as o-borate complexes [(n5—C5H5)2Nb{H2B(OH)2}] [68], [(n5-
CsHs)>Nb{H>B(CgH4)] and [n°-CsHs),Nb{H,B(H), }] [69].

The possible valence bond representations for M-HBR; moi-
ety is presented in Chart 1. A main question concerns whether

Table 2

X-ray structural data for transition metal-o-borane complexes

Complex M-B (A) M-H (A) B-H (A) M-B-H (°) B-M-H (°) M-H-B (°) Reference

o-borane complexes
[3-CsHs), Ti(n2-HBcat), ] 2.335(5) 1.74(4) 1.25(3) 47(2) 32(1) 101(2) [21,23]
[0’-CsHs)2 Ti(m?-HBcat-4-F),(PMe3)] 2.267(6) 1.61(5) 1.35(5) 44(2) 36(2) [22,23]
[n°-MeCsH)Mn(CO)»(m?-HBcat)] 2.083(2) 1.57(2) 1.29(2) 48.6(7) 38.2(6) [24]
[13-MeCsH,)Mn(CO), (n2-HBpin)] 2.149(2) 1.53(2) 1.31(2) 44.7(9) 37.2(8) [24]
[n’-MeCsH4)Mn(CO),(m?-HBCy,)] 2.187(3) 1.49(2) 1.24(2) 41.109) 33.2(7) [24]
[RuH(H,Bpin)(m2-HBpin)(PCy3),] 2.157(5) 1.58(3) 1.35(3) 38.6(11) 94.4(20) [27]
[RuH; (n?-HBpin)(n?-Hy)(PCy3),] 2.173(2) 1.67(2) 1.30(2) 50.1(8) 93.28(6) [28]
[RuH, (n?-HBcat)(m?-Ha)(PCy3),] 2.124(2) 1.712) 1.242) 53.7(8) 90.6(7) [28]
[(Cy2PCH,CH,PCy;)Ni(n?-HBEt,)] 2.172(6) 1.47(5) 1.23(5) 40.69 32.77 106.54 [29]

Elongated o-borane complexes
[m°-CsMes)Rh(H),(Bpin), ] 2.055(7) 1.47(6) 1.65(4) 53.1(17) [31]

2.081(6) 1.59(6) 1.70(6) 53(2)

[n’-CsMes)RhH(Bpin);] 2.059(3) 1.47(3) 1.69(3) 54.3(10) [31]
[n°-CsMes)RhH(Bpin)(PPh3)] 2.0196(15) 1.50(2) 2.09(2) 71.0(8) [54]
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Chart 1. The possible valence bond representations for M-HBR;.

the bonding tends more towards the o-borane complex I or to
the classical oxidative addition product hydride boryl complex
II. Structures IIT and IV are consistent with structure II with
some residual B—H interaction. Structure V favors appreciable
retention of B—-H bond as in structure I with substantial donation
of metal electron density to the borane by M — B back-bonding.
Structure VI represents the hydride as bridging between the M
and B centers with a three center-two electron bond. The three
center-two electron bond in M—H-B bridge may be regarded as
a “protonated m-bond”. This description is in accord with the
3c—2e bond study of Lammertsma and Ohwada [70]. Many fac-
tors can affect the relative stabilities of structures I and II, such
as behavior of the ancillary ligands, substitutions on the boron
atom and the replacement of one metal center by other. A num-
ber of elongated dihydrogen complexes with H- - -H distances
between 1 and 1.5 A (representing structures III and IV) have
been reported [11,71-73].

7.1. Theoretical methods

Theoretical work concerning the nature of the M-(n>-HBR»)
bond used either standard ab initio calculations or gradient cor-
rected DFT methods. The details of the methods can be found
in the original papers. The methods for energy decomposition
analysis shall be discussed briefly.

The geometry optimizations and bond energy decomposition
analysis were performed at the nonlocal DFT level of theory
using the exchange functional of Becke [74] and the correlation
functional of Perdew [75] (BP86). Scalar relativistic effects have
been considered using the ZORA formalism [76]. Uncontracted
Slater-type orbitals (STOs) were used as basis functions for the
SCF calculations [77]. Triple-{ basis sets augmented by two sets
of polarization function have been used for all the elements. The
calculations were carried out using the program package ADF-

2004 and ADF-2006 [78]. The bonding interactions between
the fragments [M] and [HBR] have been analyzed using the
energy decomposition scheme of ADF which is based on the
methods of Morokuma [79] and Ziegler and Rauk [80]. The bond
dissociation energy AE between two fragments [M] and [HBR>]
is partitioned into several contributions that can be identified as
physically meaningful entities. First, AE is separated into two
major components AEpe, and AEjy:

AE = AEpep + AEin (1)

Here, AEpep is the energy that is necessary to promote
both fragments from their equilibrium geometry and electronic
ground state to the geometry and electronic state that they have
in the combined molecule.

AEpep = Eqoral (distorted fragments)
— Eioa1 (fragments in the equilibrium structure)
(2)

AEjy is the interaction energy between the two fragments in
the molecule. The interaction energy, AEjy, can be divided into
three main components:

AEjn = AEeistat + AEpayli + AEorp (3)

AE.sat 18 the electrostatic interaction of the nuclear charge
and unmodified charge density on one fragment with the nuclear
charge and unmodified charge density of the other fragments.
AEqa stabilizes the bond between two fragments. The sec-
ond term in Eq. (3) AEpayi which is called exchange repulsion
or Pauli repulsion, gives the repulsive interactions between the
fragments that are due to the fact that two electrons with the same
spin cannot occupy the same region in space. The term comprises
the four-electron destabilizing interactions between occupied
orbitals. AEp,,; is calculated by enforcing the Kohn—Sham
determinant of the molecule, which results from superim-
posing both fragments, to obey the Pauli principle through
antisymmetrization and renormalization. The stabilizing orbital
interaction term A Eyy, is calculated in the final step of the energy
analysis when the Kohn—Sham orbitals relax to their optimal
form. The latter term can be further partitioned into contributions
by the orbitals that belong to different irreducible representations
of the point group of the system. The covalent and electrostatic
character of the bond is given by the ratio AEejstat/ AEorb-

7.2. Bonding in titanium—o-borane complexes

Eisenstein and co-workers optimized the geometry of a model
titanium—o-borane complex [(n’-CsHs)Ti(HB(OH)»),] using
core potential ab initio second order Mgller—Plesset pertur-
bation theory (MP2) [21]. The calculation confirms that the
boron atom is not tetrahedral. The geometrical parameters have
not been reported. Lam and Lin [62] have investigated the
bonding analysis of model titanium—o-borane complexes [(1>-
CsHs): Ti(HB(OH),),] and [(n’-CsHs),Ti(HB(OH),)(PH3)]
using DFT/B3PWO1 level of theory. In the model complexes the
steric bulk of the substituted phosphine ligand and HBcat ligand
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2Ti

Fig. 1. Optimized geometries of the titanium—o-complexes [(m’-CsHs), Ti(n?-
HBcat),] 1Ti and [(’-CsHs); Ti(n2-HBcat)(PMe3)] 2Ti.

were modeled as PH3 and HB(OH),, respectively. Geometries of
the real titanium—o-borane complexes [(nS-C5H5 ), Ti(HBcat);]
1Ti and [(n’-CsHs),Ti(HBcat)(PMe3)] 2Ti have been calcu-
lated at DFT/BPS86 level [63]. The optimized structures of 1Ti
and 2Ti (Fig. 1, Table 3) closely resemble the experimental
results (Table 2). There is little difference in geometries between
the real complexes 1Ti and 2Ti and model complexes 3Ti and
4Ti (Table 3). The results reveal that both the small and large
ligands give reasonable agreement with experimental results.
The Ti-B bond distances 2.364 A in 1Ti and 2.294 A in 2Ti
are too long to be true metal boryl bond and the B-Ti—B angle
53.4° in 1Ti is too small for the compound to be considered
a Ti(IV) complex. The Ti-H bond distances 1.798 A in 1Ti
and 1.791 A in 2Ti are typical for bridging hydride complex.
The geometrical data are consistent with complexes 1Ti and
2Ti being Ti(II) complexes in which both hydrogen and boron
have bonding interaction with titanium atom while preserv-
ing B-H bond character. The Ti-B bond distance of 2.294 A
in 2Ti is significantly shorter than 2.365 A in 1Ti. The better
m-accepter character of phosphine ligand compared to HBcat
is responsible for a stronger Ti-B bond in 2Ti complex. Lin
and co-workers have investigated the structure and stability of
titanocene—c-borane complexes [("r]5 -CsHs), Ti{HB(OCH);),1,

Table 3

Calculated geometrical parameters® for titanium-o-borane complexes
[1’-CsHs),Ti(n?>-HBcat);] 1Ti, [n°-CsHs),Ti(n?>-HBcat)(PMe3)] 2Ti at
BP86/TZ2P and model complexes [n°-CsHs),Ti{n>-HB(OH),},] 3Ti,
[1’-CsHs), Ti(n?-HB(OH),)(PH3)] 4Ti at B3PW91°

1Ti 2Ti 3Ti 4Ti
Bond distances
Ti-B 2.364 2.294 2.358(2.333)¢ 2.356
Ti-H1 1.798 1.791 1.724(1.746) 1.750
Ti-P 2.550 2.511
B-HI1 1.317 1.336 1.344(1.322) 1.325
B-B 2.124 2.194(2.110)
Bond angles
Ti-H1-B 97.5 93.2
Ti-B-H1 48.9 51.2
B-Ti-H1 33.6 35.6
B-Ti-B 53.4 55.5(54.4)
P-Ti-B 74.9 73.5

2 Distances are in A and angles in degree.

b LANL2DZ basis set for Ti and P with Hay and Wadt effective core potentials
and 6-31G basis set for H, B, C and O atoms [62].

¢ Values in parentheses are for the model complex [n5—C5H5 )zTi{nz—
HB(OCH);, },] at B3LYP using SDDall basis set for Ti and 6-31G basis set
for H, B, C and O atoms [40].

[(m’-CsHs),Ti(HB(OCH),)L] (L=HC=CH, H,C=CH,, SiHg,
CHy4 and Hj) using B3LYP [40]. The alkyne and alkene inter-
act with boron of the borane ligand to form five membered-ring
structures, while the silane, alkane and dihydrogen interact with
boron to form hydroborato structures.

7.3. Bonding in manganese—o-borane complexes

Fig. 2 shows the optimized geometries of the manganese—o-
borane complexes [(n3-MeCsHs)Mn(CO),(HBcat)] 1Mn,
[(n°-MeCsH4)Mn(CO)>(HBpin)] ~ 2Mn,  [(n’-MeCsHy)
Mn(CO)>(HBMe,)] 3Mn. The optimized bond lengths and
angles at B3LYP and BP86 are presented in Table 4 [64]. The
optimized structures of 1Mn, 2Mn and 3Mn closely resemble
that found by X-ray diffraction for (12), (13) and (15) [24]. The
Mn-B bond distances 2.106 A in 1Mn, 2.152A in 2Mn and
2.168 A in 3Mn are longer than that expected for single bond
based on covalent radius predictions (2.05A) [81]. Using the
relationship between covalent bond order and bond distance
suggested by Pauling we find the calculated Mn—B distances
correspond to a covalent bond order of 0.80 in 1, 0.67 in 2,
0.63 in 3 [82]. The B-H bond distances 1.306 A in 1Mn,
1.312 A in 2Mn and 1.311 A in 3Mn are also longer than sum
of covalent radii (1.19 A) and those obtained by theoretical
study for the free borane ligands (1.184 A in HBcat, 1.190 A
in HBpin and 1.204 A in HBMe,). The optimized B-H bond
distances in the o-borane complexes correspond to a covalent
bond order of about 2/3. The B-Mn-H1 bond angles are very
small and are consistent with B-H bonding. These results are
consistent with 1Mn, 2Mn and 3Mn being Mn(I) complexes in
which both hydrogen and boron of the [HBR;] ligands have a
bonding interaction with the manganese preserving B—H bond
character.
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3Mn

Fig. 2. Optimized geometries of the manganese—o-complexes [(nS-MeC5 H4)Mn(CO)2('r]2-HBR2)] (1Mn, R; =Bcat; 2Mn, R, =Bpin; 3Mn, R2 =Me,).

Table 5 gives the Wiberg bond indices [83] (WBI), which
provide bond orders, and the natural bond orbital (NBO) anal-
ysis. The Wiberg bond indices values of the Mn-B bonds of
the complexes 1Mn—3Mn are small ~0.45. Upon Coordination
of the borane ligand, the B-H bond orders are calculated to
be reduced by ~1/3. The net electron transfer from the [(n’-
MeC5H4)Mn(CO);] fragment to borane ligands HBcat (0.20
electron), HBpin (0.17 electron) and HBMe; (0.24 electron).
The HBcat is a better m-acceptor compared to HBpin.

A more definitive picture of Mn-B, Mn-H and B-H bond-
ing is obtained through NBO analysis of the delocalized
Kohn—Sham orbitals. The characteristics of the Mn-B and

Table 4

M-H-B bonding orbitals are listed in Table 5. The occupancies
of these orbitals are relatively low. The Mn—B bonding orbitals
are polarized towards Mn, while the B-H bonding orbitals are
polarized towards H. The coordination of a o-borane ligand
causes a rehybridization of the boron center. The hybrid orbital
of boron along the B-H bond in the free ligand is sp'3 (HBcat),
sp!0 (HBpin), sp>!? (HBMe,) and in the borane complexes is
sp?"67 (1), sp3'89 (2) and sp4'16 (3). These results reveal that less
2s character and more 2p character goes to the B-H bond upon
coordination of borane to manganese atom.

Table 6 shows the results of the energy decomposition
analysis of the interaction energy AFEj, of the combination

Selected optimized geometrical parameters for manganese—o-borane complexes [('r]5 -MeCs5H4)Mn(CO), ('r]z—HBRz)] (1Mn, Ry =cat; 2Mn, R, = pin; 3Mn, R = Me)?,
[(nS—MeC5H4)Mn(CO)2], HBcat, HBpin, HBMe; (Calculations were done at both B3LYP/6-31(d) and BP86/TZ2P)

1Mn 2Mn 3Mn

[(Cp")Mn(CO);] HBcat HBpin HBMe2

Bond distances

Mn-B 2.106(2.095) 2.152(2.141) 2.168(2.173)
Mn-Hl1 1.602(1.604) 1.597(1.590) 1.620(1.609)
Mn-Cl1 1.790(1.775) 1.773(1.767) 1.786(1.770)
Mn-C2 1.779(1.772) 1.786(1.775) 1.774(1.769)
B-HI 1.306(1.355) 1.312(1.367) 1.311(1.355)
B-03 1.403(1.413) 1.381(1.391)
B-04 1.405(1.418) 1.377(1.387)
C1-01 1.158(1.164) 1.163(1.169) 1.159(1.170)
C2-02 1.161(1.165) 1.159(1.166) 1.164(1.167)
B-C3 1.587(1.587)
B-C4 1.586(1.583)

Bond angles
Mn-H1-B 92.2(89.8) 94.9(92.5) 94.9(93.9)
Mn-B-Hl1 49.5(50.0) 47.7(47.9) 48.1(47.6)
B-Mn-Hl1 38.3(40.2) 37.4(39.6) 37.1(38.5)
C1-Mn-C2 93.0(90.5) 91.5(89.7) 98.2(91.6)
03-B-04 110.1(109.6) 112.6(112.3)
Mn-B-03 126.9(127.4) 119.9 (120.4)
Mn-B-04 121.3(121.9) 125.7(126.3)
C3-B-C4 117.2(117.5)
Mn-B-C3 119.0(118.8)
Mn-B-C4 122.6(123.0)

1.787(1.776)

1.784(1.775)
1.184(1.186) 1.190(1.194) 1.204(1.208)
1.384(1.389) 1.367(1.373)
1.384(1.389) 1.367(1.373)

1.161(1.169)

1.162(1.169)
1.569(1.567)
1.569(1.567)

96.4(93.9)
111.9(112.1) 114.0(114.3)

116.7(1)

124.3(122.2)

Values in the parentheses are obtained at BP86/TZ2P. Distances are in A and angles in degrees.
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Table 5
Wiberg bond indices, and results of the NBO analysis in [(n’-
MeC5H4)Mn(CO)2(n2—HBR2)J complexes and in free ligands (B3LYP/6-
31G(d))

1Mn 2Mn 3Mn HBcat HBpin HBMe;
Wiberg bond indices
Mn-B 0.46 0.43 0.45
Mn-H1 0.25 0.28 0.25
Mn—-Cl1 1.08 1.05 1.10
Mn-C2 1.01 1.09 1.10
B-H 0.63 0.62 0.66 0.97 0.96 0.97
C1-01 2.02 1.97 2.01
C2-02 1.99 2.01 1.96
NBO analysis

Mn-B Bond

Occupancy 1.54 1.33 1.46
Mn

% 74.2 65.3 75.4

Yos 7.9 21.8 9.3

9%op 0.1 0.4 0.2

%d 91.9 71.8 90.5
B

Yos 29.5 27.6 15.4

9%op 78.4 723 84.3

%d 0.1 0.1 0.2
B-H bond

Occupancy 1.66 1.65 1.66 1.98 1.98 1.98
B

% 39.9 394 38.0 45.67 45.3 454
Yos 214 20.4 19.3 44.7 39.9 323
%p 78.4 79.3 80.5 55.2 60.0 67.6
%d 0.2 0.3 0.2 0.1 0.1 0.1
H
Yos 100.0 100.0 100.0 100.0 100.0 100.0
Mn-H-B bond
Occupancy 1.85 1.85 1.85
Mn (%) 10.0 9.8 9.3
H (%) 49.7 49.9 51.6
B (%) 33.0 32.7 31.6
NBO charges
Mn 0.79 0.80 0.85
B 0.72 0.74 0.38 0.92 0.92 0.69
H -0.04 -0.05 -0.05 -0.08 —0.09 —0.09
R; -0.88 —-0.86 —-0.57 —-0.84 —-0.83 —0.60
Table 6

Energy decomposition analysis of [(nS—MeC5H4)Mn(CO)g(nZ-HBcat)] 1Mn,
[(1°-MeCsH4)Mn(CO),(m2-HBpin)] 2Mn and [(n>-MeCsHy)Mn(CO),(n?-
HBMe;)] 3Mn at BP86/TZ2P*

1Mn 2Mn 3Mn
AEin —46.5 —44.4 —47.6
AEpauii 117.1 108.8 109.0
AFEelstat —-87.5 —84.6 —82.8
AEy? —76.1 (46.5%) —68.6 (44.8%) —73.8 (47.1%)
AEprep 16.1 15.1 133
AE(—De) -304 —-29.3 —343

2 Energy contributions in kcal/mol.
Y The values in parentheses are the percentage contribution to the total attrac-
tive interactions reflecting the covalent character of the bond.

Table 7

Selected optimized geometrical parameters [BP86/TZ2P] for rhenium-o-
borane complexes [(m’-MeCsH4)Re(CO)y(m>-HBcat)] 1Re, [(n°-MeCsH,)
Re(CO)2(m2-HBpin)] 2Re and [(1’-MeCsH4)Re(CO),(m2-HBMe,)] 3Re and
[(m°-MeCsHa)Re(CO),]

1Re 2Re 3Re [(m°-MeCsH,)Re(CO)]

Bond distances

Re-B 2.212 2.234 2.284

Re-H1 1.730 1.703 1.725

Re-C1 1.920 1.913 1.910 1.914

Re-C2 1914 1.916 1.901 1.912

B-H1 1.445 1.479 1.422

B-03 1.417 1.393 1.589

B-04 1.410 1.387 1.589

C1-01 1.168 1.168 1.167 1.171

C2-02 1.166 1.168 1.172 1.171
Bond angles

Re-HI-B 87.8 88.8 92.5

Re-B-H1 51.4 49.7 49.0

B-Re-H1 40.8 41.5 38.5

Cl-Re-C2 89.4 86.6 88.7 92.2

03-B-04 112.0 109.6
Re-B-03 127.4 128.2
Re-B-04 120.2 121.4

C3-B-C4 117.6
Re-B-C3 124.2
Re-B-C4 117.8

. . 2 .
Distances are in A and angles in degrees.

of [(nS-MeC5H4)Mn(CO)2] and [HBR;] into the three terms
AEpauli, AEeigtat, and AEqg,. The bonding energies of compound
1Mn (—30.44 kcal/mol), 2Mn (—29.34 kcal/mol) and 3Mn
(—34.34 kcal/mol) are almost twice the mean value of metal-
(m?-Hy) bonding energies and larger than the experimental
dissociation enthalpy for n>-HBcat was found 25 = 3 kcal/mol
in [(m°-MeCsH4)Mn(CO)>(n?-HBcat)] [24]. We note that, for
Mn-nz-H-BRz bonds in the complexes 1Mn-3Mn, the con-
tribution of electrostatic attractions AFEes are greater than
the orbital interactions, AEyp. The repulsive terms AEpyy);
were largest in each case. Table 6 shows that the trends of
AEpyy)i and AEqp from complexes 1Mn to 3Mn are roughly the
same, while the AEgjs¢ values decrease for 1Mn to 3Mn. The
[(7]5-MeCsH4)Mn(CO)2]—[”r]2-H-BR2] bonding in manganese
borane complexes is more than half electrostatic.

In order to visualize the Mn-B, B-H and Mn-B-H
bonding, envelope plots of some relevant orbitals of [(’-
MeC5H4)Mn(CO)(HBMe,)] are shown in Fig. 3. Molecular
orbital, Fig. 3A, is a well-formed Mn—H-B bond while molec-
ular orbital, Fig. 3B, is a well-formed Mn-B bond. The Fig. 3C
gives a pictorial description of the vacant 7" orbital.

7.4. Bonding in rhenium—o-borane complexes

Fig. 4 shows the theoretically calculated geometries of
the rhenium—o-borane complexes [(°-MeCsH4)Re(CO)»(m?-
HBcat)] 1Re, [(1°-MeCsH4)Re(CO),(n>-HBpin)] 2Re, [(1]’-
MeCsH4)Re(CO)>(m2-HBMe;)] 3Re. The optimized bond
lengths and angles are presented in Table 7 [65]. There are no
X-ray structural data for rhenium complexes 1Re-3Re known.
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(A) (B) (@)

Fig. 3. Plot of some relevant molecular orbitals of [nS—MeC5 H4)Mn(CO)2(n2—HBMez)]‘

Fig. 4. Optimized geometries of [(1]5-MeC5H4)Re(CO)2('r]2-HBRz)] (1Re, R, =Bcat; 2Re, Ry =Bpin; 3Re, R2=Me).
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Table 8

Energy decomposition analysis of [(MeC5H4)Re(CO)2(nz-HBcat)] 1Re,
[(MeCsH4)Re(CO)»(m2-HBpin)] 2Re and [(MeCsH4)Re(CO)2(n>-HBMe;)]
3Re at BP86/TZ2P*

to 3Re are roughly same, while the AEqy, values decrease for
1Re-3Re. All three complexes exhibit about 42-44% covalent
bonding of the borane ligand to the metal fragment.

1Re 2Re 3Re
7.5. Bonding in ruthenium—o-borane complexes

AEin —-70.5 —73.6 —68.6

i?’“‘“"g i;gg izgg 32; Sabo-Etienne and co-workers investigated the structures

elstat - . - B — . . R

N —106.0 (44.0%) —104.8 (41.8%) —98.6 (43.8%) of four isomers of each of tlzle m(')del 21'uthen1um—(r-
AEprep 30.0 339 25.3 borane  complexes  [RuHz(n“-HBpin)(n“-Hz)(PMe3);]
AE(—Dy) —40.5 ~39.7 —433 (1RuBpin—4RuBpin) and [RuH»(n?-HBcat)(n?-H>)(PMe3), ]

4 Energy contributions in kcal/mol.
Y The values in parentheses are the percentage contribution to the total attrac-
tive interactions reflecting the covalent character of the bond.

We report here for the first time structures of these complexes.
The Re-B bond distances 2.212 A in 1Re, 2.234 A in 2Re and
2.284 A in 3Re are longer than that expected for a single bond
based on covalent radius predictions (2.10 A) [81]. The B-H
bond distances 1.445 A in 1, 1.479 A in 2 and 1.422 A in 3 are
also longer than those calculated for corresponding manganese
borane complexes 1Mn-3Mn. The optimized B—-H bond dis-
tances in rhenium-o-borane complexes 1Re-3Re correspond
to a covalent bond order of about 1/2. The Re-H bond dis-
tances 1.730 A in 1Re, 1.703 A in 2Re and 1.725A in 3Re
are also longer than that expected for single bond based on
covalent radius predictions (2.10 A) [81]. The B-Re-H1 bond
angles in the complexes [(n’-MeCsH4)Re(CO),(n2-HBRy)]:
40.8° in 1Re, 41.5° in 2Re and 38.5° in 3Re are small and
are consistent with B-H bonding. These results are consistent
with [(m°-MeCsH4)Re(CO)>(HBR,)] being Re(I) complexes in
which both hydrogen and boron of the [HBR;] ligands have
a bonding interaction with the rhenium preserving B-H bond
character.

The theoretically predicted bond dissociation ener-
gies (Table 8) of the borane ligands are —40.5kcal/mol
for [(n3-MeCsHs)Re(CO)»(HBcat)], —39.7kcal/mol  for
[(ns-MeCsH4)Re(CO)2(HBpin)]and —43.3kcal/mol  for
[(1]5-MeC5H4)Re(CO)2(HBMez)]. The breakdown of the
rhenium-borane interaction energies into the different energy
terms shows that the contribution of electrostatic attractions
AEqqat are greater than the orbital interactions, AEqy,. The
repulsive terms A Ep,y}; were largest in each case. Table 8 shows
that the trends of AEpyy and AFEggy from complexes 1Re

(1RuBcat—4RuBcat) and two isomers of the complex [RuH{ (jr-
H)zBpin}(nz-HBpin)(PMeg)z] (SRuBpin, 6RuBpin) at
DFT/B3LYP level. o-H; rotation and o-borane versus dihydri-
doborate ligation are intimately correlated [28]. The isomers of
[RUH2('T]Z-HBpin)(T]Z-H2)(PMe3)2] are almost similar to the
isomers of [RuH»(n?-HBcat)(n?-H»)(PMes3),] (Fig. 5). The
isomers 1RuBcat and 2RuBcat are degenerate, their energy
difference is 4.6 kcal/mol. Similarly isomers 3RuBcat and
4RuBcat are degenerate with energy difference 1.0kcal/mol.
The isomers 1RuBpin and 1RuBcat correspond with the
experimental  structures  [RuHa(m2-HBR)(n2-H»)(PCy3)1]
(R=pin, cat) [28]. The optimized geometry of SRuBpin
closely resembles the experimental geometry of [RuH{(j-
H)zBpin}(n2-HBpin)(PCy3)2] [27]. The bis(dihydridoborate)
isomer 6RuBpin is at significant higher energy than SRuBpin
(energy difference is 16.0kcal/mol). The geometries of
ruthenium—o-borane complexes 1RuBpin and 1RuBcat have
been optimized using DFT/BP86 level of theory [63]. The opti-
mized geometries are almost similar to the experimental values
for ruthenium—o-borane complexes [Rqu(nz-HBpin)(n2-
Hy)(PCy3)2] and [RuH;(m*-HBcat)(n*-Hz)(PCy3)2] and to
the optimized data obtained by Sabo-Etienne co-workers [28]
(Table 9). The optimized structures of 1RuBpin and SRuBpin
are presented in Fig. 6.

7.6. Bonding in nickel, palladium and platinum—oc-borane
complexes

Fig. 7 shows the optimized geometries of the borane
complexes 1NiEt, 1PdEt, 1PtEt, 2NiMe, 2PdMe and 2PtMe.
The optimized bond lengths and angles at BP86 are presented
in Table 10 and Table 11 [66]. Theoretical studies for the
free borane ligands have been obtained at the same level

Table 9

Selected optimized geometrical parameters for ruthenium—o-borane complexes

Complex M-B (A) M-H (A) B-HI (A) M-B-H1 (°) B-M-H1 (°) M-H1-B (°)
1RuBpin 2.162(2.147)* 1.764(1.763) 1.362(1.371) 56.4(54.9) 37.1(40.6) 86.5(84.5)
2RuBpin 2.207 1.775 1.372 535 38.4 88.1
3RuBpin 2.276 1.750 1.320 50.0 354 94.6
4RuBpin 2.252 1.745 1.324 50.7 35.6 93.4
1RuBcat 2.135 1.777 1.359 56.0 39.1 84.9
2RuBcat 2.198(2.189)* 1.791(1.789) 1.354(1.351) 54.5(54.7) 38.2(38.1) 87.3(87.2)
3RuBcat 2.231 1.752 1.320 51.6 36.3 92.1
4RuBcat 2.208 1.740 1.325 52.4 36.9 90.7
5SRuBpin 2.159 1.686 1.394 51.3 40.2 88.5

4 Optimized geometry at DFT/BP86/TZ2P [63].
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1RuBpin SRuBpin

Fig. 6. Calculated geometries of 1RuBpin, and SRuBpin.

2RuBcat
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Fig. 7. Calculated geometries of 1NiEt, 2NiMe, 1PdEt, 2PdMe, 1PtEt and 2PtMe at BP86/TZ2P.
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Table 10
Selected optimized geometrical parameters for o-borane complexes [(MezPCHZCHzPMez)M(T]z-HBRZ)]a at BP86/TZ2P
INiEt 2NiMe 1PdEt 2PdMe [HBEt;] [HBMe;]
BP86 BP86* BP86 BP86 BP86 BP86 BP86

Bond distances

M-B 1.993 2.031 1.964 2.179 2.157

M-H1 1.575 1.574 1.594 1.751 1.787

M-P1 2.175 2.221 2.159 2.373 2.159

M-P2 2.106 2.170 2.092 2.268 2.092

B-HI1 1.370 1.362 1.353 1.355 1.333 1.212 1.208

B-Cl1 1.604 1.608 1.605 1.596 1.598 1.568 1.567

B-C2 1.597 1.601 1.588 1.592 1.588 1.568 1.567
Bond angles

M-H1-B 84.9 87.2 83.1 88.1 86.2

M-B-H1 51.9 50.7 53.7 53.4 55.7

B-M-H1 43.2 42.1 43.2 38.4 38.1

P1-M-P2 92.6 92.3 93.4 89.1 89.7

PI-M-B 154.3 148.9 158.8 156.1 161.2

P2-M-B 1124 118.7 107.6 113.8 108.9

H1-M-P1 115.1 110.3 118.3 121.0 125.1

C1-B-C2 114.6 111.7 118.5 116.4 118.4 122.5 122.2

Distances are in A and angles in degrees.
% Optimized geometry of [(Cy,PCH,CH,PCy,)Ni(HBEt,)].

of theory adopted for the title complexes. On going from
nickel to palladium, we observe an increase of the M-B
bond distances 1.993 A in INiEt, 1.964 A in 2NiMe, 2.179 A
in 1PdEt and 2.159 A in 2PdMe. The Pd-B bond distances
in o-borane complexes 1PdEt and 2PdMe, are longer than
the Pd-B bond distances in boryl complex, 2.077(6) A in
[Pd(Me,PCH,CH,PMe,)(SnCl3){B-1,2-(NMe,CH,CH>)

[46,84]. The B-H bond distances 1.370 A in INiEt, 1.353 A
in 2NiMe, 1.355 A in 1PdEt and 1.333 A in 2PdMe are longer
than expected for a single bond based on covalent radius
predictions (1.19A) [81] and those obtained by theoretical

Table 11
Selected optimized geometrical parameters for platinum complexes
[(dmpe)PtH(BR>)] (1PtEt, R =Et; 2PtMe, R = Me) at BPS6/TZ2P

1PtEt 2PtMe
Bond distances (A)
Pt-B 2.082 2.084
Pt-H1 1.638 1.703
Pt-P1 2.358 2.367
Pt-P2 2.287 2.234
B-Hl1 2213 1.611
B-Cl 1.597 1.601
B-C2 1.593 1.593
Bond angles (°)
Pt-HI1-B 63.4 77.9
Pt-B-H1 44.7 53.0
B-Pt-H1 71.9 49.1
P1-Pt-P2 86.0 87.0
P1-Pt-B 166.0 161.1
P2-Pt-B 106.6 111.2
H1-Pt-P1 95.7 113.2
Cl-B-C2 1135 116.2
Pt-B-Cl1 121.0 117.8
Pt-B-C2 125.3 125.7

study for the free borane ligands (1.212 A in HBEt,, 1.208 A
in HBMe;). The optimized B—H bond distances in o-borane
complexes correspond to a covalent bond order of about 1/2
[82]. The (n2-B-H) coordination is confirmed by a significant
lengthening of the B-H bonds. The B-M-H1 bond angles in
the complexes [(MezPCHzCHzPMez)M(nZ-HBRz)]: 43.2° in
INiEt, 43.2° in 2NiMe, 38.4° in 1PdEt and 38.1° in 2PdMe
are very small and are consistent with B-H bonding. These
results are consistent with [(Me,PCH,CHyPMe,)Ni(HBRj)]
and [(Me,PCH,CH;PMe;)Pd(HBR;)] being Ni(0) and
Pd(0) complexes in which both hydrogen and boron
of the [HBR;] ligands have a bonding interaction with
the metal, while preserving B—H bond character. Thus
the complexes [((MeoPCH,CH;PMe;)Ni(HBR,)]  and
[(Me,PCH,CH;PMe,)Pd(HBR,)] are o-borane complexes
rather than hydride-boryl complexes. On substitution of
methyl group for ethyl group, shortening of M—B and B-H
bond distances and lengthening of M—H1 bonds distances is
observed. It can be inferred from these data that substitution of
a methyl group on the boron stabilizes the o-borane bonding
relatively more than the ethyl group. The M-P bond distances
trans to the boryl ligand are longer than the M—P bond distances
trans to H1 (Table 10).

Some differences of the optimized geometries of
[(Me,PCH,CH;PMe;)Ni(HBR3)] from the X-ray diffrac-
tion data for [(Cy,PCH,CH,PCy,)Ni(HBEt;)] by Garcia and
co-workers [29] are noted. Can such differences be attributed to
the use of dmpe in the model structure instead of dcype in the
isolated complex? The optimized geometry of the isolated com-
plex [(Cy2,PCH,CH,PCy,)Ni(HBEt; )Ni(HBEt;)] is presented
in Fig. 8. The optimized geometrical data, in particular bond
angles (Table 10) differ from the X-ray diffraction data and
are almost similar with optimized geometries of model com-
plexes [(Me,PCH,CH;PMe;)Ni(HBRj)]. The B-H bond in



K.K. Pandey / Coordination Chemistry Reviews 253 (2009) 37-55 51

3NiEt

Fig. 8. Calculated geometries of [(Cy,PCH,CH;,PCy;]Ni(HBEt;)] at
BP86/TZ2P.

isolated complex [(Cy,PCH,CH,PCy,)Ni(HBEt;)Ni(HBEt,)]

is almost similar to the B-H bond in/free HBEt;. )
The Pt-B bond distances 2.082 A in 1PtEt and 2.084 A in

2PtMe (Table 11) are shorter than that expected for a single

bond based on covalent radius predictions (2.16 A) and are in
good agreement with experimental results of platinum boryl

complexes (Pt-B=2.03-2.10 A) 46]. The Pt—H bond distance
1.638 A in 1PtEt is almost equal to that expected for a single
bond based on covalent radius predictions (1.64 A) We note the
lengthening of the Pt-H bon/d distance 1.702 A in gPtMe. The

B-H bond distances 2.213 A in 1PtEt and 1.614 A in 2PtMe
are much are longer than expected for a single bond based on
covalent radius predictions (1.19 A) [81] and those obtained by
theoretical study for the free borane ligands (1.212 A in HBEt,,
1.208 A in HBMe,) and correspond to a covalent bond order of
0.04 in 1PtEt and 0.25 in 2PtMe [82]. The B—Pt—H1 bond angle
49.2° in 2PtMe is more acute than 71.9° in 1PtEt, which may,
therefore an indication of some H-B interaction. The results of
the theoretical investigation suggest that the complex 1PtEt is a
platinum hydride—boryl complex rather than o-borane complex,
while complex 2PtMe with some residual B—H interaction, is
an example of elongated o-borane complex.

The results of energy decomposition analysis for the com-
plexes 1NiEt, 1PdEt, 1PtEt, 2NiMe, 2PdMe and 2PtMe
are presented in Table 12. The calculated bonding energies
are INiEt (—33.9 kcal/mol), 1PdEt (—22.4 kcal/mol), 2NiMe
(—37.7kcal/mol) and 2PdMe (—24.1kcal/mol). There are
no experimental M-HBR, bond energy data available for
[(Me,PCH,CH;PMe;)M(HBR3)]. The values of nickel com-
plexes are larger and of palladium complexes are smaller
than the experimental estimate of 254 3kcal/mol in [(n’-
MeCsHs)Mn(CO)»(n?-HBcat)] [24]. We find that the bond
dissociation energy in nickel and palladium complexes is greater
for the methyl substituents on boron M—(nz—HBMez) than the
ethyl substituents on boron (nz—HBEtz). The values of interac-
tion energy, AEjy; as well as orbital interactions AEy, decrease
on going from nickel to palladium. This was partly due to the
fact that the Pd-B and Pd—H bond distances were longer than
the Ni—B and Ni—H bond distances, but the nature and properties
of the HOMO and LUMO orbitals of the metal fragments and
borane fragments also play a role in explaining the orbital inter-
action differences. The HOMO of [(Me,PCH,CH;PMe,;)Pd]
fragment is lower in energy and LUMO is higher in energy than
in [(Me,PCH,CH,>PMe;)Ni] fragment. As a result, the LUMO
of the metal fragment comes closer in energy to the HOMO of
the HBR; moiety, allowing for a better donation and a relatively
stronger o-bond interaction in nickel complexes. Similarly, the
energy of the HOMO of the [(Me, PCH,CH;PMe;)Pd] fragment
is lowered, which in turn increases the energy gap between the
orbitals involved in back donation and leads to a decrease of the
m-bond strength in palladium complexes as compared to nickel
complexes.

For M-n2-H-BR, (M=Ni, Pd) bonds in the complexes
INiEt, 1PdEt, 2NiMe and 2PdMe, the contribution of electro-
static attractions A Fesq are greater than the orbital interactions,
AEqw. The repulsive terms AEp,,; were larger in each case.
All four complexes INiEt, 1PdEt, 2NiMe and 2PdMe exhibit
about 40-44% covalent bonding of the borane ligand to
the metal fragment. Studies of chemical bonding using the
energy decomposition analysis have indicated that the elec-
tron density distribution along bond axes should be taken
into account for the interpretation of electrostatic interaction
results [85,86]. The reason for the large electrostatic interac-
tion is the anisotropic charge distribution at the metal atom of
[(Me,PCH,;CH,PMe;)M] and [HBR;] fragments. The HOMO
of the [(Me,PCH,CH,PMe;)M] fragments consist primarily of

Table 12
Energy decomposition analysis of [(Me, PCH,CH,PMe; )M((HBR;)] (1INiEt, 1PdEt, 1PtEt, 2NiMe, 2PdMe, 2PtMe) at BP86/TZ2P*
INiEt 1PdEt 1PtEt 2NiMe 2PdMe 2PtMe
AEjn; —60.0 —42.8 —132.5 —57.8 —40.0 —88.9
AEpauii 117.6 120.2 308.5 118.9 115.0 222.0
AEesta —98.7 —98.9 —295.2 —98.5 —-92.4 —193.5
AEo? —78.9 (44.4%) —64.1 (39.3%) —145.6 (33.0%) —78.2 (44.3%) —62.6 (40.4%) —117.4 (37.8%)
AEprep 26.1 20.4 94.8 20.6 15.9 52.3
AE(—De) -339 —224 —-37.7 —-37.2 —24.1 —36.6

* Energy contributions in kcal/mol.

Y The values in parentheses are the percentage contribution to the total attractive interactions reflecting the covalent character of the bond.
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metal d-type functions which is directed toward H and B atoms
of borane ligand as well as the anisotropic charge distribution at
the H and B atoms in [HBR>] fragment directed toward metal
atom of [(Me,PCH,CH;PMe;)M] fragment. These character-
istics should allow for more significant overlap between the
electron density on a given fragment and nucleus in the oppo-
site fragment, thus leading to stronger attractive electrostatic
interactions.

For the platinum complexes 1PtEt and 2PtMe, the prepara-
tion energy, AEprep as well as interaction energy, AEjy and its
components, AEpyyli, AFEelstat, and AEqy are large, since the
HBR; unit near the dissociation limit. These values are rela-
tively much smaller for 2PtMe than the 1PtEt and are greater
than those for INiEt, 1PdEt, 2NiMe and 2PdMe. The complex
2PtMe is intermediate between o-borane complexes, 1NiEt,
1PdEt, 2NiMe and 2PdMe and hydride boryl complex 1PtEt.

7.7. Bonding in rhodium—o-borane complexes

Fig. 9 shows the optimized geometries of the elon-
gated rhodium—o-borane complexes [(nS-C5H5)Rh(HBpin)2]
1Rh and [(TIS-C5H5)Rh(HBpin)(Bpin)z] 2Rh. The opti-
mized bond lengths and angles at BP86 are presented in
Table 13 [65]. The optimized geometries of the heavy
atoms of 1Rh and 2Rh closely resemble that found by
X-ray diffraction for [(n’-CsMes)Rh(HBpin);] and [(n] -
CsMes)Rh(HBpin)(Bpin)2] [31]. The optimized structure of
1Rh which contains almost similar HBpin ligands, differs from
the optimized geometry of [(nS—C5H5)Rh(HB02C2H4)2] [31].
The Rh-B bond distances 2.054 and 2.067 A in 1Rh and 2.074,
2.065, 2.083 A, 2Rh are slightly shorter than that expected for

single bond based on covalent radius predictions (2.09 A) [57].
The Rh-H1, 1.583 A and Rh-H2, 1.585 A bond distances are
equal. The B—H bond distances BI-H1, 1.696 and 1.747 A in
1Rh and 1.686 A in 2Rh are longer than expected for a single
bond based on covalent radius predictions (1.19 10\) and those
obtained by theoretical study for the free borane ligands (1.190 A
in HBpin). The B1-Rh-H1 bond angles 55.6° and 52.6° in 1Rh
and 2Rh respectively and B2-Rh—H2 bond angle in 1Rh are
larger than the B-M-H bond angles in o-borane complexes
(37°—41°) [28,41,42] and are consistent with rhodium—o-borane
bonding, preserving some B-H bond character.

Table 14 gives the Wiberg bond indices [83] (WBI), which
provide bond orders, and the natural bond orbital (NBO) analy-
sis. The WBI values of the Rh—B bonds of the complexes 1Rh
and 2Rh are small ~0.45. The B-H bond orders: Wg_g1 0.33 in
1Rh, 0.31 in 2Rh and Wg_p» 0.31 in 1Rh are reduced by ~1/3
(Wg_n 0.96 in free HBpin ligand). The computed charges indi-
cate that the rhodium atom and cyclopentadienyl group always
carries a negative charge, while H atom and HBpin are positively
charged.

A more definitive picture of Rh—B, Rh—H and B-H bond-
ing can be obtained through NBO analysis of the delocalized
Kohn-Sham orbitals. The characteristics of the Rh—B and Rh—H
bonding orbitals are listed in Table 13. The occupancies of these
orbitals are relatively low. The Rh—B and Rh—H bonding orbitals
are strongly polarized towards rhodium. A better explanation for
the difference in B-H bond distances in manganese—c-borane
complex and stretched rhodium—o-borane complexes 1Rh and
2Rh can be found by looking at the values of the percentage
s-character of the boron along Rh—B, B—O and B—H bonds. The
values of the percentage s-character of the B1 atom in 1Rh are

1Eh

2Rh

Fig. 9. Optimized geometries of [n5—C5H5)Rh(H)2(Bpin)2] 1Rh and [n5—C5H5)RhH(Bpin)3] 2Rh at BP86/TZ2P.
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Table 13

Selected optimized geometrical parameters for stretched rhodium-o-borane
complexes [(1’-CsHs)Rh(HBpin),] 1Rh, [(n’-CsHs)Rh(HBpin)(Bpin);] 2Rh
at BP86/TZ2P and X-ray data for (24)* and (25)*

Table 14

Wiberg bond indices, and results of the NBO analysis [BP86/TZ2P] in
stretched rhodium—o-borane complexes [(nS—Cs Hs)Rh(HBpin);] 1Rh and [(1r]5 -
Cs5Hs)Rh(HBpin)(Bpin),] 2Rh

[(n*-CsHs)Rh(HBpin)2]  [(n’-CsHs)Rh(HBpin)(Bpin),]

[(n*-CsHs)Rh(HBpin),] [(n*-CsHs)Rh(HBpin)(Bpin),]

BP86 X-ray® BP86 X-ray?
Bond distances
Rh-B1 2.054 2.055(7) 2.074 2.059(3)
Rh-B2 2.067 2.081(6) 2.065 2.059(3)
Rh-B3 2.083 2.071(3)
Rh-H1 1.583 1.47(6) 1.580 1.47(3)
Rh-H2 1.585 1.59(6)
BI1-HI1 1.696 1.65(4) 1.686 1.69(3)
B2-H2 1.747 1.70(6)
BI1-H2 2.280 2.30(6) 2.037
B2-H1 2.231 2.21(6) 2.897
B3-HI1
Bond angles
BI-Rh-B2 1044 104.0(2) 104.0 103.40(12)
B1-Rh-B3 74.3 73.16(12)
B2-Rh-B3 81.0 80.34(13)
H1-Rh-H2 939 81(3)
H1-Rh-B1  55.6 53.1(17) 52.6 54.3(10)
Rh-HI-B1  76.0 78.8
Rh-B1-H1 484 48.3
HI1-Rh-B2  76.0 75.6(17) 66.2 66.4(10)
Rh-HI-B2 61.6 68.3
Rh-B2-H1 424 453
H2-Rh-B2 534 53(2)
Rh-H2-B2 78.0
Rh-B2-H2 48.6
H2-Rh-B1 744 73(2)
Rh-H2-B1 625
Rh-B1-H2 432
H1-Rh-B3 103.7 104.9(11)
Rh-HI1-B3 443
Rh-B3-H1  32.0
Distances are in A and angles in degrees.
@ X-ray data for [(n’-CsMes)Rh(HBpin);] (24) and [(n’-CsMes)

Rh(HBpin)(Bpin);] (25) are taken from ref. [31].

38.1% along Rh—B1 bond, 32.0% and 29.7% along B1-O bonds.
These results reveal that in 1Rh complex pure 2p orbital of
boron interacts with s orbital of hydrogen atoms H1 and H2 of
the borane ligands. In contrast, for manganese—o-borane com-
plex [(”q5 -MeCsH4)Mn(CO),(HBpin)] [41], the hybrid orbital
of boron along B—H bond contains 20.4% s character and
79.3% p-character. This is one of the reasons why the B-H
bond is longer in stretched o-borane rhodium complexes.
We now compare bonding between Rh-Bpin and Rh-(HBpin)
bonds in 2Rh complex. Table 14 shows that less 2s char-
acter and more 2p character goes to the Rh—-B2 and Rh-B3
bonds of boryl ligand than to the Rh—B1 bond of the borane
ligand.

7.8. Bonding in intermediate iron and tungsten—c-borane
complexes

Intermediate o-borane complexes [(n5—C5H5)Fe(CH3)(CO)
(HB(OCHz)2)] (29), (30) and [(n’-CsHs)W(CH3)(CO),

Wiberg bond indices

Rh-B1 0.49 0.44
Rh-B2 0.50 0.53
Rh-B3 0.50
Rh-H1 0.38 0.35
Rh-H2 0.40

B1-H1 0.33 0.31
B2-H2 0.31

NBO charges

Rh —0.03 —0.07
Hl 0.10 0.12
H2 0.10

Cp —0.23 —0.21
Bpin(B1) 0.03 0.07
Bpin(B2) 0.03 0.03
Bpin(B3) 0.04

[(n°-CsHs)Rh(HBpin),]  [(n’-CsHs)Rh(HBpin)(Bpin);]

Rh-B Bond Rh-Bl Rh-B2 Rh-B1 Rh-B2 Rh-B3
(L7DY  (173)%° (1.63)*  (1.80)*  (L.79)%
NBO analysis
Rh
% 66.8 66.9 66.4 68.1 67.7
%s 29.8 28.5 32.2 22.8 20.1
Yop 0.0 0.0 0.0 0.0 0.0
%d 70.2 71.5 67.8 77.2 79.9
%ot 0.0 0.0 0.0 0.0 0.0
B
% 33.2 33.1 33.6 31.9 32.3
%s 38.1 37.9 38.6 37.4 38.5
Jop 61.6 61.8 61.1 62.4 61.3
%d 0.3 0.3 0.3 0.2 0.2
[(n’-CsHs)Rh(HBpin), ] [(n°-CsHs)Rh(HBpin)
(Bpin)z]
Rh-Hbond  Rh-HI1 (1.71)> Rh-H2(1.74)*  Rh-HI (1.67)
Rh
% 64.6 64.6 65.4
%5 20.9 19.9 24.2
%op 0.0 0.0 0.0
%d 79.1 80.0 75.8
Yof 0.0 0.0 0.0
H
% 354 35.4 34.6
%s 100.0 100.0 100.0

% Occupancy.

(HB(OCH3)»)] (31), (32) have been proposed in the reaction
of [(TIS-C5H5)M(CH3)(CO)n(HB(OCH2)2)] with alkane [40].
Calculated bond distances at BP86 level: for (29), Fe-H 1.57 A,
Fe-B 2.11 A and B-H, 1.31A; for (30), Fe-H 1.54 A, Fe-B
2.09A and B-H, 1.33 A; for (31), W-H 1.78 A, W-B 2.42A
and B-H, 1.33 A and for (32) W-H 1.80 A, Fe-B 2.47 A and
B-H, 1.29 A are consistent with the g-borane complexes.
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8. Conclusion

Synthesis, structure and bonding in transition metal-o-
borane complexes have attracted much attention in the last
few years and it may be expected that further progress will
be made in the future. The review summarizes the synthesis,
spectral studies and progress in the understanding of the nature
of the metal-o-borane bonds, which has been gained in recent
theoretical studies. Geometrical data (both experimental and the-
oretically calculated) show M—B, M—H and B-H bond distances
longer than the sum of covalent radii. These results are consistent
with the interaction of both boron and hydrogen with the central
metal, while preserving the B—H bond character. The nature of
the metal-borane interactions is quantitatively analyzed with an
energy decomposition analysis. The [LnM]—[n2-BHR2] bond-
ing in metal-borane complexes is more than half electrostatic.
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