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Density functional theory calculations have been performed for the terminal borylene, alylene, and gallylene
complexes [(#7°-CsHs)(CO)sM(ENR,)] (M =V, Nb; E = B, Al, Ga; R = CHs, SiH, CMe, SiMes) using the exchange
correlation functional BP86. The calculated geometry parameters of vanadium borylene complex [(17°-CsHs)(CO)5V-
{BN(SiMe3).}] are in excellent agreement with their available experimental values. The M—B bonds in the borylene
complexes have partial M—B double-bond character, and the B—N bonds are nearly B=N double bonds. On the other
hand, the M—E bonds in the studied metal alylene and gallylene complexes represent M—E single bonds with a very
small M—E z-orbital contribution, and the AI=N and Ga—N bonds in the complexes have partial double-bond
character. The orbital interactions between metal and ENR; in [(>-CsHs)(CO)sM(ENR,)] arise mainly from M —
ENR; o donation. The zz-bonding contribution is, in all complexes, much smaller. The contributions of the electrostatic
interactions A Egsiat are significantly larger in all borylene, alylene, and gallylene complexes than the covalent bonding
AE,y,; that is, the M—ENR, bonding in the complexes has a greater degree of ionic character.

Introduction

Synthesis, structure, reactivity, and bonding in transition-
metal borylene complexes have been a provocative subject
since the first report of structurally characterized two-coordinate
transition-metal borylene complexes in 1998."% So far, a
number of structurally characterized terminal transition-metal
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borylene complexes' ™2 have been reported (Table 1). Ad-
ditionally, a number of base-stabilized adducts formed by
coordination of a Lewis base (main group or transition
metal) to the two- or three-coordinate boron center have
also been reported.?’*? The topic of borylene complexes has
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Table 1. Selected Structurally Characterized Two-Coordinate Terminal Metal Borylene and Metal Gallylene Complexes

complex® M-E (A) E-N/C (A) ZM—E—N/C (deg)
Transition-Metal Borylene Complexes
[(nS—CSHS)(CO)§V{BN(SiMeg)Q}] 1.959(6) 1.378(7) 177.9(4)
[(CO)sCr{BN(SiMes),}] 1.996(6) 1.353(6) 177.4(4)
(CORWBNSMe ) 21510 L3806 17756
1IV1€3 . . .
[(Cy3I§)(CO)4Cr{BN(zsiMe3)2}] 1.915(2) 1.364(3) 175.91(16)
[(Cy;P)(CO)sMo{BN(SiMe;),}] 2.059(3) 1.365(3) 175.3(2)
[(CysP)(CO),W{BN(SiMes),}] 2.058(6) 1.378(7) 175.8(5)
[(CO)sCr{BSi(SiMe3),}] 1.878(10)
) 178000 13585 7510)
u es . . .
(g -3C51$/Ie5)(C0) Ir{BN(SiMe3),}] 1.892(3) 1.365(4) 175.9(3)
[(7°-CsMes)(CO), Fe(BMes)] 1.792(8) 1.491(10) 178.3(6)
[(7°-CsMes)(CO), Fe(BN'Pr,] * 1.835(3) 1.334(3)
[(7°-CsMes)(CO), Ru(BN'Pr,] 1.950(8) 1.333(9)
[(7>-CsMes)(CO), Fe(BNCys] * 1.859(6) 1.324(7)
[(17°-CsMes)(CO), Fe(BNMes] * 1.811(3) 1.357(3) 175.4(2)
[(7°-CsMes)(CO), Ru(BNCys] * 1.860(6) 1.320(7)
[(7°-CsMes)(PMes((CO)Fe(BNCys] * 1.821(4) 1.347(5) 177.7(3)
[(17°-CsMes)(PMe;((CO)Ru(BNCys] + 1.928(4) 1.345(5) 170.8(3)
trans-[Br(PCy;)-Pt(BMes)] * 1.859(3) 1.495(4) 178.15(9)
Transition-Metal Gallylene Complexes
[(COyFe(GaAr™)] 2.2248(7) 1.943(3) 179. 2(1)
[07>-CsH)Ti(GaAr)] 2.4922(7) 2.025(3) 171.02(9)
[(7>-CsH5)Zr(GaAr*)] 2.6350(5) 2.003(5) 172.44(16)
(. CHGune 2ot 2021l e
i{GaC(SiMe . . .
[(;75—C5Me5)(dp3pé)i4:e{GaFe(CO)4}]” 2.2479(10)
[(7°-CsMes)(dppe)Fe{GaW(CO)s}1” 2.2687(12)
[(7°-CsMes)(dppe)Fe{GaFe(CO)(P(OPh); 2.2690(8)
[(17°-CsMes)(dppe)Fe{GaGe(CO)s(PMe;)}] 2.2769(5)
[{(7°-CsMes)Ga}4Rh(GaCH3)] ™ 2.4711(10) 1.958(11) 176.1(5)
[(7°-CsMes)(dppe)Fe(Gal)]* 2.2221(6)

4 Ar* = —CgH3-2,.6-(2,4,6-Pry;CeHo),. * dppe = diphenylphosphineethane; £ Fe—Ga—Fe = 176.01(4)°; ZFe—Ga—W = 173.78(4)°.© ZFe—Ga—Fe =

176.430(12)°. “ ZFe—Ga—Fe = 177.389(19)°. ¢ Ga—I = 2.4436(5) A; £Fe—Ga—1 = 171.37(3)°.

been covered by a range of review articles in recent years.>>**

In contrast to transition-metal borylene complexes, relatively
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few transition-metal gallylene complexes are known.>*~#*

To the best of our knowledge, no two-coordinate transition-
metal alylene complex has been reported. In the literature,
several transition-metal complexes with ligands Al(5-CsRs)
and Ga(;-CsRs) have been reported by Fischer, Schndckel,
and co-workers.* =% These complexes may be considered as
metal alane and metal gallane complexes, respectively, rather
than metal alylene and metal gallylene complexes.

A number of theoretical studies of terminal metal borylene,
alylene, and gallylene complexes have been reported.”! %4
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To the best of our knowledge, a bonding-energy analysis of
terminal metal borylene, alylene, and gallylene complexes of
vanadium and niobium has never been done before. A repre-
sentative example of vanadium borylene complex [(#7°-CsHs)-
(CO);V{BN(SiMes),)}] was reported by Braunschweig and
co-workers.” We decided to investigate the nature of M=E
bonds in the terminal metal borylene, alylene and gallyne
complexes of vanadium and niobium with energy decom-
position analysis (EDA).

In this paper, 16 neutral terminal borylene, alylene, and
gallylene complexes of vanadium and niobium, [(>-CsHs)-
(CO)sM(ENR,)] (M =V, Nb; E=B, Al, Ga; R =CHj3, SiH3,
CMe;, SiMes), have been investigated at the density func-
tional theory (DFT) level using BP86/TZ2P. The main goals
of the present study are (i) to investigate the geometries and to
analyze the nature of the M=E bond in the borylene, alylene,
and gallylene complexes and (ii) to provide a quantitative
differentiation of the M—ER bonds. We will discuss the
degree of ionic and covalent character of the M=E bonds as
well as the extent of the M — E 7 back-bonding contribution
to the metal—ligand orbital interactions (Figure 1).

Computational Methods

Calculations of the complexes [(77°-CsHs)(CO);M(ENR,)]
(M =V, E=B, I-1V, R=CHj;, SiH;, CMe;s, SiMe;, E = Al,
V—VI, R = CMe;, SiMes, E = Ga, VII-VIIL, R = CMe;,
SiMe;; M = Nb, E = B, IX—XII, R = CHj;, SiH;, CMe;,
SiMes, E = Al, XIII-XIV, R = CMe;, SiMe;, E = Ga, XV—
XVI, R =CMe;s, SiMej3) have been performed at the nonlocal
DFT level of theory using the exchange functional of Becke®
and the correlation functional of Perdew®® (BP86). Scalar
relativistic effects have been considered using the ZORA
formalism.®” Uncontracted Slater-type orbitals (STOs) using
triple-¢ basis sets augmented by two sets of polarization functions
were employed for self-consistent-field (SCF) calculations.®®
The (ls)2 core electrons of boron, carbon, nitrogen,
and oxygen, (1s2s2p)'° core electrons of vanadium, and
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Figure 1. Schematic representation of the M—ENR, orbital interac-
tions.

(1s2s2p3s3p3d)*® core electrons of niobium were treated by
the frozen-core approximation.(’9 An auxiliary set of's, p, d, f,
and g STOs was used to fit the molecular densities and to
present the Coulomb and exchange potentials accurately in
each SCF cycle.”® Calculations were performed utilizing the
program package ADF-2009.01."!

The binding interactions in complexes I—XVI between the
metal fragments [(57°-CsHs)(CO);M] (singlet state) and ER
fragments [ENR,] (singlet state) have been analyzed with Cy
symmetry using the energy decomposition scheme of ADF,
which is based on the methods of Morokuma’? and Ziegler
and Rauk.”® The bond energy AE between fragments is
separated into two major components, AEj, and AE..:

AE == AEim +AEprep (1)

Here, AE,,, is the energy required to promote the structures
of the free fragments from their equilibrium structure in the
electronic ground state to the geometry and electronic state
that they take up in the molecule:

AEprep = Eiorai(distorted fragments)
— Eoral (fragments in the equilibrium structure) (2)

AFE;, in eq 1 is the instantaneous interaction energy be-
tween the two fragments in the molecule. It can be decom-
posed into three main components:

AE'im = AEelslat + Ab:Pauli + AE‘orb (3)

A E.151ay describes the classical Coulomb interaction between
the fragments, which is attractive in most cases. The term
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AFEp,, which is called the exchange repulsion or Pauli
repulsion, takes into account the destabilizing two-orbital,
three- or four-electron interactions between occupied orbitals
of both fragments. AEp,,; is calculated by enforcing the
Kohn—Sham determinant of the molecule, which results
from superimposing both fragments, to obey the Pauli prin-
ciple through antisymmetrization and renormalization. The
last term in eq 3, AE,,, gives the stabilizing orbital interac-
tions between occupied and virtual orbitals of the two frag-
ments. AE,,, can be further partitioned into contributions by
the orbitals that belong to different irreducible representa-
tions of the point group of the system. It has been suggested
that the covalent and electrostatic character of a bond is given
by the ratio AEiga/ AE,1,.51-0%74776 The electronic structures
of the complexes were examined by natural bond order
(NBO) analysis.”” All molecular orbital pictures were made
by using the MOLDEN program.”

Results and Discussion

Geometries. The important ogtlmized bond distances
and angles of the complexes [(777-CsHs)(CO);M(ENR,)]
M=V, E=B, -1V, R =CHj, SiH3, CMe;, SiMes, E =
Al, V=VI, R = CMe;s, SiMe;, E = Ga, VII-VIII, R =
CMes, SiMes; M = Nb, E = B, IX—XII, R = CH3;, SiHs;,
CMes, SiMes;, E= Al XIII-XIV, R =CMe;s, SiMe3, E =
Ga, XV—XVI, R = CMe;, SiMes) at the BP86/TZ2P
level are presented in Table 2. The optimized geometries
of niobium complexes (XI—XVI) are shown in Figure 2.

Niobium borylene, alylene, and gallylene complexes
are not known so far. We report here for first time the
optimized geometries of these niobium complexes (IX—
XVI) as well as of the vanadium complexes [(17°-CsHs)-
(CO)3V(ENR,)] I—IIT and V—VIII). Therefore, we can-
not compare the calculated values for studied niobium
complexes with experimental data. The structural data
for the known transition-metal borylene and gallylene
complexes were reported (see Table 1). The calculated
geometrical parameters of the vanadium borylene com-
plex [(17°-CsHs)(CO);V{BN(SiMes),)}] are in excellent
agreement with available experimental values.” We ex-
pect the same accuracy for the other studied metal
borylene, alylene, and gallylene complexes. Variations
of the M—E bond distances are presented in Figure S1 in
the Supporting Information.

As seen in Table 2, the M—B bond distances in com-
plexes [(°-CsHs)(CO)sM(BNR,)] (M =V, Nb; R = Me,
SiH;, CMes;, SiMes) are longer than those expected for

M=B double bonds estimated on the basis of double-
bond_ covalent radii predictions (V=B, 1.90 A; Nb=B,
2.03 A) ? However, the sums of the corresponding M—B
single-bond radii amount to V—B, 2.19 A, and Nb—B,
2.32 A, respectively.”’ It can be 1nferred from these
observatlons that the M—B bonds in the borylene com-
plexes I—=1V and IX—XII have partial M—B double-bond
character. Furthermore, the nature of the substituent R of
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6994,

(75) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899.

(76) Schaftenaar, G. MOLDEN3.4; CAOS/CAMM Center: Nijmegen,
The Netherlands, 1998.

(77) Pyykko, P.; Atsumi, M. Chem.—Eur. J. 2009, 15, 12770.

(78) (a) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; Clarendon:
Oxford, U.K., 1984. (b) Pauling, L. The Nature of the Chemical Bond, 3rd ed.;
Cornell University Press: Ithaca, NY, 1960.

(79) Wiberg, K. B. Tetrahedron 1968, 24, 1083.

Inorganic Chemistry, Vol. 50, No. 4, 2011 1405

ligand BNR; has a significant effect on the nature of the

—BNR,; bonding (Figure S1 in the Supporting Informa-
tion), as indicated, e.g., by the M—B bond distances,
which increase on going from Me to CMe; and from
SiHj; to SiMes but decrease on going from CMes to SiMes.
In detail, the substituent at nitrogen in ENR, [E = B, Al,
Ga; R =Me, SiH;, C(Mes), Si(Mes)] species exerts effects
on (i) the strength of the M—E bonds, (ii) the charges on
metal [(7°-CsHs)(CO)sM] (M =V, Nb) as well as on ENR,
fragments, and (iii) the nature of ionic and covalent interac-
tions between these two fragments. In the following, this
is exemplified for borylene complexes, based on the nature
and properties of the highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals
(LUMOs) of the corresponding moieties [(17°-CsHs)(CO);M]
M=V, Nb) and [BNR;] [R = Me, SiH3, C(Me3), Si(Me3)].
The energies of the HOMOs and LUMOs of the metal
fragments vary as [(7° C5H5)(CO);V] (HOMO, —4.934 ¢V;
LUMO, —4.155 eV) and [(#°-CsHs)(CO);Nb] (HOMO,
—4.873 eV; LUMO, —4.002 ¢V), while the corresponding
energies of the [BNR,] species are calculated as [BNMe-]
(HOMO, —4.968 eV; LUMO, —2.026 V), [BN(SiHj3),]
(HOMO, —5.352 eV; LUMO, —2.090 V), [BN(CMejs),]
(HOMO, —4.286eV; LUMO, —1.226 eV), and [BN(SiMe3),]
(HOMO, —4.566 ¢V; LUMO, —1.241 eV). Evidently, the
LUMO of the metal fragments [(>-CsHs)(CO);M] is
closer in energy to the HOMO of [BN(CMes),] (as an
example) than to the HOMO of [BNMe,], allowing for
relatively better ligand-to-metal donation and thus, slightly
stronger M—B o-bond interaction in [(#7°-CsHs)(CO);M-
{BN(CMes)»}]. On the other hand, the HOMO of the
metal fragments [(°-CsHs)(CO)sM] is closer in energy to
the LUMO of [BNMe,] than to the LUMO of the
[BN(CMes),] ligand, resulting in better metal-to-ligand
m back-bonding. The latter effect appears to outweigh the
aforementioned o-bond interaction, and thus, as a net
effect, a lengthening of the M—B bond in [(3°-CsHs)-
(CO)3M{BN(CMe3)2} is observed in comparison to that
in [(17°-CsHs)(CO);M{BNMe,}].

The optimized B—N bond distances (1.384—1.395 A) in
the metal borylene complexes I-IV and IX—XII are
similar to those expected for double bonds based on
covalent radii predictions (B=N, 1.38 A) and are short-
er than those expected for single bonds based on covalent
radii predictions (B—N, 1.55 A).%° The results reveal that
the B—N linkages in the metal borylene complexes re-
present nearly B=N double bonds. .

The M—E bond distances (V—Al = 2.406 A in V and
2.398 Ain VI; V—Ga=2.398 A in VII and 2.384 Ain VIIIL;
Nb—Al=2.556 A in XIII and 2.530 A in XIV; Nb—Ga =
2.538 A in XV and 2.526 A in XVI) in the studied metal
alylene and gallylene complexes almost resemble those
expected for a single bond based on covalent radii pre-
dictions (V—AI, 2.40 A; V—Ga, 2.44 A; Nb—Al, 2.52 A;
Nb—Ga, 2.56 A) and are significantly larger than the sum
of the double-bond covalent radii (V=AI, 2.25 A, V=Ga,
2.29 A, Nb=Al, 2.38 A, Nb=Ga, 2.42 A).”’ Thus, the
M—E bonds in the studied metal alylene and gallylene
complexes represent M—E single bonds with very small
M—E m-orbital contribution (see Figure S1 in the Sup-
porting Information and Table 4). The optimized AI—-N
and Ga—N bond distances (Al-N, 1.806—1.823 A;
Ga—N, 1.864—1.875 A) in the metal alylene and gallyne
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Figure 2. Optimized geometries of niobium borylene, alylene, and gallylene complexes [(5>-CsHs)(CO);Nb(ENR,)] . The important bond lengths and

angles are given in Table 2.

complexes V—VIII and XIII—XVI are shorter than
expected for a single bond based on covalent radii
predictions (AI—N, 1.91 A; Ga—N, 1.95 A) and longer
than those expected for a double bond based on cova-
lent radii predictions (AI=N, 1.73 A; Ga=N, 1.77 A).”’
Thus, the AI-=N and Ga—N bonds in the complexes
V—VIII and XIII—-XVI have partial double-bond char-
acter. The M—E—N bond angles in I-XVI deviate
slightly from linearity.

Bonding Analysis of M—ENR, Bonds. We start the
analysis of the bonding situation of M—E bonds in the
borylene, alylene, and gallylene complexes I-XVI with a
discussion of bond orders and atomic charges. Table 3
gives the Wiberg bond indices (WBIs)”’ and natural
population analysis (NPA) charges.

Table 3 shows that the WBI values of the M—E bonds
in the vanadium complexes [(°-CsHs)(CO);V(ENR)]
(I—VII) are smaller than the corresponding WBI values
of the M—E bonds in the niobium complexes [(°-CsHs)-
(CO)3Nb(BNR,)] (IX—XVI). The results reveal the expected
periodic trend in the bond strengths due to the d-orbital
extent. The WBI values of the M—Al and M—Ga bonds
(~0.50) in the alylene and gallylene complexes are sig-
nificantly lower than the WBI values of the M—B bonds
(~1.0). Similar results are found for the E—N bonds
(Table 3). One can infer from these observations that

there is multiple-bond character in the V—B—N moiety in
the metal borylene complexes I-1V and IX—XII, while
relatively poor M—E o and 7 bonding is present in metal
alylene and gallylene complexes. The WBI values of the
M—CO bonds indicate that the CO ligand trans to the
ENR, moiety is more weakly bound than the CO ligands
in the cis position because of the enhanced trans effect of
the ENR, ligands.®*"">> The calculated NPA charge
distributions indicate that the metal atoms carry negative
charges and the boron, aluminum, and gallium atoms
carry significantly larger positive charges in the com-
plexes I-=XVI. On going from vanadium to niobium,
the negative charge on the metal decreases significantly.
The energy increase for d,(HOMO) (as mentioned ear-
lier) of the [(7°-CsHs)(CO);Nb] fragment will enhance
back-donation to the [BNR,] species because this orbital
iscloser in energy to the LUMO of [BNR;]. Because of the
relatively greater 7 back-donation from [(37°-CsHs)-
(CO);NDb] to [BNR,] than from [(5°-CsHs)(CO);V] to
[BNR5], the charge on niobium is less negative. Addition-
ally, the larger polarization of the electronic charge
toward CsHs in the niobium complexes may also be held
responsible for the smaller negative charge on niobium
than on vanadium. It is surprising to note that CHj
and SiH; are observed to be better donors than CMes
and SiMes.
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Figure 3. Values of the energy contributions of the interaction energy, electrostatic interactions (ionic contribution), orbital interactions (covalent
interaction), o bonding, and 7 bonding to the V—E bonds in the terminal borylene, alylene, and gallylene complexes of vanadium [(77°-CsHs)(CO);V(ENR]
[E = Band R = Me (I), SiH; (II), CMe; (III), SiMe; (IV); E = Aland, R = CMes (V), SiMe; (VI); E = Gaand R = CMe; (VII), SiMes (VIID)]. A negative

sign indicates attractive interaction.

EDA of M—E (E = B, Al, Ga) Bonding. Besides the
charge decomposition analysis using the NBO method, we
also performed EDA of the M=E bonds in terminal bor-
ylene, alylene, and gallylene complexes I—=XVI. The results
are given in Table 4 and Figures S1 and S2 in the Supporting
Information. EDA of the neutral borylene and gallylene
complexes was reported by Frenking et al. ¢!

The tabulated bond dissociation energies in Table 4
reveal the expected periodic trend in the bond strengths
due to the d-orbital extent: the Nb=E bonds of complexes
XI—XVI are slightly stronger than the V=E bonds of
complexes III—VIII. We observed the opposite trend for
better electron-donating ligands CH; and SiH; (niobium
complexes IX and X vs vanadium complexes I and II).
Figures 3 and S2 in the Supporting Information show a
diagram of the m-bonding and o-bonding interaction
energies AEj, orbital interaction energies AE,,, and
electrostatic interactions AFEg .. The breakdown of the
interaction energy AE;,, into the repulsive term AEp,y;
and the attractive terms AE,,, and AE,4,; Shows that the
AEp,.; repulsive interactions have the larger absolute
value for the studied complexes I-XVI (Table 4). We also
note the AFEp,; repulsive interactions are larger for vana-
dium complexes I—VIII than for niobium complexes IX—
XVI. The differences in the values of the energy terms for
niobium complexes compared to those for vanadium com-
plexes are mainly due to the relativistic effects of niobium
as well as the nature of the substituents at nitrogen.

The contributions of the electrostatic interaction terms
AEsaq are larger in all borylene, alylene, and gallylene
complexes I-XVI than the covalent bonding AE,;, term.
Thus, the[M]=BNR, ([M] = [(°-CsH5)(CO);M]) bonds
have a greater degree of ionic character (see Figure 3). The
results reveal that (1) the nature of the substituent R in
ENR, has an insignificant effect on the ionic character of
the [M][=ENR, bonds and (2) the ionic character in
niobium borylene, alylene, and gallylene complexes is

@)

HOMO-2
© LUMO

o)

Figure 4. Optimized geometry and plot of some relevant orbitals of TII.

slightly greater than those in the corresponding vanadium
complexes. Table 4 also gives the breakdown of the orbital
interactions AE,,, into the M <— BR o-donation and M —
BR s-back-donation components. It is significant to note
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Figure 5. Optimized geometry and plot of some relevant orbitals of IV.

that the 7-bonding contribution in all complexes is smal-
ler (12.0—23.3% of total orbital contributions) than the
o-bonding contribution, and the relatively highest percentage
value is found for BN(CMe;), ligands. A relatively larger
7 contribution is found for the borylene complexes [(77°-
CsH;)(CO)sM(BNR,)] than for the alylene complexes [(77°-
CsHs)(CO)sM(AINR,)] and gallylene complexes [(37°-
CsH;5)(CO);M(BNR»)]. The trend of variation in all energy
terms (interaction energy, electrostatic interaction, orbital
contribution, o-bonding contribution, as well as 7z-bond-
ing contribution) is BNR, > AINR, > GaNR,. From the
data presented in Table 4, it could be inferred that the
ENR; ligands dominantly behave as o donors.

To visualize the differences in M=B bonding in the
borylene complexes, envelope plots of some relevant
orbitals of the vanadium complexes [(7°-CsHs)(CO);V-
{BN(CMe3),}] (M) and [(17-CsHs)(CO);V{BN(SiMes),}]
(IV) are given in Figures 4 and 5, respectively. Figure 4A
and SA give a pictorial description of the V—B z orbital
along with the V—CO x orbital, which are very similar
(see also Figures 3 and S2 in the Supporting Information).
Figures 4B and 5B show V—B o bondings that are quite
different, indicating stronger V—B o interaction in com-
plex IV than in complex III. Figures 4C and 5C give
pictorial descriptions of the B—N s orbitals. Figures 4D
and 5D display boron s orbitals that have some overlap
with CO carbon 7 orbitals. It is important to note that the

Pandey et al.

latter interaction is greater in complex IV than in complex
III. 1t is also significant to note that V—Al and V—Ga &
orbitals in the complexes [(17°-CsHs)(CO);V{EN(SiMes)-}]
(E = Al, Ga) have very small contributions, with major
contributions from the V—CO 7 orbital (see Figure S3 in the
Supporting Information).

Conclusion

From the theoretical studies presented above on the
structure and bonding in 16 neutral terminal borylene,
alylene, and gallylene complexes of vanadium and niobium,
one can draw the following conclusions:

1 Here, for the first time (except for the vanadium
complex IV), we reported the optimized geometry
and electronic structure of, as well as analyzed the
nature of, M=BNR, bonds in the terminal neutral
metal borylene, alylene, and gallylene complexes of
vanadium and niobium [(17°-CsHs)(CO);M(ENR)]
(where M =V and Nb and R = Me, SiH;, CMe;,
and SiMes;). The calculated geometry parameters
of the vanadium borylene complex [(75-CsHs)-
(CO);Ir{BN(SiMes;),}] (IV) are in excellent agree-
ment with their available experimental values.’

2 The M—B bonds in the borylene complexes have
partial M—B double-bond character, and the B—N
bonds are nearly B=N double bonds. On the other
hand, the M—E bonds in the studied metal alylene
and gallylene complexes represent M—E single
bonds with very small M—E m-orbital contribu-
tion, and the AI-N and Ga—N bonds in the
complexes have partial double-bond character.

3 Thenature of the substituent R of ligand BNR has
a significant effect on the nature of the M—BNR,
bonding: M—B bond distances increase on going
from Me to CMe; and from SiH; to SiMes but
decrease on going from CMej; to SiMes.

4 The WBI values of the M—Al and M—Ga bonds
(~0.50) in the alylene and gallylene complexes are
significantly lower than the WBI values of the
M—B bonds (~1.0).

5 The orbital interactions between metal and ENR,
in [(57°-CsHs)(CO)sM(ENR,)] arise mainly from
M — ENR, o donation. In all studied complexes,
the 7-bonding contribution to the total M—ENR,
bond is significantly smaller than that of the
o-bonding contribution and decreases upon going
from M = V to Nb. Thus, in the ENR, ligand,
boron, aluminum, and gallium dominantly behave
as o donors. The contributions of the electrostatic
interactions AFE.., are significantly larger in all
borylene, alylene, and gallylene complexes than the
covalent bonding AE,,; that is, the [M]—BNR,
bonding in the complexes has a greater degree of
ionic character.
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