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Structure and Bonding Energy Analysis of M—Ga Bonds in Dihalogallyl Complexes
trans-X(PMe;),M(GaX5)] (M = Ni, Pd, Pt; X = Cl, Br, I)
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Geometry, electronic structure, and bonding analysis of the terminal neutral dihalogallyl complexes of nickel,
palladium, and platinum trans-[X(PMe3)M(GaX5)] (M = Ni, Pd, Pt; X = Cl, Br, I) were investigated at the BP86 level of
theory. The calculated geometries of platinum gallyl complexes trans-[X(PMe3).Pt(GaX,)] (X = Br, I) are in excellent
agreement with structurally characterized platinum complexes trans-[X(PCy3).M(GaX,)]. In the gallyl complexes of
nickel and palladium, the M—Ga o bonding orbital is slightly polarized toward the gallium atom, while in the platinum
gallyl complexes, the M—Ga o bonding orbital is slightly polarized toward the platinum atom. It is significant to note that
gallium atoms along the M—Ga o bonds have large p character, which is always >51% of the total AO contributions,
while along the Ga—X o bonds, the p character varies from 72% to 73%. The short M—Ga bond distances, in spite of
the significantly small M—Ga s bonding, are due to the large s character of gallium (~45—48%) along the M—Ga
bonds. The calculated NPA charge distributions indicate that the metal atom carries negative charge and the Ga atom
carries significantly large positive charge. The contributions of the electrostatic interaction terms, AEqg., are
significantly larger in all gallyl complexes than the covalent bonding AE,, term. Thus, the [M]—GaX, bond in the
studied gallyl complexes of Ni, Pd, and Pt has a greater degree of ionic character (65.7—72.5%). The sr-bonding
contribution is, in all complexes, significantly smaller than the o bonding contribution. In the GaX ligands, gallium
dominantly behaves as a o donor. The interaction energy increases in all three sets of complexes via order of Ni < Pd <
Pt, and the absolute value of A Epayii, AEini, and A Egjsiat CONtributions to the M—Ga bonds decreases via X = Cl < Br<|
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in all three sets of complexes.

Introduction

Since the first report of structurally characterized terminal
transition metal boryl complexes in 1990," the chemistry of
transition metal complexes with terminal boryl (BX) ligands
has blossomed in the past 20 years, during which much
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knowledge of their properties has been obtained.' ' In sharp
contrast to the transition metal boryl complexes, the coordina-
tion chemistry of gallyl ligands (structures A, B, and C) has been
much less developed. A number of transition metal complexes
with heterocyclic gallyl ligands have been reported. Table 1
gives M—Ga bond distances in structurally characterized gallyl
complexes that have been reported in the literature.'”~
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Only a few structurally characterized terminal transition
metal dihalogallyl complexes have been reported. Fischer et al.

(13) Anderson, C. E,; Braunschweig, H.; Dewhurst, R. D. Organometal-
lics 2008, 27, 6381.

© 2010 American Chemical Society



Article

Table 1. Selected Structurally Characterized Metal—Gallyl Complexes

M—Ga bond
complexes® distance, (A) references
[FeCp*(GaCp*)(GaBr,)(PPhs)] 18
[Cp*Fe(dppe)(Gal,)] 2.3236(14) 19, 20
[Cp*Fe(dppe)Ga(Mes)I] 2.3550(1) 19, 20
[Cp*Fe(CO),Ga(Mes)I] 2.3113(12) 19,20
trans-[(Cy;P),Pt(Br)(GaBr,)] 2.3403(4) 21
trans-[(CysP),Pt(1)(Gal,)] 2.3383(4) 21
[CpFe(CO),Ga(Mes*)CI] 2.346(1) 22
[Cp*Fe(CO),Ga(Mes*)I] 2.372(2) 22
[CpV(CO);3[Ga{[N(Ar)C(H)]-}]~ 2.4618(13) 23
[Cp’Mn(CO),[Ga{[N(Ar)C(H)]>}]]~ 2.3105(9) 23
[CpCo(CO)[Ga{[N(Ar)C(H)]L}]~ 2.2347(7) 23
[Cp,' V[Ga{[N(Ar)C(H),}]] 2.5303(9) 23

[CpyV[Ga{[N(Ar)C(H)]o} 1]
[Mn{CH(SiMe;)2}>[Ga{[N(Ar)C(H)]2}]]

2.5093(12) 23
2.6658(10) 23

[Fe(CO)[Ga{[N(Ar)C(H),}] 2.3068(8) 24
[CPNi[Ga{[N(Ar)C(H)]> o] 22196(11), 25
2.2154(11)
[Ni{C[N(Me)C(Me)]}o[Ga{[N(Ar)C(H)]},]  2.3242(6) 25
[Ir(COD)(IMes)[Ga{[N(Ar)C(H)]}] 2.4689(5) 27
[Rh(COD)(IMes)[Ga {[N(Ar)C(H)]>}]] 2.4259(6) 27
[(IMes)Cu[Ga{[N(Ar)C(H)»} 1] 2.3066(6) 27
[(IMes)Ag[Ga{[N(Ar)C(H)>}]] 2.4161(5) 27
[(IMes)Au[Ga{[N(ADC(H)]}] 2.3782(6) 27
[(IPr)Cu[Ga{[N(AT)C(H)]2}1] 2.2807(5) 27
[(IPH)A[Ga{[N(A)C(H)] ] 2.4108(8) 27
trans-[Pt{Ga{[N(Ar)C(H)]»} }»(PEL;)5] 2.4308(6) 37
cis-[Pt{Ga{[N(AT)C(H)]2} }»(PEts)s] 2.4495(6), 37
2.4313(7)
trans-[Ni{Ga{[N(Ar)C(H)]} }»(PEts)s] 2.3614(7) 37
trans-[Pd{Ga{[N(Ar)C(H)]>} }2(PEt3),] 2.4514(8) 37
trans-[PACH{Ga{[N(Ar)C(H)]>} }(PEt;),] 2.3551(6) 37
trans-[NiCl{Ga{[N(Ar)C(H)],} } (PEt3)s] 2.2878(5) 37
[PtCl{Ga{[N(Ar)C(H)],} } (depe)] 2.4151(7) 37
[PtCH{Ga{[N(Ar)C(H)]>} }(dppe)] 2.3929(7) 37
[PH{Ga{[N(Ar)C(H)]} }2(dppe)] 2.4157(6), 37
2.4167(7)
[Ni{Ga{[N(Ar)C(H)]>}}»(tmeda)] 2.3051(8) 37
2.3503(8)
[Pd{Ga{[N(Ar)C(H)]:} }»(tmeda)] 2.3959(9) 37
[Pd{Ga{[N(Ar)C(H)]} }2(dppm)] 2.4032(8) 37
[Pt{Ga{[N(Ar)C(H)].} }2(dppm)] 2.4170(8), 37
2.4218(7)
[Pt{Ga{[N(Ar)C(H)]>} }»(COD)] 2.3838(7) 37

“Cy = cyclohexyl; Cp = CsHs; Cp* = CsMes; Cp’ = CsHsMe; Mes =
2,4,6-Me;CoHy; Mes* = CoH,Bu'5-2,4,6; Ar = CgH3Prip-2,6: COD =
1,5-cyclooctadiene; Imes = C{N(CsH,Mes3-2,4,6)CH},; Ipr =: C{N-
(AnC(H)}>

reported iron dibromogall?/l complex [(17°-CsMes){Ga(n’-
CsMes) }(PPh;)Fe(GaBr)]. Aldrldge and co-workers re-
ported diiodogallyl complex [(3° C5Me5)(dppe)Fe(Galz)]
(dppe = diphenylphosphineethane).'**° Recently, Braunsch-
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weig et al. isolated the first representative examples of dibro-
mogallyl and diiodogallyl complexes of platinum, trans-[X-
(PCy;),Pt(GaX»)] (X = Br, I).?! To the best of our know-
ledge, the structure and M—GaX, bonding energy analysis of
the terminal neutral metal dihalogallyl complexes of nickel,
palladium, and platinum have never been studied before.
Here, we report the geometry and electronic structure, as well
as the nature, of M—Ga bonds in the terminal neutral metal
dihalogallyl complexes trans-[X(PMe;),M(GaX;)] (M = Ni,
Pd, Pt; X = CI, Br, I). We intend to answer two questions:
one of them addresses the degree of ionic and covalent cha-
racter of the M—Ga bonds, while the second question add-
resses the extent of the M — Ga o bonding and M — Ga
7 back-bonding contributions to the M—GaX, bonds. The
alteration of the strength of the M — Ga o bonding is
discussed when M changes from M = Nito M = Pt and
X changes from X = Clto X = 1.

Computational Procedure

Calculations of the neutral terminal halogallyl complexes
trans-[X(PMe3),M(GaX,)] (ILM = Ni, X = C; I, M = Nj,
X =Br;IIILM = Ni,X = LIV,M =Pd, X =CLV,M =
Pd,X =Br; VLM = Pd,X = I, VI, M = Pt, X = CI; VIII,
M = Pt, X = Br; IX, M = Pt, X = I) have been performed at
the nonlocal DFT level of theory using the exchange funct-
ional 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 pol-
arization functions were employed for the SCF calcula-
tions.*! The (1s)? core electrons of the carbon; (1s2s2p)'° core
electrons of phosphorus, chlorine, and nickel; (1s2s2p3s3p)'®
core electrons of gallium and bromine; (15252p3s3p3d4s4p)3 6
core electrons of iodine; (1s2s2p3s3p3 ) core electrons of
palladium; and (1s2s2p3s3p3d4sdp4d)*® core electrons of
platinum were treated by the frozen-core approximation.*?
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Table 2. Selected Optimized Geometrical Parameters for Metal-Gallyl Complexes [X(PMe3),M(GaX,)] (M = Ni, Pd, Pt; X = Cl, Br; I)*
Ni Pd Pt
Cl Br I Cl Br 1 Cl Br 1
1 11 I v A\ VI VII VIII IX
Bond Distances
M-X 2.186 2.341 2.523 2.382 2.519 2.687 2.390 2.533 2.702
[2.5087(3)]" [2.6902(5)]
M-Ga 2.244 2.259 2.265 2.345 2.362 2.371 2.360 2.374 2.383
[2.3403(4)] [2.3383(6)]
M-P 2.215 2.221 2.233 2.347 2.354 2.364 2.330 2.334 2.341
Ga—X 2.216 2.379 2.593 2.213 2.373 2.585 2.208 2.370 2.581
[2.3428(5)] [2.5558(7)]
[2.3348(5)] [2.5472(8)]
Bond Angles
X—M-Ga 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0
P—-M-P 172.0 172.4 172.0 174.1 173.9 173.0 176.6 176.2 175.0
[171.39(3)] [167.86(4)]
X—-Ga—X 105.8 106.5 106.4 106.5 107.1 107.5 106.1 106.7 107.3
[101.65(2)] [105.77(3)]
X—M-P 93.9 93.8 94.0 92.9 93.0 93.5 91.7 91.9 92.5
[90.22(2)] [91.43(3)]
M—-Ga—X 127.1 126.9 126.8 126.7 126.4 126.2 126.9 126.6 126.3

“Bond distances in angstrom (A) and angles in degrees. ®X-ray structural data for [Br(PCys)2Pt(GaBr,)]. ¢X-ray structural data for

[I(PCy3)2Pt(Gal,)]

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.** The calculations
were performed utilizing the program package ADF-
2008.01.*

The binding between the metal [X(PMe;),M]" and gallyl
[GaX,]  fragments (singlet state) of complexes I—IX has
been analyzed at C,, symmetry using the energy decomposi-
tion scheme of the ADF package which is based on the
Morokuma®® and Ziegler and Rauk*® methods. On the basis
of these studies, the bond energy AE between the fragments
can be decomposed as

AE = AEi + AEprep (1)

where AE,., is the energy required to promote the free
fragments from their equilibrium structure in the electronic
ground state to that which they take up in the molecule:

AEpep = Eiora(distorted fragments)

2)

— Eioral(fragments in the equilibrium structure)

(42) Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2, 41.

(43) Krijn, J.; Baerends, E. J. Fit Functions in the HFS-Method, Internal
Report (in Dutch); Vrije Universiteit Amsterdam: The Netherlands, 1984.

(44) Baerends, E. J.; Autschbach, J. A.; Berces, A.; Bo, C.; Boerrigter,
P.M.; Cavallo, L.; Chong, D. P.; Deng, L.; Dickson, R. M.; Ellis, D. E.; Fan,
L.; Fischer, T. H.; Fonseca Guerra, C.; van Gisbergen, S. J. A.; Groeneveld,
J. A.; Gritsenko, O. V.; Griining, M.; Harris, F. E.; van den Hoek, P.;
Jacobsen, H.; van Kessel, G.; Kootstra, F.; van Lenthe, E.; Osinga, V. P.;
Patchkovskii, S. Philipsen, P. H. T.; Post, D. Pye, C. C.; Ravenek, W.; Ros,
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Rauk, A. Inorg. Chem. 1979, 18, 1558. (c) Ziegler, T.; Rauk, A. Inorg. Chem.
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In eq 1, AE;, is the instantaneous interaction energy
between the two fragments of the molecule. It can be decom-
posed into three main components:

AEint - AEelstal + AEPauli + AEorb (3)
where AFE.a: describes the classical Coulomb interaction
between the fragments. AEp,,;, which is called exchange
repulsion or Pauli repulsion, takes into account the destabi-
lizing two-orbital, three- or four-electron interactions be-
tween the occupied orbitals of both fragments, and AE,,
represents orbital interactions between the occupied and
virtual orbitals of the two fragments. It has been suggested
that the covalent and electrostatic character of the bond can
be given by the ratio AEqu/AEqmp. 0

The electronic structures of the studied complexes were
examined by NBO analysis.>' All MO pictures were made
using the MOLDEN program.>>

Results and Discussion

Geometries. The important bond distances and angles
of the dihalogallyl complexes (I—IX) calculated at the
BP86/TZ2P level of theory are presented in Table 2. The
structures (only for trans-[Br(PMes3),M(GaBr,)] (M =
Ni, Pd, Pt)) for complexes II, V, and VIII are shown in
Figure 1. The structures of the X = Cl and X = 1
complexes are very similar to those presented in this
figure and therefore are not included in Figure 1. The
optimized Cartesian coordinates of all studied complexes
are given in the Supporting Information.

(47) Diefenbach, A.; Bickelhaupt, M. B.; Frenking, G. J. Am. Chem. Soc.
2000, /22, 6449.
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Figure 1. Optimized geometries of dibromogallyl complexes of nickel, palladium, and platinum. The important bond distances and angles are given in

Table 2.

Since dihalogallyl complexes of nickel and palladium
are not known so far, we here report for the first time in
the literature the structures of these nickel and palladium
dihalogallyl complexes.

As seen in Table 2, the M—Ga bond distances in the
studied complexes trans-[X(PMes),M(GaX5)] (wWhere M =
Ni, Pd, and Pt and X = CI, Br, and I; I-IX) are shorter
than those expected for M—Ga single bonds estimated on
the basis of covalent radii predlc'uons (N1 Ga = 2.40 A,
Pd—Ga = 2.56 A, Pt—Ga = 2.57 A) 3 Using the relation-
ship between the bond order and bond distance suggested
by Pauling,>* the Pauling bond orders of the optimized
M—Ga bond distances in these complexes are 1.7 (I), 1.6
(ID), 1.5 (IMD), 2.0 (IV), 1.9(V), 1.8 (VI), 2.0 (VII), 1.9 (VIII),
and 1.8 (IX). Thus, the M—Ga bonds in the complexes
(I-IX) are stronger than the M-Ga single bonds. It is
important to note that the M—Ga w-bonding in the studied
metal gallyl complexes (I-IX) is significantly smaller than
the M—Ga o-bonding, and in the GaX, ligands, gallium
dominantly behaves asa o donor (see Table 4 and Figure 4).
The reasons for the shortening of M—Ga bond distances
will be discussed in subsequent sections.

Upon going from X = CI to X = I, the calculated
M—Ga bond distance increases from 2.244 A (I < 2.259
A (IT) < 2.265 A (1), 2.345 A (IV) < 2.362 A (V) <
2.371 A(VI) and 2.360 A (VII) < 2.374 A (VIII) < 2.383
A (IX). There are two different types of halides in the
complexes trans-[X(PMes),M(GaX,)]: one type of halide
is bound to the metal in the trans position to the GaX,
groups, while the second type of halide is bound to the
gallium atom. Both types of halides have opposite effects
on the strength of the M—Ga bonds. The well-known
trans effect of the halides (bound to M) follows the order
I > Br > Cl ; thatis, the strength of the M—Ga bond
decreases on going from X = Clto X = Iin the complexes
trans-[X(PMesz),M(GaX,)]. The gallium bound halides
exert various effects on the strength of the M—Ga bonds,
which in comparison are not very significant, though:

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

(54) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell
University Press: New York, 1960; p 239. The relationship of bond order to
length is given by d, =d; — 0.71 log(n), where n is the bond order and d, and d,, are
the lengths of bonds with bond orders of 1 and n, respectively.

(1) The s character of Ga along the Ga—X bond decreases
upon going from Cl to I, and accordingly, the s character
of Ga along the M—Ga bonds increases on going from Cl
to I. (i) The nature and properties of the HOMO and
LUMO orbitals of the fragments [X(PMe;),M]" and
[GaX,] also play a role in explaining the orbital inter-
action differences. The energy of the LUMO orbital of the
metal fragments varies as [CI(PMe;),Ni]* (—8.789 eV) <
[Br(PMes),Ni]* (—8.689 eV) < [I(PMes),Ni]" (—8.489
eV), [CI(PMe;),Pd]" (—8.551 eV) < [Br(PMes),Pd]"
(—8.458 eV) < [I(PMes),Pd]" (—8.296 eV), and [Cl-
(PMes),Pt]* (—8.785 eV) < [Br(PMes),Pt]" (—8.683 eV)
< [I(PMe;)-Pt]" (—8.469 eV), while the energy of the
HOMO orbital of the [GaX,] species varies for
[GaCl,]” in I, —0.114 ¢V; [GaBr,]™ in II, —0.406 eV,
[Gal,] in III, —0.647 eV; [GaCl,] in IV, —0.090 eV;
[GaBr,] in V, —0.373 eV; [Gal,] in VI, —0.606 eV;
[GaCl,] in VII, —0.078 eV; [GaBr,] in VIII, —0.370 eV;
and [Gal,] in IX, —0.597 eV. As a result, the LUMO of
the metal fragment [I(PMe;).M]" comes closer in energy
to the HOMO of the [Gal,] fragment, allowing for better
donation and relatively stronger M—Ga o bond interac-
tion in trans-[I[(PMe;)>M(Gal,)] complexes. The results
reveal that, for [GaX;] ™ species, on going from X = Cl to
X = I, the M—Ga bond strength should increase. This is
opposite of the trans effect of the halides. The variation in
the M—Ga bond distances (Table 2), WBI of the M—Ga
bond (Table 3), and orbital interaction AE(A1) for the
M—Ga bond (Table 4) show that the trans effect of
halides is relatively greater than the effects of halides bon-
ded to the Ga atom. Hence, the strength of the M—Ga
bond decreases on going from X = CI to X = I in the
complexes trans-[X(PMe3),M(GaX5)].

The M—X optimized bond distances, 2.186—2.702 A,
in I-IX are almost equal to that expected for the smgle
M—X bond on_the basis of covalent radii predictions
(Ni— Cl—219A Ni— r—234A Ni— 1—253A Pd—
Cl—235A Pd— Br—250A Pd— I—269A Pt—Cl =
2.36 A, Pt—Br = 2.51 A, Pt—1I = 2. 70A) The optimized
Ga—X bond distances are slightly longer than that ex-
pected for the single Ga—X bond on the basis of covalent
radii predictions (Ga—Cl = 2.19 A, Ga—Br = 2.34 A,
Ga—1 = 2.53 A).

The X—M—Ga bond angles in these complexes are
linear, and the X—Ga—X bond angles are in the range
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Table 3. Wiberg Bond Indices and Results of the NBO Analysis in Metal-gallyl Complexes [X(PMes),M-GaX,] (M = Ni, Pd, Pt; X= Cl, Br, I)
Wiberg Bond Indices
Ni Pd Pt
Cl Br I Cl Br I Cl Br I
| I 11 v \% VI VI VIII IX
M—Ga 0.76 0.74 0.72 0.70 0.68 0.66 0.77 0.74 0.71
M-X 0.73 0.80 0.87 0.62 0.69 0.74 0.67 0.73 0.78
M-P 0.68 0.68 0.68 0.62 0.61 0.60 0.71 0.70 0.69
Ga—X 0.72 0.81 0.88 0.73 0.81 0.89 0.74 0.83 0.90
NBO Analysis
Ni Pd Pt
Cl Br I Cl Br 1 Cl Br 1
| 11 11 v \% VI VI VIII IX
M—Ga o Bond
occupancy 1.666 1.672 1.668 1.618 1.621 1.612 1.673 1.671 1.660
M
% 49.97 49.57 49.55 49.45 48.34 47.27 52.88 51.78 50.69
%s 21.02 22.19 23.00 24.18 24.88 25.11 25.18 26.06 26.53
Y%p 54.78 53.73 53.43 52.93 52.32 52.48 52.68 51.93 51.91
%d 24.19 24.08 23.57 22.88 22.78 22.40 22.11 21.98 21.53
%f 0.00 0.00 0.00 0.01 0.01 0.01 0.04 0.03 0.03
Ga
% 50.03 50.43 50.45 50.55 51.66 52.73 47.12 48.22 49.31
%s 47.63 48.16 48.24 45.18 45.60 45.58 45.17 45.60 45.68
%p 52.06 51.58 51.52 54.57 54.19 54.23 54.54 54.12 54.15
%d 0.32 0.26 0.23 0.25 0.21 0.19 0.29 0.27 0.16
Ga—X o Bond
occupancy 1.966 1.959 1.948 1.966 1.959 1.948 1.969 1.962 1.952
Ga
% 17.02 20.18 23.63 17.21 20.34 23.77 17.46 20.67 24.21
%s 26.40 26.04 25.90 27.58 27.32 27.23 27.44 27.20 27.13
%p 73.04 73.35 73.39 71.84 72.08 72.07 71.97 72.18 72.18
%d 0.56 0.60 0.71 0.58 0.60 0.69 0.60 0.62 0.69
X
% 82.98 79.82 76.37 82.79 79.66 76.23 82.54 79.33 75.79
%s 27.27 23.85 20.65 26.18 23.05 20.18 26.76 23.47 20.58
%p 72.53 75.92 79.12 73.62 76.72 79.58 73.04 76.30 79.19
%d 0.20 0.23 0.23 0.20 0.23 0.23 0.20 0.23 0.23

106—107°,1.e.,less than 120°. It can be inferred from these
observations that the hybridization of Ga along Ga—X
bonds is not sp”. As seen in Table 2, the optimized bond
distances for Pt—Ga and Ga—X (X = Br, I) are in close
agreement with the experimental values for frans-[X-
(PCy3),Pt(GaX,].?!

Bonding Analysis of the M—GaX, Bonds of the Com-
plexes I—IX. We begin the analysis of the M—Ga bonding
in the metal gallyl complexes [X(PMe3),M(GaX,)] (where
M = Ni, Pd, and Pt and X = Cl, Br, and I; I-IX) with a
discussion of bond orders and atomic charges. In Table 3,
we presented the calculated Wiberg bond indices (WBI)*?
and the results of the natural bond orbital (NBO) analysis.

A seen from Table 3, the WBI values of the M—Ga
bonds of I-IX are in the range of 0.66—0.77. Unlike the
M—Ga bond distances, upon going from X = Clto X =
I, the WBI value of the M—Ga bonds decreases (Table 3).
The WBI values for the Ga—X bonds are within
0.72—0.90 in complexes (I-IX). The WBI value for the

(55) Wiberg, K. A. Tetrahedron 1968, 24, 1083.

M—X bonds increases on going from X = Clto X = I'in
all three sets of complexes.

A more definitive picture of M—Ga bonding is ob-
tained through NBO analysis of the delocalized Kohn—
Sham orbitals. The characteristics of the M—Ga o bond-
ing orbitals are listed in Table 3. In the gallyl complexes of
nickel and palladium, I—VI, the M—Ga o bonding orbi-
tals are slightly polarized toward the gallium atom, while
in the platinum gallyl complexes VII-IX, the M—Ga
o bonding orbitals are slightly polarized toward the plati-
num atom. The occupations for M—Ga ¢ bonding orbi-
tals are in the range 1.612—1.673.

It is significant to note that gallium atoms along the
M—Ga o bonds have large p character which is always
>51% of the total AO contributions, while along the
Ga—X o bonds the p character varies 72—73%. It is
important to note that the hybridization at the gallium
atoms in gallyl complexes I—IX is not sp> hybridized. The
shorter M—Ga bond distances, in spite of the significantly
smaller M—Ga sr-bonding (Table 4), may be explained on
the basis of the greater s character of gallium (~45—48%)
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Table 4. Energy Decomposition Analysis® of Metal—Gallyl Complexes [X(PMe;),M—GaX,] (M = Ni, Pd, Pt; X = CI, Br, I) at BP86/TZ2P Level

Ni pd Pt
Cl Br I cl Br I cl Br I
I Il I v v VI VIl VIII X
AEn, —147.8 —141.2 —133.8 —149.7 —142.4 —134.4 —160.9 —153.4 —144.4
AE i 161.2 150.8 146.7 168.8 158.5 154.5 202.8 191.8 188.2
AE st —211.5 —196.4 —184.3 —230.8 —214.2 —-201.0 -260.3 —242.4 —228.8
AEgn -97.5 —95.7 —96.2 —-87.7 —86.7 —87.9 ~103.5 ~102.8 —~103.8
AE(A1Y -82.7 —80.7 -79.8 ~75.0 —73.8 —73.7 —89.8 —88.8 —88.7
AE(A2) ~1.6 ~1.6 -1.9 -12 —1.2 -1.5 —1.1 —1.1 14
AE(BI) -5.1 -5.3 -59 46 4.8 -5.3 -52 -5.5 59
AE(B2) —8.1 -8.1 —8.6 -7.0 —6.9 —74 -7.3 74 ~7.8
AE ey 11.5 10.9 1.2 12.6 11.7 11.9 12.4 11.4 1.6
AE(-De)  —1363 —130.4 —122.6 —137.1 —130.7 —122.5 —148.6 ~142.0 —132.8
%IC* (68.5%) (67.2%) (65.7%) (72.5%) (71.2%) (69.6%) (71.6%) (70.2%) (68.8%)

“Energy contributions in kcal/mol. ® The values in parentheses are the percentage contribution to the total orbital interactions reflecting the o
character of the bond. ¢ Percentage ionic character.
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Figure 2. Natural population analysis (NPA) charge distributions in
dihalogallyl complexes trans-[X(PMes),M(GaX5)] (where M = Ni, Pd,
and Pt and X = Cl, Br, and I; I-IX).

along the M—Ga bonds. The metal atoms in the M—Ga o
bonds are ~dsp” hybridized with an increase in s char-
acter and a decrease in p character on going from M = Ni
toM = Pt.

We will now discuss the charge decomposition analysis.
The natural population analysis (NPA) charges of com-
plexes trans-[X(PMe3)>M(GaX,)] (where M = Ni, Pd,
and Pt and X = CIl, Br, and I; I-IX) are presented in
Figure 2. The calculated NPA charge distributions in-
dicate that the metal atom carries negative charge and the
Ga atom carries significantly large positive charge. As a
result, a large electrostatic interaction may be predicted
between metal and gallium atoms (see Table 4). PMes
ligands carry positive charge, while X atoms are nega-
tively charged in the complexes I-IX.
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Figure 3. Trends of the interaction energy contribution, orbital interac-
tion (covalent contribution), electrostatic interaction (ionic contribution),
and bond dissociation energy (-De) to the M—Ga bond in the dihalogallyl
complexes trans-[X(PMe;)>M(GaX,)] (where M = Ni, Pd, and Pt and
X = Cl, Br, and I; I-IX).

Energy Decomposition Analysis of the M—Ga Bonding
of the Complexes I—-IX. Besides the charge decomposition
analysis at the NBO level, we also carried out an energy
decomposition analysis of the M—Ga bonds in the calcu-
lated metal—gallyl complexes trans-[X(PMes),M(GaX5)]
(I-IX). The results are given in Table 4 and Figure 3.

The tabulated bond dissociation energies in Table 4
reveal the expected periodic trend in bond strengths due
to d-orbital extent: the Pt—Ga bonds are stronger than
corresponding nickel and palladium complexes. Figure 3
shows a diagram of the bond dissociation energies AE
(-De), interaction energies AL}, orbital interaction en-
ergies AE,.,, and electrostatic interactions AFgg.. The
breakdown of the interaction energy AFE;, into the re-
pulsive term AEp,,; and the attractive terms AE,;, and
AE¢jsiar Shows that AEp,y; repulsive interactions have the
larger absolute value for X = Clin the studied complexes
(I-IX; Table 4).

The contributions of the electrostatic interaction terms
AE. 4. are significantly larger in all gallyl complexes
(I-IX) than the covalent bonding AE,,, term. Thus, the
[M]—GaX, bond in the studied gallyl complexes of Ni,
Pd, and Pt has a greater degree of ionic character
(65.7—72.5%). Table 4 also gives a breakdown of the
orbital interactions AE,,, into the M <— Ga o donation
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Figure 4. Plot of Pt—Ga o (A and B) and 7 (C) molecular orbitals of trans-[I(PMes),Pt(Gal,)].

and M — Ga & back-donation components. It is signifi-
cant to note that the zm-bonding contribution is, in all
complexes, significantly smaller than the o bonding con-
tribution. From the data presented in Table 4, it could be
concluded that (1) in the GaX, ligands, gallium domi-
nantly behaves as a ¢ donor; (2) the interaction energy
increases in all three sets of complexes via the order Ni/
Pd/Pt; and (3) the absolute value AFEp,u;, AEj,, and
AFE 42 contribution to the M—Ga bonds decreases via
X = Cl < Br < lin all three sets of complexes.

To visualize the M—Ga bonding in terminal neutral
dihalogallyl complexes, envelope plots of some relevant
orbitals of the platinum complex [[(PMe3),Pt(Gal,)] (IX)
are given in Figure 4. Figure 4A and B give a pictorial
description of the Pt—Ga o bonding, while Figure 4Cis a Pt—
Ga 7 orbital, showing very weak Pt(d,;)—Ga(p,,) bonding.

Conclusions

A theoretical study has been presented where the structure
and bonding situation in nine neutral gallyl complexes of
nickel, palladium, and platinum are investigated. From the
above-presented calculated data, one can draw the following
conclusions:

1. Here, for the first time (except the Pt complexes
VIII and IX), we reported the geometry and
electronic structure of, as well as analyzed the
nature of, M—GaX, bonds in the terminal neutral
metal gallyl complexes of nickel, palladium, and
platinum complexes trans-[X(PMe;3)>,M(GaX,)]
(where M = Ni, Pd, and Pt and X = Cl, Br,
and I). The calculated geometry parameters of
platinum gallyl complexes [X(PMes),Pt(GaX,)]
(X = Br and I) are in excellent a%reement with
their available experimental values.”’

2. In all studied complexes, the 7-bonding contribu-
tion to the total M—GaX, bond is significantly
smaller than that of the o-bonding one. Thus, in
the GaX; ligands, gallium dominantly behaves as
a o donor.

3. The M—Ga bond distance in complexes I—IX
only slightly increases, while the WBI values for
M—Ga bonds slightly decrease upon going from
Clto L.

4. The contributions of the electrostatic interaction
terms AFE. . are significantly larger in all gallyl
complexes (I—IX) than the covalent bonding AE,,
term. Thus, the [M]—GaX, bond in the studied
gallyl complexes of Ni, Pd, and Pt has a greater
degree of ionic character (65.7—72.5%).

5. It is significant to note that the sw-bonding con-
tribution is, in all complexes, significantly smaller
than the o bonding contribution. The interaction
energy increases in all three sets of complexes via
the order Ni/Pd/Pt, and the absolute values of
AEp,i» AE, and AE.q,, contributions to the
M—Ga bonds decrease via X = Cl < Br < Iinall
three sets of complexes.

We believe that a more detailed understanding of the
bonding in metal—gallyl complexes is a requisite, particu-
larly for the synthesis of terminal transition metal—gallyl
complexes. In this aspect, the above-presented findings are
important contributions to the fast developing metal—
gallyl chemistry.

Supporting Information Available: Cartesian coordinates of
the optimized geometries of metal dihalogallyl complexes
(I-IX) and their fragments (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.



