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The new phosphino-o-carborane ligand HCab? (1; Cab” = closo-1-[(dimethylphosphino)-
methyl]-1,2-dicarbaborane) with substitution at the carbon and phosphorus atoms was used
for the synthesis of the C,P-chelated bis(phosphino-o-carborane) group 13 metal complexes
(Cab®P);MX (4). Reaction of LiCab®? (2; LiCab®? = closo-1-[(dimethylphosphino)methyl]-
2-lithio-o-carborane) with MXs3 (M = Al, Ga, In; X = Cl, Br) in a 1:1 molar ratio produced
the tetracoordinated metallacyclic compound (Cab®?)MX; (8), in which the metal atom was
stabilized via intramolecular C,P-coordination. The corresponding bis-chelate complexes,
(Cab®?);MX (4), were synthesized by reacting 8 with an additional C,P-chelate ligand 2.
Complexes 4 were also formed upon reaction of 2 with MX3 in a 2:1 molar ratio. The 'H and
13C NMR spectra of 4 revealed that intramolecular M—P coordination occurs in solution,
resulting in the formation of pentacoordinated complexes (Cab®?);MX (4). The trigonal
bipyramidal (¢bp) coordination of the metal center was confirmed by single-crystal X-ray
determination of the complexes (Cab®?);GaCl (4b) and (Cab®?).InCl (4¢). Similar intramo-
lecularly base-stabilized gallanes, (Cab®?)GaMe, (5b) and (Cab®?);GaMe (6b), which were
tetra- and pentacoordinated, respectively, were synthesized from the reaction of 3b and 4b
with LiMe or MeMgBr. The Lewis acid 3b added the base PMes to yield the pentacoordinated
adduct (Cab®?)GaCly:PMes (7b). The 'H and *C NMR spectra revealed that intramolecular
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Ga—P coordination occurs in solution, resulting in a pentacoordinated structure.

Introduction

Motivated by an interest in the coordination behavior
of organometallic compounds containing the bidentate
ligand 2-[(dimethylamino)methyl]phenyl, [o-(MesNCHy)-
CgHyl,! we began a systematic study of the use of
phosphino-o-carborane molecules as supporting ligands
for group 13 metal complexes. In the related amino-o-
carboranyl ligand system HCab" [HCab" = closo-1-
{(dimethylamino)methyl}-1,2-dicarbaborane], tetraco-
ordinated complexes of type (Cab®V)GaXy (X = CI or
Me) have been successfully isolated and structurally
characterized.2 However, due to the unstable nature of
organogallanes, a pentacoordinated geometry has not
been established using the amino-o-carboranyl ligand
system. To stabilize the Lewis acidic metal center as
well as the higher coordination geometry by the o-
carboranyl ligand backbone, in the present work we
have used a PMesy tether instead of a NMey sidearm.
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5396. Tel: 82 41 860 1334. E-mail: sangok@korea.ac.kr.

* Korea University.

# Kyung Hee University.

Indeed, by introducing the PMe;, sidearm, a series of
pentacoordinated group 13 metal complexes were pro-
duced in high yields. These newly formed pentacoordi-
nated gallium species showed enhanced stability, which
in turn explained the balanced electronic and steric
effects derived from using the phosphine-tethered o-
carboranyl ligand system.

In this study, group 13 organometallic complexes of
bis-C,P-chelates (Cab®?);MX (4) (M = Al, Ga, In; X =
Cl, Br), in which the metal centers may be regarded as
having pentacoordination as a result of intramolecular
M—P coordination, have been prepared and structurally
characterized. In addition, the tetracoordinated gallium
complex 3b was further tested for its reaction with
PMes, which allowed the synthesis of an intramolecu-
larly stabilized pentacoordinated gallium complex. To
the best of our knowledge, this is the first report of a
C,P-chelating o-carboranylphosphine being intramo-
lecularly coordinated to a group 13 metal atom, thereby
improving the stability of the pentacoordinated metal
center. Here we report the detailed synthesis and
complete characterization of a series of organometallic
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group 13 compounds containing the potentially biden-
tate phosphino-o-carboranyl ligand. The crystallo-
graphic and spectroscopic characteristics of these com-
plexes reveal strong coordination effects of the phos-
phorus donor in the phosphino-o-carboranyl ligand
system.

Results and Discussion

We recently prepared gallium complexes of the type
(Cab®M)GaXy (X = CI or Me),2 which involve the C,N-
chelate amino-o-carboranyl ligand system. We observed
that in this ligand system, as the incoming metal
becomes bigger, the probability of forming the desired
intramolecularly stabilized C,N-chelate amino-o-carbo-
ranyl decreases unless specific electronic factors inter-
vene. Thus, in the present work we incorporated a
strong donor sidearm such as the dimethylphosphino
group onto the o-carboranyl ligand backbone in order
to increase the stability of the corresponding Lewis
acidic metal center. Such variations of the sidearm
donor atoms have the potential to enable rational
modifications that can be tuned to stabilize desired
structural characteristics such as bis-chelates. In this
respect, we investigated the synthesis of intramolecu-
larly coordinated group 13 metal complexes bearing a
phosphine donor unit, which we conjectured would
stabilize the desired Lewis acidic metal moiety. In this
study, we were able to demonstrate the suitability of
the unique C,P-chelate phosphino-o-carboranyl ligand
system to stabilize our desired pentacoordinated group
13 metal complexes.

Preparation of Tetracoordinated Group 13 Metal
Complexes. The new bidentate ligand closo-1-[(di-
methylphosphino)methyl]-1,2-dicarbaborane (HCab”) (1)
was prepared by applying a standard procedure to
phosphinomethyl-o-carborane.? The intramolecularly
stabilized tetracoordinated mono(C,P-chelate) com-

(1) (a) Schumann, H.; Freitag, S.; Girgsdies, F.; Hemling, H.; Kociok-
Kohn, G. Eur. J. Inorg. Chem. 1998, 245. (b) Rijinberg, E.; Jastrzebski,
J. T. B. H,; Boersma, J.; Kooijman, H.; Veldman, N.; Spek, A. L.; van
Koten, G. Organometallics 1997, 16, 2239. (¢) Carmalt, C. J.; Walsh,
D.; Cowley, A. H.; Norman, N. C. Organometallics 1997, 16, 3597. (d)
Carmalt, C. J.; Cowley, A. H.; Culp, R. D.; Jones, R. A.; Kamepalli, S.;
Norman, N. C. Inorg. Chem. 1997, 36, 2770. (e) Rietveld, M. H. P.;
Nagelholt, L.; Grove, D. M.; Veldman, N.; Spek, A. L.; Rauch, M. U,;
Herrmann, W.; van Koten, G. J. Organomet. Chem. 1997, 530, 159. ()
Janssen, M. D.; Corsten, M. A.; Spek, A. L.; Grove, D. M.; van Koten,
G. Organometallics 1996, 15, 2810. (g) van der Schaaf, P. A.; Grove,
D. M.; Smeets, W. J. J.; Spek, A. L.; van Koten, G. Organometallics
1993, 12 3955 (h) Abbenhuls H.C. L ; van Belzen R.; Grove, D. M,;
Klomp, A A.; van Mier, G. P. M.; Spek, A. L van Koten G
Organometallics 1993, 12, 210. (i) van der Schaaf, P. A.; Grove, D. M.;
Smeets, W. J. J.; Spek, A. L.; van Koten, G. Organometallics 1993,
12, 3955. (j) van der Schaaf, P.; Boersma, J.; Kooijman, H.; Spek, A.
L.; van Koten, G. Oragnometallics 1993, 12, 4334. (k) Edema, J. J. H.;
Gambarotta, S.; Meetsma, A.; Spek, A. L. Organometallics 1992, 11,
2452. (1) Jastrzebski, J. T. B. H.; van der Schaaf, P. A.; Boersma, J.;
van Koten, G.; Zoutberg, M. C.; Heijdenrijk, D. Organometallics 1989,
8, 1373. (m) Abbenhuis, H. C. L.; Grove, D. M.; van Mier, G. P. M;
Spek, A. L.; van Koten, G. J. Chem. Soc., Chem. Commun. 1989, 1581.
(n) Wayda, A. L. Organometallics 1983, 2, 565. (0) van Koten, G.;
Jastrezebski, J. T. B. H.; Noltes, J. G.; Verhoeckx, G. J.; Spek, A. L.;
Kroon, J. J. Chem. Soc., Dalton Trans. 1980, 1352. (p) Khan, M.;
Steevensz, R. C., Tuck, D. G.; Noltes, J. G.; Corfield, P. W. R. Inorg.
Chem. 1980, 19, 3407. (q) van Koten, G.; Schaap, C. A.; Jastrzebski,
J. T. B. H.; Noltes, J. G. J. Organomet. Chem. 1980, 186, 427. (r) van
Koten, G.; Noltes, J. G.; Spek, A. L. JJ. Organomet. Chem. 1976, 118,
183. (s) Manzer, L. E.; Gearhart, R. C.; Guggenberger, L. J.; Whitney,
J.F.J. Chem. Soc., Chem. Commun. 1976, 942. (t) Cope, A. C.; Gourley,
R. N. J. Organomet. Chem. 1967, 8, 527.

(2) Lee, J.-D.; Baek, C.-K.; Ko, J.; Park, K.; Cho, S.; Min, S.-K.; Kang.
S. O. Organometallics 1999, 18, 2189.
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Scheme 1. Synthesis of
Mono(phosphino-o-carboranyl) Group 13 Metal

Compounds®
) Me, Me,
P P,
/ X/lu, /
Li /M
(0 X
—_—
LiCab®P 2 (Cab®P)MX, 3

@ Legend: (i) MX3 (M = Al, Ga, In; X = Cl, Br), toluene,
—78 °C.

Scheme 2. Synthesis of
Bis(phosphino-o-carboranyl) Group 13 Metal

Compounds®
Me2
X, M MezP
’) I,,
PMez
(Cab®P)MX, 3 LiCab®” 2 (Cab®Py,MX 4

I Q0 }

@ Legend: (i) toluene, —78 °C; (i) 1/2 MX3 (M = Al a, Ga b,
In ¢; X = Cl, Br), toluene, —78 °C.

plexes, (Cab®?)MXs (M = Al, Ga, In; X = Cl, Br) (3),
were synthesized in toluene from the appropriate metal
reagents MX3 and the lithium compound LiCab®? (2).
The (Cab®P)MX; system is stabilized by the formation
of a five-membered chelate ring. Compounds 3 were
purified by low-temperature recrystallization in toluene.
Satisfactory elemental analyses were obtained for com-
pounds 3, and the 'H and 13C NMR spectral data were
consistent with the presence of the bidentate (phosphi-
nomethyl)-o-carboranyl ligand. Compounds 3 in solution
were deduced to have C; symmetry from the 'H NMR
spectra, which contained a singlet peak corresponding
to the protons in PMeg and a singlet peak corresponding
to the protons in the PCH; group. The signals for both
the PMey and PCHj, functional groups in 3 were at lower
field than for ligand 1, consistent with coordination of
the phosphine sidearm and formation of a stable five-
membered C,P-chelate ring.

Preparation of Pentacoordinated Group 13 Metal
Complexes. The bis(C,P-chelate) complexes (Cab®?),-
MCI (4) were obtained by reacting 3 with an additional
lithium reagent LiCab®? (2). Alternatively, bis(C,P-
chelate) (4) can be obtained via direct metalation with
the ligand 2. Thus, the reaction of 2 equiv of 2 with MX3
afforded a series of bis-chelates (Cab%®?),MX (M = Al a,
Gab, In ¢; X = Cl, Br) (4) in 52—73% yield (Scheme 2).
The driving force for this reaction is the formation of
the intramolecular P—M coordination in 4. The stabi-
lization of 4 is due to the formation of a five-membered
chelate ring. Compounds 4 were moderately stable in
air and showed only slow decomposition when in contact

(3) (a) Kim, D.-H.; Lee, H.-S.; Park, K.; Cho, S.-I.; Shon, J.-1.; Kang,
S. O. Bull. Kor. Chem. Soc. 1999, 20, 600. (b) Park, J.; Kim, S.; Ko, J;
Park, K.; Cho, S.; Lee, C.-H.; Lee, Y.-H.; Kang, S. O. Bull. Kor. Chem.
Soc. 1998, 19, 363. (¢) Zakharkin, L. I.; Zhubekova, M. N.; Kazantsev,
A. V. Zh. Obsh. Khim. 1972, 42, 1024.
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Figure 1. Molecular structure of 4b with thermal el-
lipsoids drawn at the 30% level. Hydrogen atoms and
solvent have been omitted for clarity.

with moisture. Compounds 4 were purified by low-
temperature recrystallization in toluene (colorless crys-
tals, mp 220—222 °C). Satisfactory elemental analyses
were obtained for compounds 4, and the 'H and 13C
NMR spectral data were consistent with the presence
of the bidentate phosphinomethyl-o-carboranyl ligand
1 (see Experimental Section).

Indeed, the 'TH NMR spectrum consists of two singlets
from the PMe; resonances (at 6 1.92 and 2.20 ppm) and
an AB pattern for the PCH; protons [at ¢ 2.28 and 3.52
(Jgem = 10 Hz)]. This result demonstrates that, under
these conditions, the PMes and PCHs hydrogen atoms
are diastereotopic and are consistent with the coordina-
tion of at least one PMe; ligand to the gallium atom.
Furthermore, the appearance of the diastereotopic PMes
proton signals at lower field relative to the chemical
shift of these protons in the free ligand HCab?(1) also
provides evidence of M—P coordination. This observation
is consistent with similar findings for the general
intramolecularly coordinated metal complexes of the
HCab?” ligand system.2* Furthermore, the observation
in the 'H NMR spectrum of only one set of lines for the
PMe; and PCH;, protons for the two o-carboranylphos-
phine groups of the compound suggests the presence of
only molecules in the trans conformation in solution. If
the cis isomer had been present, two sets of lines of
equal intensity, one for each type of proton, would have
been expected. Since only one pattern is observed for
the two o-carboranylphosphine groups, compound 4 will
most likely have the stereochemistry shown in Scheme
2.

X-ray structural determinations of compounds 4b and
4c authenticated the expected trigonal bipyramid ge-
ometries illustrated in Figures 1 and 2, wherein the P
donors occupy the axial coordination site. The overall
geometry is similar to that found in the diarylamino
complexes LoMC1 (L. = PhCHoNMey; M = Al, Ga, In).?
Thus, the gallium or indium metal atom has a distorted
trigonal bipyramid geometry with the two phosphorus
donor atoms in the axial positions and two carbon atoms

(4) Lee, J.-D.; Kim, S.-J.; Yoo, D.; Ko, J.; Cho, S.; Kang S. O.
Organometallics 2000, 19, 1695.
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C4*

Figure 2. Molecular structure of 4c¢c with thermal el-
lipsoids drawn at the 30% level. Hydrogen atoms and
solvent have been omitted for clarity.

of the o-carboranyl unit and the chloride ligand in the
equatorial plane. The PoCsMCl (M = Ga, In) portion of
both 4b and 4c approaches an ideal trigonal bipyrami-
dal geometry, with a P-M—P bond angle of 175.0(2)°
for Ga and 176.6(1)° for In and a C1-M—P bond angle
of 87.5(9)° for Ga and 88.3(5)° for In. Angular distortions
of the trigonal bipyramids arise from the geometric
constraints associated with the bite angle of the biden-
tate ligands [P—M—C angle of 83.5(4)° for Ga and 81.2-
(2)° for In] in the presence of the nearly linear P-M—P
bond angle. The Ga—P and In—P bond distances of
2.650(3) and 2.732(2) A are substantially longer than
the corresponding normal values for Ga—P (~2.4 A) and
In—P (~2.6 A) single bonds.%” It has been noted that
the apical bonds in trigonal bipyramid complexes are
generally weaker than those in the equatorial plane.8
This type of trigonal bipyramidal structure has been
observed for Al[o-(PhoPCH3)CgHyls, in which the central
aluminum metal atom is coordinated to three carbon
atoms in the equatorial plane and two of the three
phosphino functions in axial positions.?

Ideal Geometries Optimized by Density Func-
tional Theory (DFT) Calculations of Pentacoordi-
nated Group 13 Metal Complexes. To examine the
stabilizing influence of the chelating phosphino-o-car-
boranyl ligand on 4, we performed a series of density
functional calculations on the model complexes 4b and

(5) (a) Clyburne, J. A. C.; Culp, R. D.; Kamepalli, S.; Cowley, A. H.;
Decken, A. Inorg. Chem. 1996, 35, 6651. (b) Gruter, G.-J. M.; van Klink,
G. P. M.; Akkerman, O. S.; Bickelhaupt, F. Chem. Rev. 1995, 95, 2405.
(¢) Cowley, A. H.; Gabbai, F. P.; Isom, H. S.; Decken, A. J. Organomet.
Chem. 1995, 500, 81. (d) Isom, H. S.; Cowley, A. H.; Decken, A
Sissingh, F.; Corbelin, S.; Lagow, R. J. Organometallics 1995, 14, 2400.
(e) Miiller, J.; Englert, U. Chem. Ber. 1995, 128, 493. (f) Schumann,
H.; Seuss, T. D.; Just, O.; Weimann, R.; Hemling, H.; Gorlitz, F. H. J.
Organomet. Chem. 1994, 479, 171. (g) Coggin, D. K.; Fanwick, P. E.;
Green, M. A. Chem. Commun. 1993, 1127. (h) Schumann, H.; Gorlitz,
F. H.; Seuss, T. D.; Wassermann, W. Chem. Ber. 1992, 125, 3. (i)
Jastrzebski, J. T. B. H.; van Koten, G.; Tuck, D. G.; Meinema, H. A.;
Noltes, J. G. Organometallics 1982, 1, 1492. (j) Khan, M.; Steevensz,
R. C.; Tuck, D. G.; Noltes, J. G.; Corfield, P. W. R. Inorg. Chem. 1980,
19, 3407.

(6) (a) Sigl, M.; Schier, A.; Schmidbaur, H. Eur. J. Inorg. Chem.
1998, 203. (b) Cowley, A. H.; King, C. S.; Decken, A. Organometallics
1995, 14, 20.

(7) Miiller, G.; Lachmann, J. Z. Naturforsch. 1993, 48 B, 1544.

(8) Gillespie, R. J. J. Chem. Educ. 1970, 47, 18.

(9) Miiller, G.; Lachmann, J.; Rufifiska, A. Organometallics 1992,
11, 2970.
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Chart 1. Stable Geometries Derived from the Use
of Ancillary Ligand Systems (Cab®» and CabG®P)

Me,
_—CH,
X, V2N Me,P
Ga CH, +
v 1,
X "
(M
@ . f
H,C—PMe,

Stable tetra-coordinated (Cab®V)GaX, Stable penta-cordinated (Cab®F),MX

Chart 2. Optimized Geometry of
Pentacoordinated Gallium and Indium Complexes

D —
{(kealfmol)

thp-1
Ga, 0.00
In, 0.00

4c, the optimized structures of which are shown in
Chart 2. The coordination sphere of the metal center
included the two carbon and two phosphorus atoms of
the two C,P-chelating o-carboranyl phosphine anions
and was completed by one chloride ligand. This penta-
coordinate geometry has five possible geometrical iso-
mers, belonging to either the trigonal bipyramidal (¢bp)
or square pyramidal (sp) subgroups. Among these tbp
and sp subgroups, an additional three and two geo-
metrical isomers, respectively, would be possible de-
pending on the site preference of the carbon and
phosphorus atoms of the C,P-chelating ligand. There-
fore, the structures of each of the bis-chelates 4b and
4c¢, shown in Chart 2, were optimized using the Am-
sterdam Density Functional (ADF) program, and the
results are shown in the Supporting Information. The
structural analysis of 4b and 4c revealed that the
optimal geometry is the tbp-1 geometry shown in Chart
2, which has two phosphine donors in axial positions.
A possible explanation for why this geometry is favored
would be that the small and hard carbon donor atom
prefers an equatorial position (sp? hybrid orbital),
whereas the large and soft phosphorus donor atom
prefers an axial position (dp hybrid orbital). As can be
seen in Table 4, this combination gives the shortest bond
distance for each donor atom, indicating the strongest
interaction between the ligand and the metal. These
calculations confirmed that the structures of 4b and 4¢
fit quite neatly with the tbp geometry of the model
complexes (Cab®?)eMCl (M = Ga 4b, In 4¢). The main
structural features of the calculated structures of 4b and
4c, including the most significant geometrical param-
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eters, are in good agreement with those determined by
X-ray crystallographic methods (see Supporting Infor-
mation).

Reactivity of Tetra- and Pentacoordinated Gal-
lium Complexes. When compounds (Cab®?)GaX; (3b)
and (Cab®?);GaX (4b) were reacted with 1 or 2 equiv
of MeLi or MeMgBr reagent, the corresponding mono-
and dimethylated compounds (Cab%?)GaMe; (5b) and
(Cab®P);GaMe (6b) were obtained. According to Scheme
3, chlorine ions of compounds 3b and 4b can be
selectively replaced by methyl ligands to give the
crystalline compounds 5b and 6b, respectively. The
molecular structure of 5b (Figure 3) has been deter-
mined by X-ray diffraction analysis and confirmed to
be the intramolecularly stabilized tetracoordinated or-
ganogallane species. The structure of 5b, which has a
short Ga—P bond (2.438(1) A), is similar to the amino-
tethered analogous compound (Cab®M)GaMey.2 The 'H
NMR spectra of this product were consistent with the
proposed structure.

To determine whether the gallium compounds 3b and
4b, which are tetra- and pentacoordinated, respectively,
still exhibit Lewis acidity, the reactions of 3b and 4b
with PMe; were investigated. While complex 3b added
the base PMes to yield the pentacoordinated adduct
(Cab®P)GaCly-PMe;s (7b), the anticipated hexacoordi-
nated complex derived from 4b was not obtained. The
adduct 7b was stable to dissociation at room tempera-
ture and thus was fully characterized by elemental
analysis, high-resolution mass spectral analysis, and
NMR spectroscopy. The Cs; symmetry of 7b in solution
is derived from the 'H, 3P, and *C NMR spectra. The
IH NMR spectra have signals consistent with compound
7b: a singlet for the unique PMe; proton, a singlet for
the PCHy group, and a singlet attributable to the added
PMes. The signals for both PMes and PCHg in adduct
7b are at lower field than for compound 3b, which is
consistent with a tbp geometry with the two donor
atoms in the axial positions and a fast envelope inver-
sion.

Much effort has been devoted to incorporating an
additional C,P-chelate ligand to achieve tris-chelate
metal complexes such as (Cab®?)sM. However hexaco-
ordinated stable complexes cannot be obtained due to
steric constraints associated with the bulky o-carboranyl
unit. Here we have provided the first report of intramo-
lecularly coordinated group 13 metal complexes contain-
ing the o-carboranyl C,P-chelating ligand system. A
combination of X-ray crystallographic and spectroscopic
studies and DFT calculations confirmed the nature of
these compounds. The X-ray crystallographic study of
complexes 4b and 4c¢ provided the first structural data
on the pentacoordinated ¢bp structures derived from the
o-carboranylphosphine ligand system. Additionally, the
present results indicate that the internal coordination
of the phosphorus atom of the o-carboranyl ligand to
the metal center significantly influences not only the
stability of the starting compounds but also the products
obtained when a base is added to the metal compounds.
This may result from stabilization of the metal—carbon
bond by the chelate effect, the electronic properties of
the metal center, and the strength of the metal—
phosphorus bond. Thus, application of the C,P-chelating
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Table 1. X-ray Crystallographic Data and Processing Parameters for Compounds 4b-C;Hg, 4C-C;Hg, and 5b

4b-C7Hg 4c¢-C7Hg 5b
formula B20017 H36 PQCI Ga B20017H36 PgCl In B1007H24PGa
fw 623.76 668.86 317.05
cryst class monoclinic monoclinic monoclinic
space group P2/a P2/c P2(1)/n
VA 4 4 4
cell constants
a, A 12.935(1) 13.241(1) 7.8914(7)
b, A 12.918(1) 12.989(1) 14.853(1)
c, A 10.5524(8) 10.5305(6) 14.578 (1)
a, deg
B, deg 107.961(8) 108.062(6) 102.357(2)
7, deg
V, A3 1677.3(2) 1721.8(3) 1669.1(3)
u, mm~! 1.007 0.869 1.719
cryst size, mm 0.334 x 0.227 x 0.125 0.34 x 0.124 x 0.078 0.227 x 0.117 x 0.089
Dcajcq, g/cm? 1.235 1.290 1.262
F(000) 632 668 648
radiation Mo Ka (4 = 0.7107), T'= 293(2) K
6 range, deg 1.58 to 25.97 1.57 to 25.97 1.98 to 28.31
h, k, [ collected 0<h<15, —-16 < h < 15, —-10 < h < 10,
0=<k=15 —4 <k <16, —19< k < 19,
-13<l=<12 —5=<1=<12 -19=<1=<19
no. of rflns measd 3474 3614 16 912
no. of unique rflns 3290 3382 4145
no. of rflns used in refinement (I> 20(1)) 1602 2646 2246
no. of params 181 181 186
R1*(I > 20(D) 0.0642 0.0515 0.0507
wR4 (all data) 0.1867 0.1547 0.1684
GOF 0.675 1.009 1.029

@Ry = S||Fo| — |F¢|| (based on reflections with F,2 > 20F2). > wRy = [J [w(F,2 — FA2A/3 [w(F2)211Y2; w = 1/[0%(F,2) + (0.095P)]; P =

[max(F.2, 0) + 2F:2]/3 (also with F,2 > 20F?).

Table 2. Selected Interatomic Distances (A) for Compounds 4b-C-;Hg, 4c-C-;Hs, and 5b

4b-C7Hs
Ga(1)—C(1) 2.006(7) Ga(1)—CI(1) 2.221(3) Ga(1)—P(1) 2.651(2) C(1)—C(2) 1.686(9) C(2)—C(3) 1.526(9)
P(1)—-C(3) 1.834(7) P(1)—-C(4) 1.832(8)

4C'C7Hg
In(1)-C(1) 2.194(5) In(1)-CI1(1) 2.410(2) In(1)-P(1) 2.733(1) C(1)—-C(2) 1.696(7) C(2)—C(3) 1.529(7)
P(1)—-C(3) 1.828(5) P(1)—C(4) 1.822(6)

5b
Ga(1)—C(6) 2.015(4) Ga(1)—C(7) 1.999(4) Ga(1)—P(1) 2.438(1) Ga(1)—C(1) 2.053(4) C(2)—C(3) 1.533(6)
P(1)-C(3) 1.833(5)
Table 3. Selected Interatomic Angles (deg) for Compounds 4b-C;Hg, 4c-C;Hg, and 5b

4b-C7Hsg
C(1)—Ga(1)—P(1) 83.6(2) C(2)-C(1)—Ga 120.6(4) C(2)—C(3)—P(1) 114.5(5) C(3)—P(1)—Ga(1) 100.5(2)
C(5)—P(1)—-C(3) 103.5(4) C(5)—P(1)—Ga(l) 112.4(3) CL1)—Ga(1)—P(1) 87.60(5) CL(1)—Ga(1)—P(1)* 87.60(5)
C(1)* —Ga(1)—P(1)* 83.6(2)

4c¢-C7Hg
C(1)—In(1)—P(1) 81.3(1) C(2)—C(1)—In(1) 119.03) C(2)—C(3)—P(1) 117.6(4) C(3)—P(1)—In(1) 101.0(2)
C(5)—P(1)—C(3) 105.8(3)  C(5)—P(1)—In(1) 111.9(2) CL1)—-In(1)—-P(1) 88.37(3) CL(1)—In(1)—P(1)* 88.37(3)
C(1)* —In(1)—P(1)* 81.3(1)

5b

C(7)—Ga(1)—C(1) 112.0(2) C(6)—Ga(1)—C(1) 112.4(2) C(2)—C(1)—Ga(1) 117.8(3) C(3)—C(2)—C(1) 117.7(4)
C(2)—C(3)-P(1) 114.6(3) C(5)—P(1)—C(3) 104.6(3) C(3)—P(1)—Ga(1) 103.3(1) C(5)—P(1)-C(4) 104.8(3)
C(4)—P(1)—Ga(1) 116.4(2) C(7)—Ga(1)—C(6) 123.8(2)

phosphino-o-carboranyl ligand allowed the synthesis of
stable bis-chelate group 13 metal(III) compounds.

Experimental Section

General Procedures. All manipulations were performed
under a dry, oxygen-free, nitrogen or argon atmosphere using
standard Schlenk techniques or in a Vacuum Atmospheres
HE-493 drybox. Toluene and hexane were dried and distilled
from sodium benzophenone. 'H, 13C, 31P, and ?’Al NMR spectra
were recorded on a Varian Mercury 300BB spectrometer
operating at 300.1, 75.4, 101.3, and 78.2 MHz, respectively.
All proton and carbon chemical shifts were measured relative
to internal residual benzene from the lock solvent (99.5% CgDsg)

and then referenced to MesSi (0.00 ppm). All 3'P and 27Al
chemical shifts were measured relative to external 1 M Hs-
POy and 1 M [Al(OHy)el®". IR spectra were recorded on a
Biorad FTS-165 spectrophotometer. High- and low-resolution
mass spectra were obtained on a VG Micromass 7070H mass
spectrometer. Elemental analyses were performed on a Carlo
Erba Instruments CHNS-O EA1108 analyzer. All melting
points were uncorrected. The following starting materials were
prepared according to literature procedures: Decaborane and
propargyl bromide were purchased from the Callery Chemical
Co. and Aldrich, respectively, and used without further
purification. HCab” 1 (HCab? = closo-1-dimethylphosphino-
methyl-o-carborane)® was prepared by the literature method.
The starting materials MXs (AlBrs, GaCls, InCls) and PMe2Cl
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Table 4. Relative Energies and Important
Structure Parameters of the Optimized
Geometries for Pentacoordinated Complexes
(Cab®%P);MC1 (M = Ga 4b, In 4c¢)

metal tbp-1  tbp-2 tbp-3  sp-1  sp-2
Ga  relative energy 0 9.98 15.25  3.16 14.93
(kcal/mol)
M-C (A) 2.05¢q  2.04eq 2.144 2.08  2.06
2.06.x
M-P (A) 267 246eq 2.69, 2.72 3.05
3.48,x
In relative energy 0 12.39 9.06 3.04 15.30
(kcal/mol)
M-C (A) 2.25¢q  2.25oq 2.30,x 227 2.28
2.284x
M-P (A) 279 2.71eq 2.83,q 2.83 293
3. 11,

were purchased from Strem Chemicals and sublimed or
distilled under dynamic vacuum prior to each use. All other
chemicals, including n-BuLi, MeLi, and MeMgBr, were pur-
chased from Aldrich.

Synthesis of Cab®PAlBr; (3a). To a stirred solution of
HCab?” 1a (0.65 g, 3.0 mmol) in 20 mL of hexane, which was
cooled to —10 °C, was added 2.5 M n-Buli (1.4 mL, 3.6 mmol)
via a syringe. A suspension of AlBr; (0.80 g, 3.0 mmol) in 10
mL of toluene was slowly added to the resulting white
suspension of the lithium salt of 2 at —78 °C. The reaction
temperature was maintained at —78 °C for 1 h, following which
the reaction mixture was warmed slowly to room temperature.
After being stirred for an additional 12 h, the reaction mixture
was filtered. The solvent was removed under vacuum, and the
resulting residue was taken up in a minimum of toluene and
then recrystallized from this solution by cooling to —20 °C.
Cab®%PAlBr; (3a) was isolated from the reaction solution in 47%
yield (0.57 g, 1.4 mmol) as colorless crystals. Exact mass caled
for 12051H1810B1027A1180BI‘231P1 4040259, found 404.0271. Anal.
Calcd: C, 14.86; H, 4.49. Found: C, 14.79; H, 5.31. Mp = 150—
151 °C. IR (KBr pellet, cm™): »(C—H) 3177w, 2989w, 2914w,
»(B—H) 2594s. 'TH NMR (300.00 MHz, C¢Ds): 6 0.76 (d, 3H,
2Jp-u = 5.4 Hz, PMey), 0.81 (d, 3H, 2Jp-n = 5.7 Hz, PMey),
1.24 (d, 2H, 2Jp-ny = 15.0 Hz, PCHy). *C{'H} NMR (75.44 MHz,
CeDg): 6 4.69 (IJp_c = 52.1 Hz, PMe,), 21.53. 27A1 NMR (78.17
MHz, CgDg): 0 146.01. ¥C{'H} NMR (121.44 MHz, C¢Ds): 6
—40.78.

Synthesis of Cab%PGaCly (3b). The same method as
described for 3a but with GaCls (0.53 g, 3.0 mmol) instead of
AlBr; produced 3b (77%, 0.83 g, 2.3 mmol) as a colorless
crystalline solid. Exact mass caled for 2C5'H;5'°B107°Ga;-
35C1531P; 358.0709, found 358.0718. Anal. Caled: C, 16.78; H,
5.07. Found: C, 16.75; H, 4.99. Mp = 270-272 °C. IR (KBr
pellet, cm™): »(C—H) 3428w, 2993w, 2966w, v(B—H) 2585s.
TH NMR (300.00 MHz, C¢De): 6 0.23 (d, 6H, 2Jp_ng = 15.9 Hz,
PMe), 1.49 (d, 2H, 2Jp-g = 17.1 Hz, PCH,) *C{'H} NMR (75.44
MHz, CgDs): 0 7.44 (*Jp_c = 28.0 Hz, PMe,), 33.17. 13C{1H}
NMR (121.44 MHz, CgDe): 6 —25.11.

Synthesis of Cab®PInCl; (3¢). The procedure was analo-
gous to that described for 3a but using InCls (0.66 g, 3.0 mmol)
instead of AlBrs; to give 3¢ (53%, 0.64 g, 1.6 mmol) as colorless
crystals. Exact mass caled for 2C5'H;5'°B10!'%In;3°Cly31P;
404.0492, found 404.0504. Anal. Caled: C, 14.90; H, 4.50.
Found: C, 14.58; H, 4.61. Mp = 208—210 °C. IR (KBr pellet,
ecm1): »(C—H) 3471w, 2963w, 2913w, v(B—H) 2582s. 'TH NMR
(300.00 MHz, CsDg): ¢ 0.60 (d, 6H, 2Jp-u = 8.4 Hz, PMe,), 1.62
(d, 2H, %Jp-g = 10.8 Hz, PCH). 3C{'H} NMR (75.44 MHz,
CeDg): 0 12.3 (YJp_c = 31.7 Hz, PMe>), 39.1. 3'P{'H} NMR
(121.44 MHz, CgDs): 6 —30.44.

Synthesis of (Cab%?);AlBr (4a). To a stirred solution of
CabC%PAlBr; 3a (0.40 g, 1.0 mmol) in 20 mL of toluene at —78
°C was added a suspension of LiCab®” 2 (0.22 g, 1.0 mmol) in
20 mL of toluene. The reaction temperature was maintained
at —78 °C for 1 h, following which the reaction mixture was
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warmed slowly to room temperature. After being stirred for
an additional 12 h, the reaction mixture was filtered. The
solvent was removed under vacuum, and the resulting residue
was taken up in a minimum of toluene and then recrystallized
from this solution by cooling to —20 °C. (Cab®?);AlBr 4a was
isolated from the reaction solution in 45% yield (0.24 g, 0.45
mmol) as colorless crystals. Exact mass caled for 2C19'Hz6'Bgo-
27A1,8Br;31P;y 544.3152, found 544.3173. Anal. Caled: C, 22.18;
H, 6.70. Found: C,22.01;H, 7.41. Mp = 164—-166 °C. IR (KBr
pellet, cm™1): »(C—H) 3354w, 3051w, 2926w, v(B—H) 2593s.
H NMR (300.00 MHz, C¢Dg): 6 0.63 (d, 6H, %Jp_y = 6.9 Hz,
PMes,), 0.67 (d, 6H, 2Jp-u = 6.9 Hz, PMe,), 1.42 (d, 2H, 2Jp-g
= 15.0 Hz, PCH,), 1.73 (d, 2H, 2Jp-g = 15.0 Hz, PCHy). 13C-
{H} NMR (75.44 MHz, CsDs): 6 11.80 (*Jp_c = 21.3 Hz, PMe,),
14.41 (*Jp_c = 21.7 Hz, PMey), 33.29, 33.55. 27A1 NMR (78.17
MHz, C¢Dg): ¢ 79.77. BC{'H} NMR (121.44 MHz, C¢Ds): 0
—44.80.

Synthesis of (Cab®%?);GaCl (4b). Using a method similar
to that described for 4a but using Cab®?GaCl; 3b (0.36 g, 1.0
mmol) instead of 3a, compound 4b was obtained in 68% (0.37
g, 0.68 mmol) yield as colorless crystals. Exact mass caled for
120101H361°B207°Ga13501131P2 542.3098, found 542.3113. Anal.
Caled: C, 22.25; H, 6.72. Found: C, 22.21; H, 6.77. Mp = 181.9
°C (dec). IR (KBr pellet, cm™): »(C—H) 3054w, 2989w, 2920w,
v(B—H) 2582s. 'H NMR (300.00 MHz, CsDs): 6 0.64 (d, 6H,
2Jp-u = 3.0 Hz, PMey), 0.65 (d, 6H, 2Jp_z = 3.0 Hz, PMey),
1.54 (d, 2H, 2Jp_u = 16.8 Hz, PCH>), 1.72 (d, 2H, 2Jp_ug = 16.8
Hz, PCH,). *C{'H} NMR (754.4 MHz, C¢Ds): 6 12.10 ({eJp_¢c =
22.6 Hz, PMey), 14.95 (1Jp_c = 22.6 Hz, PMe,), 33.36, 33.46.
BC{'H} NMR (121.44 MHz, Cg¢D¢): 6 —37.75.

Synthesis of (Cab%?);InCl (4c). The method was similar
to that described for 4a but using Cab®?InCl; 3¢ (0.40 g, 1.0
mmol) instead of 3a to yield 4¢ (65%, 0.38 g, 0.65 mmol) as
colorless crystals. Exact mass caled for 12C10'Hz36!°Bgo!1In;-
35C1,%1P, 588.2881, found 588.2899. Anal. Caled: C, 20.54; H,
6.20. Found: C, 20.57; H, 6.30. Mp = 296.1 °C (dec). IR (KBr
pellet, cm™1): »(C—H) 3020w, 2963w, 2923w, »(B—H) 2581s.
H NMR (300.00 MHz, C¢Dg): 6 0.57 (d, 6H, %Jp_y = 6.3 Hz,
PMes), 0.63 (d, 6H, 2Jp-u = 6.0 Hz, PMe,), 1.61 (d, 2H, 2Jp-n =
10.8 Hz, PCHy), 1.71 (d, 2H, 2Jp_ = 10.8 Hz, PCHy). *C{'H}
NMR (75.44 MHz, C¢De): 6 10.60 (*Jp_c = 18.1 Hz, PMe,), 13.18
(YJp—_c = 18.1 Hz, PMe,), 34.53, 34.69. 3*C{'H} NMR (121.44
MHz, C¢Dg): 6 —35.62.

Alternate Procedure for the Preparation of (Cab®P),-
AlBr (4a). To a stirred solution of HCab” 1a (0.44 g, 2.0 mmol)
in 20 mL of hexane, cooled to —10 °C, was added 2.5 M n-BuLi
(0.8 mL, 2.0 mmol) via a syringe. A suspension of AlBr; (0.27
g, 1.0 mmol) in 5 mL of toluene was then added to the resulting
white suspension at —78 °C. The reaction temperature was
maintained at —78 °C for 1 h, following which the reaction
mixture was warmed slowly to room temperature. After
stirring for an additional 12 h, the reaction mixture was
filtered. The solvent was removed under vacuum, and the
resulting residue was taken up in a minimum of toluene and
then recrystallized from this solution by cooling to —20 °C.
(Cab®P),AlBr 4a was isolated from the reaction solution in 52%
yield (0.28 g, 0.52 mmol).

Alternate Procedure for the Preparation of (Cab®?),-
GacCl (4b). The method was similar to the alternate procedure
for 4a but using GaCl; (0.18 g, 1.0 mmol) instead of AlBrs to
yield 4b (73%, 0.39 g, 0.73 mmol).

Alternate Procedure for the Preparation of (Cab®P),-
InCl (4¢). The method was similar to the alternate procedure
for 4a but using InCls (0.22 g, 1.0 mmol) instead of AlBr; to
yield 4¢ (68%, 0.39 g, 0.68 mmol).

Reaction of Cab%?GaCl; (3b) with MeLi. To a stirred
solution of Cab®?GaCl; (8b) (0.36 g, 1.0 mmol) in 20 mL of
toluene was added 1.4 M MeLi (1.57 mL, 2.2 mmol) via a
syringe at —78 °C. The reaction temperature was maintained
at —78 °C for 1 h, following which the reaction mixture was
warmed slowly to room temperature. After being stirred for
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Scheme 3. Reactivity of Tetra- and Pentacoordinated Gallium Complexes®
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@ Legend: (i) MelLi, toluene, —78 °C; (it) PMes, toluene, 25 °C; (iit) MeMgBr, toluene, —78 °C.

Figure 3. Molecular structure of 5b with thermal el-
lipsoids drawn at the 30% level. Hydrogen atoms have been
omitted for clarity.

an additional 1 h, the reaction mixture was filtered. The
solvent was removed under vacuum, and the resulting residue
was taken up in a minimum of toluene and then recrystallized
from this solution by cooling to —20 °C. Cab®?GaMe; (5b) was
isolated from the reaction solution in 77% yield (0.24 g, 0.77
mmol) as colorless crystals. Exact mass caled for 12C7'Hz4°B;o-
0Ga;31P; 318.1802, found 318.1811. Anal. Caled: C, 26.52; H,
7.63. Found: C, 26.47; H, 7.49. Mp = 208 °C (dec). IR (KBr
pellet, em™): »(C—H) 2996w, 2994w, 2967w, 2917w, 2915w,
v(B—H) 2585s. 'H NMR (300.00 MHz, CsDs): 6 —0.15 (d, 3H,
3Jp—n = 11.1 Hz, GaMey), 0.16 (d, 3H, ®Jp_z = 11.1 Hz, GaMey),
0.49 (d, 3H, 2Jp-u = 5.4 Hz, PMey), 0.65 (d, 3H, 2Jp-g = 5.4
Hz, PMes), 1.68 (d, 2H, 2Jp_p = 14.4 Hz, PCH,). *C{'H} NMR
(75.44 MHz, Cg¢Ds): 6 —19.25 (GaMes), —19.20 (GaMe,), 9.12
(YJp—c = 26.4 Hz, PMey), 33.47. ¥C{'H} NMR (121.44 MHz,
CGDG)Z 0 —43.76.

Reaction of (Cab®?);GaCl (4b) with MeMgBr. The
method was similar to that described for 5§b but using 4b (0.54
g, 1.0 mmol) and MeMgBr (0.33 mL, 1.0 mmol, 3.0 M solution
in Et;0) instead of 8b and MeLi to yield (Cab®?);GaMe (6b)
(62%, 0.32 g, 0.62 mmol) as colorless crystals. Exact mass caled
for 12C11H39''Bgo™°Ga;®'Py 522.3644, found 522.3659. Anal.
Caled: C, 25.44; H, 7.57. Found: C, 25.63; H, 8.02. Mp = 195
°C (dec). IR (KBr pellet, ecm™1): »(C—H) 3054m, 3022w, 2990w,
2951w, 2921w, v(B—H) 2582s. 'H NMR (300.00 MHz, C¢Dg):
0 —0.21 (t, 3H, 37p_ = 6.0 Hz, GaMe), 0.38 (s, 6H, PMe,), 0.62
(s, 6H, PMey), 1.66 (d, 2H, 2Jp_u = 6.9 Hz, PCH,), 1.70 (d, 2H,

2Jp-u = 6.9 Hz, PCH,). *C{'H} NMR (75.44 MHz, C¢Ds): 0
—3.45 (GaMe), 14.16 (\Jp_c = 24.9 Hz, PMe,), 36.33, 38.05.
BBC{'H} NMR (121.44 MHz, CsDs): 6 —40.63.

Reaction of Cab®?GacCl; (8b) with PMes. A solution of
3b (0.36 g, 1.0 mmol) and trimethylphosphine (0.10 mL, 1.0
mmol) in toluene (10 mL) was stirred for 6 h at room
temperature and subsequently evaporated to dryness. Crystal-
lization from toluene (5 mL) at —20 °C gave the pure crystal-
line product (Cab®?GaClz*PMes (7b) (81%, 0.35 g, 0.81 mmol).
Exact mass caled for 2Cg'H27'°B1¢%°Cly0Ga %Py 434.1151,
found 434.1163. Anal. Caled: C, 22.14 H, 6.27. Found: C,
22.08; H, 6.42. Mp = 215—-216 °C. IR (KBr pellet, cm™1):
v(C—H) 3456w, 2994w, 2967w, 2918w, 2850w, v(B—H) 2584s.
H NMR (300.00 MHz, C¢Ds¢): 6 0.25 (d, 9H, %Jp_y = 15.9 Hz,
PMes), 0.67 (d, 3H, 2Jp-n = 8.7 Hz, PMey), 0.75 (d, 3H, 2Jp_n
= 8.4 Hz, PMey), 1.52 (d, 2H, 2Jp-u = 16.5 Hz, PCH>). 13C{'H}
NMR (75.44 MHz, CgDg): 6 2.19 (YJp_¢c = 18.6 Hz, PMe3), 9.44
(YJp_c = 23.6 Hz, PMe,), 35.05. C{'H} NMR (121.44 MHz,
CeDg): 6 —19.86, —5.01.

X-ray Crystallography. Details of the crystal data and a
summary of the intensity data collection parameters for 4b,
4c, and 5b are listed in Table 1. Crystals of 4b, 4¢, and 5b
were grown from toluene solutions stored at —20 °C. In each
case a suitable crystal was mounted in thin-walled glass
capillaries and transferred to the goniometer of a Bruker
SMART 1000 CCD area detector system, where it was cooled
to —60 °C for the duration of the experiment. Initial unit cell
parameters were obtained from SMART10 software. Data
integration, correction for Lorentz and polarization effects, and
final cell refinement were performed using SAINTPLUS.11
The data were further corrected for absorption using
SABABS.!? The initial structure solutions were obtained by
the direct methods routine in SHELXTL.'® Subsequent refine-
ment cycles (based on F?) and Fourier synthesis revealed the
positions of all non-hydrogen atoms. These atoms were refined
using anisotropic displacement tensors. All hydrogen atoms
were added in calculated positions for the final refinement
cycle.

Computational Details. Stationary points on the potential
energy surface were calculated using the Amsterdam Density
Functional (ADF) program, developed by Baerends et al.l41®

(10) SMART V5.05 Software for the CCD Dector System; Bruker
Analytical X-ray Systems, Inc.: Madison, WI, 1998.

(11) SAINTPLUS, V5.00 Software for the CCD Dector System;
Bruker Analytical X-ray Systems, Inc.: Madison, WI, 1998.

(12) SADABS. Program for absorption correction using SMART CCD
based on the method of: Blessing, R. H. Acta Crystallogr. 1995, A51,
33.

(13) SHELXTL, Version 5.03; Siemens Industrial Automation,
Inc.: Madison, WI, 1994.

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

(15) Baerends, E. J.; Ros, P. Chem. Phys. 1973, 2, 52.
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and vectorized by Ravenek.'® The numerical integration
scheme applied for the calculations was developed by de Velde
et al.1"1® The geometry optimization procedure was based on
the method of Versluis and Ziegler.' The electronic configura-
tions of the molecular systems were described by double-{ STO
basis sets with polarization functions for the H, B, and C
atoms, while triple- Slater-type basis sets were employed for
the P, Cl, Ga, and In atoms.2%?! The 1s electrons of B and C,
the 1s-2p electrons of P and Cl, the 1s-3p electrons of Ga, and
the 1s-4p electrons of In were treated as frozen cores. A set of
auxiliary?® s, p, d, f, and g STO functions, centered on all
nuclei, was used in order to fit the molecular density and the
Coulomb and exchange potentials in each SCF cycle. Energy
differences were calculated by augmenting the local exchange—

(16) Ravenek, W. Algorithms and Applications on Vector and
Parallel Computers; te Riele, H. J. J., Dekker, T. J., van de Horst, H.
A., Eds.; Elsevier: Amsterdam, The Netherlands, 1987.

(17) te Velde, G.; Baerends, E. J. J. Comput. Chem. 1992, 99, 84.

(18) Boerrigter, P. M.; Velde, G. t.; Baerends, E. J. Int. J. Quantum
Chem. 1988, 33, 87.

(19) Versluis, L.; Ziegler, T. JJ. Chem. Phys. 1988, 88, 322.

(20) Snijders, J. G.; Baerends, E. J.; Vernoijs, P. At. Nucl. Data
Tables 1982, 26, 483.

(21) Vernoijis, P.; Snijders, J. G.; Baerends, E. J. Slater Type Basis
Functions for the Whole Periodic System; Internal Report (in Dutch);
Department of Theoretical Chemistry, Free University: Amsterdam,
The Netherlands, 1981.

(22) Krijn, J.; Baerends, E. J. Fit Functions in the HFS Method;
Internal Report (in Dutch); Department of Theoretical Chemistry, Free
University: Amsterdam, The Netherlands, 1984.
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correlation potential of Vosko et al.?? with Becke’s?* nonlocal
exchange corrections and Perdew’s?® nonlocal correlation cor-
rections (BP86). Geometries were optimized including nonlocal
corrections at this level of theory. First-order Pauli scalar
relativistic corrections?$2” were added variationally to the total
energy for all systems. In view of the fact that all systems
investigated in this work show a large HOMO—-LUMO gap, a
spin-restricted formalism was used for all calculations. No
symmetry constraints were used.
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