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The charge transfer complexes of commo-Ni(3,1,2,-C,BgH,,), (1) with naph-
thalene (1 - C,,Hg), pyrene (1-C,¢H,,) and N,N-dimethylaniline (1+ C¢dH;NMe,)
were structurally characterized by X-ray diffraction studies. 1+ C,,Hg crystallized
in the orthorhombic space group Pnma with a=9.825(7), b=13.257(10) and
c=18.114(14) A, V=2359 A3, and Z=4. Data were collecled to a maxi-
mum 20 = 115°, giving 1426 unique reflections. The final discrepancy index was
R=0.077, R, =0.090 for 919 independent reflections with /> 2o(/). 1-C,4H;,
was crystallized in the orthorhombic space group P2,2,2, with a=6.967(1),
b=14.804(2) and ¢ =26.200(4) A, V=2702 A3, and Z =4. Data were collected
to a maximum of 20 = 50°, giving 2751 unique refections. The final discrepancy
index was R =0.075, R,, =0.094 for 1812 independent refections with 7> 3o(J).
1:-C¢HsNMe, crystallized in the orthorhombic space group Pn2,a (standard
setting  Pna2,) with a=9.476(2), b=13.160(2) and ¢=18.389(4)A,
V' =2304 A3, and Z = 4. Data were collected to a maximum of 20 = 45°, giving
1581 unique reflections. The final discrepancy index was R =10.055, R, =0.070
for 1152 independent reflections with /= 3c(/). Crystallographic data, in com-
bination with molecular orbital calculations, demonstrate that in each casc the
nickelacarborane acceptor orients itself with respect to the donor molecule to
maximize orbital overlap, thereby facilitating charge transfer.

In contrast to cyclopentadiene-derived metallocene com-
pounds, the corresponding metallacarborane sandwich
compounds derived from dicarbollide, [nido-C,BoH,,]* ",
cages generally exhibit greater thermal, chemical and
redox stability.! Notably, dicarbollide cages and their C-
substituted derivatives often serve to stabilize unusual
oxidation states and coordination geometries of the
central atoms in sandwich molecules.!?> An excellent
example is found in the highly robust nickel bis(3,1,2-
dicarbollyl) sandwich compounds of the type
[Ni(C,BoHy,),]"", for which room temperature stable
species can be isolated containing formal Ni**, Ni** and
Ni2* centers (n=0-2).> The facile electrochemical
interconversion of these species by reversible one-electron
transfer reactions has been described previously.?®

* To whom correspondence should be addressed.
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Although nickelocene, Ni(n-CsHs),, can be observed via
cyclic voltammetry to exhibit similar redox behavior, the
formal Ni** species, [Ni(CsHs),]**, is stable in electro-
lyte solutions only at temperatures below 0°C.*

The electron transfer reactions of [Ni(3,1,2-
C,ByH,,),]"” (n=0-2) involve intriguing structural
changes which appear to be general for most transition
and post-transition metal bis-dicarbollide sandwich com-
pounds. The formal d® nickel (2+4) and 4”7 nickel (3+)
complexes have been shown to have ‘slipped’ (C,;, sym-
metry) and nonslipped ‘transoid’ sandwich structures,
respectively, as shown schematically in Fig. 1a and 1b.3®
The bright orange, diamagnetic, formal d® Ni** species
[Ni(3,1,2-C,BgH,,),] (1) is formed by the air oxidation
of the Ni** analogue in solution.

This air-stable compound possesses an unusual ‘cisoid’
(C, symmetry) sandwich structure in which both pairs of
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Fig. 1. The bis(dicarbollide) formal nickel d® d’ and d®
sandwich compound series: (a) [commo-3,3-Ni(3,1,2-
NiCZBgH11)2]27, (b) Comm0'3,3l‘Ni(3,1,2'NiCZBgH11)2]7, and
{c) [commo-3,3"-Ni(3,1,2-NiC;BgH44), (1), and their electro-
chemical interconversion.

cage carbon atoms reside on the same side of the molecule
in a staggered arrangement as shown schematically in
Fig. [¢.® It has been shown previously that 1 may serve
as a catalyst for the air-oxidation of ethanol to acetalde-
hyde in a catalytic cycle presumably involving the revers-
ible Ni**—Ni** couple.*

The unusual cisoid structure of 1 leads to a significant
dipole  moment which has been measured at
6.164+0.05 D.* As a result, 1 forms highly colored 1: 1
charge transfer adducts with soft Lewis bases. Adduct
formation has been observed for a variety of neutral
donors including aromatic hydrocarbons, such as naph-
thalene, phenanthrene, 1,3,5-trimethoxybenzene, pyrene,
and N,N-dimethylaniline, as well as anionic donors such
as the chloride, bromide, and thiocyanate ions. Diethyl
sulfide, tetrathiafulvene and dicyclohexylthiourea also
form adducts with 1.3¢¢ It is notable that, as a rule,
organometallic and coordination compounds act as
donors in charge transfer complexes;” however, the
adducts of 1 represent unique examples of charge transfer
complexes in which the metal centered species acts as an
acceptor.

The electronic spectra of these adducts have been
discussed previously.®® In particular, the pyrene and N, N-
dimethylaniline adducts of 1 exhibit broad absorptions
in the 650-900 nm region, which is lower in energy than
the absorption maximum of uncomplexed 1 at 425 nm.
A preliminary X-ray structure determination for the
pyrene adduct of 1 was carried out by Wing more than
25 years ago, the details of which were never published.>*

Results and discussion

The addition of excess naphthalene to a yellow solution
of 1 in benzene affords a red—orange solution from which
a 1:1 red adduct was crystallized. Similarly, addition of
excess pyrene or N,N-dimethylaniline to a yellow solution
of 1 in dichloromethane results in the immediate forma-
tion of dark green solutions from which greenish black
and dark green 1:1 crystalline adducts, respectively, can
be isolated. When dissolved in dichloromethane in the
absence of excess Lewis base the intense color of these
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compounds is lost, giving yellow solutions indicative of
a high degree of adduct dissociation. The structures
of the naphthalene, pyrene and N,N-dimethylaniline
adducts of 1 have now been determined by single crystal
X-ray diffraction studies, the details of which are
reported herein.

Crystallographic analysis

The metallacarborane in the naphthalene, pyrene, and
N.N-dimethylaniline complexes of 1 was not found to be
significantly distorted when compared to the uncom-
plexed nickelacarborane. In each case, the long axis of
the metallocarborane molecule lies nearly parallel to the
planc of the aromatic molecule, and the two dicarbollide
cages are oriented such that the cage carbon atoms lie in
a staggered cisoid relationship, as found in the free
sandwich molecule. The carbon atoms of the nickelacar-
borane acceptor were found to be on the same side of
the molecule as the aromatic donor species.

1-(C,,Hg). The structure of the naphthalene adduct of
1 is shown in Fig. 2. Selected interatomic distances and
angles are listed in Table 1. Position and displacement
parameters for 1-(C,,Hg) are given in Table 2. A mirror
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Fig. 2. The structure of 1-(CqHg), with hydrogen atoms
omitted for clarity. Symmetrically equivalent positions are
indicated by parentheses.

Table 1. Selected interatomic distances (in A) and angles
(in °) for 1+ CyoHg.

Ni3-C1 2.074(8) Ni3-B8 2.102(14)
Ni3-Cl 2.090(12) c1-C1 1.631(11)
Ni3-B/C2’ 2.085(10) C1-B4 1.724(13)
Ni3-B4 2.085(11) B4-B8 1.864(13)
Ni3-B7’ 2.102(14) B5-C2N 3.82(2)
C1-C4N 3.80(2) B6-C3N 3.88(3)
C1-C5N 3.81(2) B/C2-C3N 3.88(2)
C1-C3N 3.88(2) B5-C2N 3.81(2)
C1-Ni3-C2 46.3(3) B10-Ni3-B10’ 176.2(2)
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plane passes through B10, B6, B8, Ni3, Cl’, BI2’' and
B10". As a result of this crystallographic symmetry, the
mirror-related positions B/C2’" and (B/C2’) have half
boron, half carbon occupancy. A redundant numbering
scheme has been used to label the figure with parentheses
to indicate symmetry equivalent positions. The bonding
C,B; faces of the two carborane cages are planar to
within 0.02 A and the normals to these faces form an
angle of 8°. The nickel atom is located 1.46 A from each
face. The angle B10-Ni3-B10" is 176.2". The nickelacar-
borane molecule is oriented such that the Cl, B4, B5
face and the atoms B/C2' and BS’ are closest to the
naphthalene molecule.

The naphthalene molecule is centrosymmetric and is
planar to within 0.01 A. The angle formed by the normal
to this plane and the vector B10-B10" is 89°. The closest
carborane approaches to the plane are C1 (3.63 A°), BS
(3.81 A), B6 (3.86 A), B/C2' (3.85 A) and BS' (3.62 A).
The shortest intermolecular distances, not involving
hydrogen, are CI-C4N, CI-C5N, and B5-C2N
(Table 1). The shortest hydrogen atom-naphthalene
plane distance is 3.1 A, for both H6 and H1".

Figure 3a shows the orientation of the long axis of 1
(B10 Ni3-B10") with respect to naphthalene. The view
1s along an axis normal to the plane of the naphthalene.
As can be seen, the nickelacarborane is not centered over
the top of the donor as might be expected, but is instead
shifted down. Additionally, the long axis of the nickela-
carborane is tilted away from the long axis of the donor.
A view down the B10-Ni3-B10’ axis of the nickelacar-
borane (Fig. 4a) reveals that the carbon atoms of the
acceptor are rotated away from the face of the naph-
thalene donor.

1-(C,sH,,). The structure of the pyrene adduct of 1 is
shown in Fig. 5. Selected interatomic distances and angles
are given in Table 3. Position and displacement para-
meters for 1-(C,¢H,,) are given in Table 4. The bonding
C,B; faces of the carborane cages are planar to within
0.02 A and the normals of the planes form an angle of
7°. The nickel atom is located 1.47 A from each face.
The angle B10-Ni3-B10’is 178.8°. The nickelacarborane
molecule is oriented such that the C1’, C2’, B6’ face and
the Cl atom are closest to the pyrene molecule.

v
8

(a) (b) (0

Fig. 3. Views normal to the hydrocarbon mean plane
depicting the orientation of 1 with respect to (a) CyoHg,
(b} CygH10, and (c) CgHsNMe,. For the purposes of clarity, 1
has been depicted by the vectors Ni3-B10 and Ni3-B10'.
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(a) (b) (c)

Fig. 4. Orientation of 1 with respect to the donor molecules
(a) CqoHg, (b) CqgH4q, and (c) C¢HsNMe, as viewed down the
long axis (B10-Ni3-B10’) of 1. For clarity, only Ni and the
two C,Bj rings of the nickelacarborane in each complex have
been shown.

Fig. 5. The structure of 1-(CygHq0), with hydrogen atoms
omitted for clarity.

Table 3. Selected interatomic distances (in A) and angles
(in O) fOr 1 'C16H10.

Ni3-C1 2.077(12)  C1-C2 1.590(16)
Ni3-C2 2.061(11)  C1-C2’ 1.64(2)
Ni3-C01’ 2.114(12)  C1-B4 1.71(2)
Ni3-C2’ 2.070(12)  C1-B4’ 1.71(2)
Ni3-B4 2.094(14)  C2-B7 1.73(2)
Ni3-B4’ 2.108(13)  C2-B7’ 1.73(2)
Ni3-B7 2.092(14)  B7-B8 1.86(2)
Ni3-B7’ 2.077(15)  B7-B8’ 1.83(2)
Ni3-B8 2.131(14)  B4-B8 1.85(2)
Ni3-B8’ 2.094(14)  B4-B8’ 1.80(2)
C1-Ni3-C2  45.2(5) B10-Ni3-B10"  178.8(3)
C1-Ni3-C2'  46.1(5)

The pyrene molecule is planar to within 0.02 A. The
angle formed by the normal to this plane and the vector
B10-B10’ is 87°. The distance between the nickel center
and the mean plane of the pyrene molecule is 4.74 A.
The C1’, C2', B6’, and CI1 atoms lie 3.43, 3.67, 3.08, and
3.46 A, respectively, from the mean plane of the aromatic
molecule. The shortest hydrogen atom-pyrene plane
distance is 2.04 A, involving H6'.

Figure 3b shows the orientation of the long axis of 1
(B10-Ni3-B10’) with respect to pyrene. As was observed



in the case of the naphthalene complex above, the
nickelacarborane is tilted with respect to the donor
molecule. In addition, 1 is translated away from the
center of the molecule. In a view down the long axis of
1 (Fig. 3b), the carbon atoms of the carborane are again
found to be rotated away from the face of the poly-
aromatic donor molecule. However, the rotation
observed in 1-(C;4H,,) is not as pronounced as that
observed in 1-(C,;,Hg).

1-(CsHsNMe,). The structure of the N, N-dimethyl-
aniline adduct of 1 is shown in Fig. 6. Selected
interatomic distances and angles are listed in Table 5.
Position and displacement parameters for
1-(C¢HsNMe,) are given in Table 6. Each of the C,B;
bonding faces of the carborane cages is planar to within
0.02 A. The angle between normals to these faces is 8°
and the nickel atom is 1.46 A from each. The angle
B10-Ni3-B10" is 177.1°. The nickelacarborane molecule
is oriented with the C1, BS, B6 face and the B11’ atom
closest to the aniline molecule.

The nonhydrogen atoms of N,N-dimethylaniline are
all coplanar to within 0.08 A, and the angle formed by
the normal to this plane and the vector B10-B10’ is
86.9°. The distance between the nickel center and the
mean plane of the aniline molecule is 5.02 A. The Cl,
BS, B6, and B11’ atoms lie 3.54, 3.67, 3.59 and 3.71 A,
respectively, from the mean plane of the aromatic molec-
ule. The shortest hydrogen atom—aromatic plane distance
is 2.58 A, involving H5.

The orientation of the long axis of 1 (B10-Ni3-B10’)
with respect to the long axis of N,N'-dimethylaniline is
shown in Fig. 3c. The axes of both molecules in the
complex are nearly parallel. However, the carbon atoms
of the two dicarbollide cages are rotated from the plane
of the donor as seen in Fig. 4c.

W wn

BOQe
ZwWZ O

Fig. 6. The structure of 1-(CgHsNMe,), with hydrogen atoms
omitted for clarity.

CHARGE TRANSFER COMPLEXES

Molecular orbital calculations. Molecular orbital calcula-
tions for all molecules were obtained from 6-31G*
Hartree—Fock calculations using the GAUSSIAN 94
program.® A geometry of C2 was imposed on 1 in order
to simplify the calculation. The lowest unoccupied molec-
ular orbital (LUMO) for 1 and the highest occupied
molecular orbital (HOMO) for each of the donor molec-
ules (napthalene, pyrene, and N,N’-dimethylaniline) are
shown in Fig. 7. A more detailed view depicting the
three-dimensional nature of the LUMO of 1 is shown in
Fig. 8. Based on frontier orbital type arguments, the
orientation of 1 with respect to the donor molecules
shows a strong correlation. Comparisons of the orienta-
tion of 1 with respect to each of the donor molecules
(Figs. 3 and 4) with the calculated molecular orbitals
(LUMO and HOMO, Figs. 7 and 8) reveals that the
nickelacarborane is oriented in such a way as to maximize
orbital overlap between the donor and acceptor. While
crystal packing forces may also apply to the translational
and rotational anomalies observed in these complexes,
molecular orbital calculations present a compelling argu-
ment for configurations based on electronic interactions.

Geometric distortion of 1. The two dicarbollide cages of
1 show a distortion in which the carbon atoms are
displaced slightly toward the geometric centers of their
respective icosahedra. This distortion results in a tilt of
the C,B; planes of the two dicarbollide cages by 6° with
respect to one another without producing a bending of
the overall complex along the axis passing through the
nickel center and the two dicarbollide cage apical B10
and B10’ atoms. Unlike most dicarbollide sandwich
compounds, the nickel atom is not significantly slipped
away from the cage face carbon atoms in the direction
of the unique boron atom, B8. The Ni-C and Ni-B
interatomic distances in 1 average 2.07 and 2.10 A,
respectively. Distortions from idealized geometry in
commo-metallacarboranes are often described in terms
of the ‘slipping’ parameter A,° and the ‘folding’ para-
meters 0 and ¢.!° The slip parameter, A, is defined as
the displacement of the metal atom from the normal
through the centroid of the least-squares plane of the
lower Bs ring of the dicarbollide cage. The folding
parameters, 0 and ¢, which measure the lack of coplanar-
ity of the C,B; bonding face of the dicarbollide cage
with respect to the lower Bs plane, are defined as the
dihedral angles between the normals to the least-squares
plane of the lower B ring and the B(4)-C(1)-C(2)-B(7)
and B(4)-B(8)-B(7) planes, respectively, for 3,1,2-
MC,B,-type complexes. However, the mode of dicarbol-
lide cage distortion in compound 1 is different from that
found in most metallacarborane complexes. In general
commo-metallacarborane complexes exhibit varying
degrees of slip along an axis which passes between the
two carboranyl carbon atoms and through the B8 atom,
and folding along a line that passes through the B4 and
B7 atoms. The free nickelacarborane 1 is essentially
unslipped (A=0.10 A) and does not fold in a regular
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Table 5. Selected interatomic distances (in A) and angles
(in °) for 1-CgHsNMe,.

Ni3-C1 2.051(16) C1-C2 1.60(2)
Ni3-C2 2.060(14) c1-C2 1.54(2)
Ni3-C1 2.057(15) C1-B4 1.71(2)
Ni3-C2’ 2.073(9) C1-B4 1.74(2)
Ni3-B4 2.063(15) C2-B7 1.66(2)
Ni3-B4’ 2.070(15) C2-B7’ 1.78(3)
Ni3-B7 2.10(2) B7-B8 1.78(3)
Ni3-B7’ 2.10(2) B7-B8’ 1.80(2)
Ni3-B8 2.101(11) B4-B8 1.88(2)
Ni3-B8’ 2.066(16) B4'-B8’ 1.82(3)
C1-Ni3-C2 45.9(6) B10-Ni3-B10’ 177.1(3)
C1-Ni3-C2’ 43.9(6)

fashion. Nevertheless, the folding parameters do give
some measurement of the extent of the distortions in the
two C,B; dicarbollide cage bonding faces in 1. In the
case of free 1, the two cages show dissimilar 6 folding
parameters of 5 and 2.2°. The ¢ parameters for free 1
are 0.4 and 0.9°.

CHARGE TRANSFER COMPLEXES

The distortion parameters for the 1-naphthalene,
1-pyrene and 1-N,N-dimethylaniline complexes are
given in Table 7. A lessening of the distortions of 1 in
these complexes could be taken as evidence of partial
reduction by electron transfer from the aromatic com-
ponent. However, only very slight structural changes are
found. The complexes contain nickel centers which are
essentially unslipped (average A=0.09 A). No regular
pattern seems to emerge for the folding parameters. For
the 1-naphthalene complex, only values for the
‘unprimed’ C,B,H,, cage are given, because of disorder
in the ‘primed’ cage (Fig. 2). In comparison with uncom-
plexed 1, the value of 6 is identical and the value for ¢
is reduced to 0.2°. For the 1 - pyrene complex the average
8 value is reduced from 3.6 to 2.9° and the average ¢
value remains unchanged at 0.65°. In the case of the
1+ N,N-dimethylaniline complex the average 0 value is
reduced to 2.6°, and the average ¢ value is increased
from 0.65 to 1.05°. These relatively minor changes in
distortion parameters between the complexed and
uncomplexed forms of 1 do not indicate an overall trend
and can be explained by crystallographic packing forces.

Table 6. Position and displacement parameters for 1-{CgHsNMe,).*?

Uiy
Atom  x y z or (Y Uy Uss Usz Uss Uss Uleq)
Ni3 0.60641(10) 0.25206 0.49952(9) 0.0072(6) 0.0085(6) 0.0075(6) 0.0009(17) 0.0000(6) —0.0001(6) 0.0077(2)
N17 1.0056(14) 0.5062(13) 0.5929(4) 0.054(6) 0.059(7) 0.035(5) 0.014(6) —0.008(8) 0.003(10) 0.049(3)
C18 1.0741(16)  0.4258(15) 0.6340(10) 0.045(10) 0.076(14) 0.056(12) -0.025(10) 0.003(8) 0.019(11) 0.059(5)
Cc19 0.9126(14) 0.5724(12) 0.6319(9) 0.045(9) 0.027(8) 0.041(10) —0.007(7) 0.007(7) —0.001(8)  0.038(4)
c1* 0.7306(18)  0.3189(15) 0.4217(7)  0.044(5)
Cc2* 0.7364(16)  0.1973(12) 0.4187(7)  0.030(4)
B4* 0.5595(19) 0.3613(12) 0.4227(7) 0.027(4)
B5* 0.6616(18) 0.3714(14) 0.3422(8) 0.037(4)
B6* 0.7841(11)  0.2682(11) 0.3415(6)  0.030(3)
B7* 0.5792(20) 0.1422(15) 0.4180(9) 0.038(5)
B8* 0.4520(12) 0.2414(14) 0.4178(6) 0.027(3)
B9* 0.4828(17)  0.3172(15) 0.3378(8)  0.032(5)
B10* 0.6264(12) 0.2604(19) 0.2886(6) 0.032(3)
B11* 0.6840(17) 0.1535(12) 0.3374(8) 0.027(4)
B12* 0.5059(16) 0.1794(12) 0.3365(7) 0.018(4)
C1*  0.6490(18) 0.1530(12) 0.5832(7) 0.035(4)
C2*  0.7377(9) 0.2510(17) 0.5897(5)  0.030(2)
B4™*  0.4706(15) 0.1758(13) 0.5688(8) 0.029(4)
B5* 0.5361(18) 0.1408(14) 0.6558(8) 0.030(4)
B6*  0.7071(20) 0.1847(15) 0.6678(8) 0.029(5)
B7*  0.6343(19) 0.3628(15) 0.5805(8) 0.029(4)
B8*  0.4583(17) 0.3139(15) 0.5691(8) 0.036(5)
B9*  0.4175(11) 0.2453(16) 0.6485(7) 0.036(3)
B10* 0.5665(12) 0.2476(20) 0.7099(6) 0.035(3)
B11* 0.7024(24) 0.3200(19) 0.6676(9) 0.045(6)
B12* 0.5241(19) 0.3616(16) 0.6565(9) 0.039(5)
C11* 1.0889(14) 0.4300(13) 0.4815(9) 0.044(4)
C12* 1.0911(16)  0.4266(14) 0.4064(9) 0.044(5)
C13* 1.0126(18) 0.4988(16) 0.3661(6) 0.049(3)
C14* 0.9300(17) 0.5678(14) 0.4007(9) 0.046(5)
C15* 0.9295(15) 0.5708(13) 0.4778(10) 0.044(4)
C16* 1.0049(16) 0.5070(14) 0.5192(4) 0.029(3)

2Units of Uy, Uleq) and isotropic {u?) are A2, Units of each e.s.d., in parentheses, are those of the least significant digit of
the corresponding parameter. Uleq) is defined as: (1/3)[U,q(aaa*a*) + Usa(bbb* b*) 4+ Uszlccc* c*) + 2Uq (aba* b* cos y) +
2U,3(aca*c* cos f) + 2U,3(becb*c* cos a)]. °The anisotropic temperature factor is defined as: exp {—2n%[U,,(a*a*hh) +
Uapa(b*b*kk) + Usa(c*c* ) +2Uq(a*b* hk) + 2Uqz(a* c* hi) + 2U,3(b* c*kl)]}. Atoms refined isotropically are denoted by*.
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Fig. 7. The {a) LUMO of 1 and the HOMO'’s of (b) CgHsNMes,,
(c) CqoHg, and (d) CigH,o were obtained from 6-31G*
Hartree—Fock calculations using the GAUSSIAN 94 program.8
Nodal surfaces are depicted of each.

Fig. 8. Detailed view of the nodal surface of the LUMO of 1
obtained from a 6-31G* Hartree-Fock calculation using the
GAUSSIAN 94 program.®

Experimental

Materials and general methods. Naphthalene, pyrene and
N,N-dimethylaniline were commercial reagents that were
used without further purification. Dichloromethane was
distilled from phosphorus pentoxide. Benzene and n-
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hexane were distilled from sodium. The naphthalene
adduct of 1 was prepared by adding a tenfold excess of
naphthalene to a solution of 1 in benzene. The color of
the solution immediately changed from yellow to red -
orange. The solution was concentrated by slow evapor-
ation at room temperature to yield deep red crystals
of 1-CyoHg. The pyrene (1-CcH;,) and N,N-dimethyl-
aniline (1 CsHsNMe,) adducts of 1 were prepared by a
modification of the method described in Ref. 4a. The
addition of a ten-fold molar excess of pyrene or N,N-
dimethylaniline to a yellow dichloromethane solution of
I resulted in the immediate formation of a dark green
solution. Layering of these solutions with n-hexane and
cooling these solutions to 20 °C resulted in greenish black
and dark green crystals, respectively. 1-C,,Hg and
1-C,¢H,o were stable indefinitely in air. However, upon
standing in air, 1-C,HsNMe, slowly decomposed via
loss of dimethylaniline.

General methods of crystallographic analyses. Data for
1-CoHg, 1:C¢Hyo and 1-C¢HsNMe, were collected
on modified Syntex PI, Huber and Picker FACS-I
diflractometers. respectively. Calculations were per-
formed in the J. D. McCullough X-ray Crystallographic
Laboratory using the UCLA crystallographic programs:
CARESS (Broach, Coppens, Becker, and Blessing), peak
profile analysis, Lorentz and polarization corrections;
ORFLS (Busing, Martin, and Levy), structure factor
calculation and full-matrix least-squares refinement;
ABSCOR, locally written absorption correction program
based on psi-scans; SHELX76 (Sheldrick), crystal struc-
ture package; MULTANS80 (Main, Fiske, Hull,
Lessinger, Germain, Declerq, and Woolfson), direct
methods; and ORTEP (Johnson), figure plotting. Data
were corrected for Lorentz and polarization effects.
Additionally, 1 - C,,Hg and 1 - CqHs;NMe, were corrected
for absorption and 1+ C,,Hg was corrected for secondary
extinction. The structures of 1-C;,Hg, and 1-C,;sH,,
were solved using heavy-atom methods, and the structure
of 1-CsHsNMe, by direct methods (MULTANSO).
Remaining atoms were located by use of difference
electron density maps. In the course of refinement all
cage C and B atoms were initially assigned scattering
factors for boron. After refinement, carboranyl carbon
atom positions could be distinguished by their anomal-
ously low temperature factors and by shorter interatomic
distances. Scattering factors for hydrogen were obtained
from Stewart er al.,'° and those for other atoms were
taken from Ref. 11. Details of the individual data collec-
tions are given in Table 8.

X-Ray analysis of 1-C,,Hg. A red crystal of
1 - naphthalene was affixed to a fiber using epoxy cement.
Systematic absences were found for kO reflections for
which A=2n+1, and for 0k1 reflections for which k +
I1=2n+1. Unit-cell parameters were determined from
a least-squares fit of 27 accurately centered reflec-
tions (18.8<20<40.0°). These dimensions and other
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Table 7. Distortion parameters for the metallacarborane moiety, 1-{(donor).?

Compound A/AP 0/°¢ /¢
[(C5BoH14)5Nil 0.10, 0.09 5,2.2 0.9,
0.4
[(C5BgH11)2Nil - naphthalene 0.10(1)¢ 2.2(3)° 0.2(3)°
[(C3BgH11),Nil - pyrene 0.09, 3.2, 1.3, 0.0(3)
0.07(2) 2.6(3)
[(C,BgH11),Nil - N, N-dimethylaniline 0.11, 3.0, 1.4, 0.7(4)
0.08(2) 2.2(4)

aUnits of e.s.d., in parentheses, are those of the least significant digit of the corresponding parameter. ?A is the displacement
of the metal from the normal through the centroid to the least-squares plane of the lower Bg belt of the dicarbollide cage.
°0 is the angle between the normals to the least-squares planes of the C(01), C(02), B(04), B(07) set and the lower Bs belt.
9¢ is the angle between the normal to the plane of the B(04), B(07), B(08) set and the least-squares plane of the lower Bg
ring. ®*The value reported is for the unprimed cage only (Fig. 2). Calculated values of A, 0 and ¢ derived from the primed

cage are not valid because of disorder due to symmetry.

Table 8. Details of crystallographic collections.

1- (C-")Hg) 1 (C16H10) 1 (CsHsNMEZ)
Chemical formula Cq4B1gH3Ni  CyBqgH3Ni  Cq5B1gH33NNi
Formula weight 451.7 525.8 4447
Space group Pnma P2,2,2, Pn2;a
T/K 297 298 128
a/A 9.825(7) 6.967(1) 9.476(2)
b/A 13.257(10) 14.804(2) 13.160(2)
c/A 18.114(14)  26.200(4)  18.389(4)
v/A? 2359 2702 2304
Z 4 4 4
plcaled)/g cm ™2 1.27 1.29 1.29
p/cm™? 11.3 7.3 8.52
A 1.5418 0.7107 0.7107
R? 0.077 0.075 0.055
R.b 0.090 0.094 0.070
GOF° 2.51 2.45 2.12

?R=X| Fol = |Fcll/IFol. ” Ry = [EW(| Fo| — | Fe| Z/Zw(| Fo 2172,
°GOF = [Ew(|Fy| — | F. /N, — N,)I"2, where w= 1/(c?|F,|).

parameters, including conditions of data collection, are
summarized in Table 8. Data were collected at 25°C in
the 6-26 scan mode using Cu K, radiation. Three intense
reflections (1 3 1, 0 0 4, 4 0 —2) were monitored every
97 reflections to check stability. Intensities of these
reflections decayed 23% during the course of the experi-
ment (21.9 h). Of the 1426 unique reflections measured,
919 were considered observed [/>2c()] and were used
in the subsequent structure analysis.

Atoms were located by use of heavy atom methods.
Nickel and cation non-hydrogen atoms were refined with
anisotropic parameters. All other non-hydrogen atoms
were refined isotropically. Carboranyl H were located
and were included in structure factor calculations but
parameters were not refined. Cation H were placed in
calculated positions (C-H=1.0 A). Hydrogen atoms
were assigned isotropic displacement values based
approximately on the value for the attached atom.
Anomalous dispersion terms were included for nickel.
The largest peak on a final difference electron dens-
ity map was 0.26¢ A3, Final position and thermal

parameters for nonhydrogen atoms are provided in the
supporting information.

X-Ray analysis of 1-C,sH,;y. A deep green crystal of
1-pyrene was affixed to a fiber using epoxy cement.
Systematic absences were found for reflections /00,
h=2n+1, 0k0, k=2n+1, and for 00l, /=2n+1. Unit-
cell parameters were determined from a least-squares fit
of 21 accurately centered reflections (10.1 <26<20°).
These dimensions and other parameters, including condi-
tions of data collection, are summarized in Table 8. Data
were collected at 25°C in the 6-26 scan mode using
Mo K, radiation. Three intense reflections (16 —2, 118,
—2 1 5) were monitored every 97 reflections to check
stability. Intensities of these reflections fluctuated only
slightly, ca.+ 5%, with less than 2% decay during the
course of the experiment (50.0 h). Of the 2751 unique
reflections measured, 1812 were considered observed
[I>30c(l)], and were used in the subsequent structure
analysis.

Atoms were located by use of heavy atom methods,
and calculations were performed on a VAX 11/750 com-
puter. Only Ni atoms were included with anisotropic
thermal parameters. All pyrene hydrogens were included
in calculated positions with an assigned B dependent on
the value of the attached atom. All carboranyl hydrogens
were included in located positions in structure factor
calculations with an assigned B dependent on the value
of the attached atom. Parameters for hydrogen atoms
were not refined. Anomalous dispersion terms were
applied to the scattering of Ni. The maximum on a final
difference electron density map was 0.2e A~ Final
position and thermal parameters for nonhydrogen atoms
are provided in the supporting information.

X-Ray analysis of 1+ C¢HsNMe,. A deep green needle
of 1-:N,N-dimethylaniline was affixed to a fiber.
Systematic absences were found for reflections 0kl,
k+1=2n+1, and for hk0, h=2n+ 1. Unit cell parameters
were determined from a least-squares fit of 21 accurately
centered reflections (9.6 <20<20.4°). These dimensions
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and other parameters, including conditions of data collec-
tion, are summarized in Table 8. Data were collected at
128 K in the 6-26 scan mode using Mo K, radiation.
Three intense reflections (1 05,21 —2, 25 —4) were
monitored every 97 reflections to check stability.
Intensities of these reflections showed no decay during
the course of the experiment (31.5 h). Of the 1581 unique
reflections measured, 1152 were considered observed
[/>3c(I)], and were used in the subsequent structure
analysis.

Atoms were located by use of direct methods
(MULTANS Q0), and calculations were performed on a
VAX 11/750 computer. Only Ni, N, and methyl-C atoms
were included with anisotropic thermal parameters. The
hydrogen atoms of N,N-dimethylaniline were kept in
calculated positions (C—H =1.0 A) with assigned B values
based on the atoms to which they are attached. All
carboranyl hydrogens were included in located positions
in structure factor calculations. Parameters for hydrogen
were not refined. Anomalous dispersion terms were
applied to the scattering of Ni. The maximum on a final
difference electron density map, near nickel, was
0.32e A™3. Final position and thermal parameters for
nonhydrogen atoms are provided in the supporting
information.

Conclusions

The crystal structures of three nickelacarborane charge-
transfer complexes were determined. In each case, the
nickelacarborane is observed to be in a cisoid conforma-
tion. The long axis of the nickelacarborane is parallel to
the plane of the aromatic donor. Contrary to intuition,
the electron-deficient carbon atoms of the carborane cage
are not pointed directly toward the donor molecule, but
instead the dipole is rotated away from the normal of
the aromatic hydrocarbon plane (Fig. 4). Based on fron-
tier orbital calculations, there appears to be a strong
correlation between the configuration of 1 with respect
to the donor molecules. Additionally, the structure of
the complexed 1 does not deviate significantly from that
of uncomplexed 1.

Acknowledgment. We sincerely thank Prof. John Head of
the University of Hawaii for his help with the molecular

730

orbital calculations shown and for his assistance in the
preparation of this manuscript. This work was funded
by grants from the National Science Foundation (CHE-
88-06179 and CHE-93-14037).

References

1. Hawthorne, M. F., Young, D. C., Andrews, T. D., Howe,
D. V., Pilling, R. L., Pitts, A. D., Reintjes, M., Warren,
L. F., Jr. and Wegner, P. A. J d4m. Chem. Soc. 90
(1968) 879.

2. (a) Salentine, C. G. and Hawthorne, M. F. Inorg. Chem.
15 (1976) 2872; (b) Schubert, D. M., Rees, W. S., Jr.,
Knobler, C. B. and Hawthorne, M. F. Organometallics 9
(1990) 2938; (b) Schubert, D. M., Bandman, M. A., Rees,
W.S., Jr., Knobler, C. B., Lu, P., Nam, W. and Hawthorne,
M. F. Organometallics 9 (1990) 2046.

3. (a) Warren, L. F., Jr. and Hawthorne, M. F. J. Am. Chem.
Soc. 89 (1967) 470; (b) Warren, L. F., Jr. and Hawthorne,
M. F. J. Am. Chem. Soc. 90 (1968) 4823; (c) Wilson, R. J.,
Warren, L. F., Jr. and Hawthorne, M. F. J. Am. Chem.
Soc. 91 (1969) 758; (d) Warren, L. F., Jr. and Hawthorne,
M. F. J. Am. Chem. Soc. 92 (1970) 1157.

4. Holloway, D. L. and Geiger, W. E., Jr. J. Am. Chem. Soc.
101 (1979) 2038.

5. St. Clair. D.. Zalkin, A. and Templeton. D. H. J. Am.
Chem. Soc. 92 (1970) 1173.

6. Forward, J. M., Mingos, D. P. M., Miiller, T. E., Williams,
D. J. and Yan, Y.-K. J. Organomet. Chem. 467 (1994) 207.

7. Kochi, J. K. Organometallic Mechanisms and Catalysis,
Academic Press, New York, NY 1978.

8. Gaussian 94, Revision E.2, Frisch, M. J., Trucks, G. W.,
Schlegel, H. B., Gill, P. M. W, Johnson, B. G., Robb,
M. A., Cheeseman, J. R., Keith, T., Petersson, G. A.,
Montgomery, J. A., Raghavachari, K., Al-Laham, M. A.,
Zakrewski, V. G., Ortiz, J. V., Foresman, J. B,
Cioslowski, J., Stefanov, B. B., Nanayakkara, A.,
Challacombe, M., Peng, C. Y., Ayala, P. Y., Chen, W.,
Wong, M. W., Andres, J. L., Replogle, E. S., Gomperts, R.,
Martin, R. L., Fox, D. J., Binkley, J. S., Defrees, D. J.,
Baker, J., Stewart, J. P., Head-Gordon, M., Gonzalez, C.
and Pople, J. A., Gaussian, Inc., Pittsburgh, PA 1995.

9. (a) Mingos, D. P. M., Forsyth, M. 1. and Welch, A. J.,
J. Chem. Soc., Chem. Commun. (1977) 605; (b) Mingos,
D. P. M., Forsyth, M. 1. and Welch, A. J. J. Chem. Soc.,
Dalton Trans. (1978) 1363.

10. Stewart, R. F., Davidson, E. R. and Simpson, W. T.
J. Chem. Phys. 42 (1965) 3175.

11. International Tables for X-Ray Crystallography, Vol.1V,
Kynoch Press, Birmingham, UK, 1974.

Received November 6, 1998.



