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[ MO(CNP~) , ] (PF, ) ,~  
Table 111. Interatomic Distances (A)  and Angles (Deg) for 

C(21 )-Mo-C(41 > 
C:ll )-Mo-C(31) 
C(51 )-Mo-C(61) 
C!61 )-Mo-C(?l) 
c(31 )-~0-5(71 j 
C(41 )-Mo-C(?l) 
C ( 1  1 )-Mo-C(51 ) 
C (21  )-Yo-C(51) 
: ( $ I  )-Mo-C(21) 
C(31 )-RO-C(41 1 
C!4 ' ! -Ro-3 (61 ,  

C (  1 1  )-N( 1 1  ) 
C!Zl)-N(Zl) 
C(31 )-N(31 ) 
C (  4 1 )-N( 61 ) 
C(51)-N(51: 
C(61 )-!f(51 ) 
C(?1 )-N(7') 

Mo-C(Il)-N(ll) 
Mo-C(21 )-N(21) 
Mo-C!3! )-N(31 ) 
YO-C:41 )-N(41) 
Mo-C(51 )-N(51 ) 
Mo-C(61 )-?7(61) 
Yo-C:"l \-N(71 

min P-F 
max P-? 
mean P-F 
n i n  + F-P-? 
max c i s  Y-P-? - 

159.2(4) C ( 2 1  )-Mo-C(31) 
156.2(4) C(21 )-!40-:(61) 
131.9(4! C(41 )-Mo-C(51) 
1Z7.9!4) C(11)-Mo-C(61) 

115.9(4) C(1 1 )-Mo-C(41) 
1 1  1 .8(4) C(l1 )-Mo-C(71 ) 

92.5 ( 4 )  C!21 )-Mo-C(71) 
87.6 (4) 

113.?(4) C (  31 )-MO-C( 51 ) 

104.2(4) c!5l)-Yo-c(71) 

Ligand Ceonet r$  

1.133(12) E(ll)-C(12) 
1.152(14) N(21)-C(22) 
1.153(12) N o 1  ) - C ( 3 2 )  
1 .134(14) N(41 )-C(42) 
1.146(12) N(51)-C(52) 
1.129(12! N ( 6 1 ) - 3 ( 6 2 )  
1.142(14, N:71)-C(72) 

177 .C( 9) C( 1 1 )-N( 1 1 ) - C (  1 2 )  
1?3.2(8) C(2!)-N(21 ) - C ( 2 2 )  
1??.1(9) J (3 1 ) -N (3 1 ) -C ( 3 2 )  
1?2.0(8) C(41 )-N(41 )-C(42) 
175.9(9) C(51 )-N(51 ) - C ( 5 2 )  
1??.5(3) C(61 )-N(61 )-C(62) 
176. 3( 9) C(T1 )-N(Vl )-C(72) 

Anion Geometry 

1.526(9) mean ?-P-F 
: ,601 ( 7 )  min trans ?-P-F 
I .566(8) max F-P-F 

mean trans ?-P-? 57.6 (6 > 
93.1(6) 

See footnote a, Table 11. Distances have not been corrected 
for thermal motion. Standard deviations, quoted for mean values, 
are the average of the standard deviation for the individual values. 

decreasing size, respectively. Phenyl rings were refined as rigid 
groups; see text. 

1 shows the geometry of the cation along with the atom la- 
beling scheme. 
Discussion 

The structure consists of discrete [Mo(CNP~)~] '+  cations 
and PF6- anions having no crystallographically imposed sym- 
metry. The geometry of the anions is normal. The cations 
are seven-coordinate, confirming the original a ~ s i g n m e n t . ~ ~  
Their geometry approximates that of the 4:3 (C,) piano stool 
structure recently identified in several related alkyl isocyanide 
Mo(I1) and W(I1) c o m p l e x e ~ . ~ ~ ~  This choice of geometry is 
made by comparing the C-Mo-C interbond angles of Table 
I11 with those tabulated3g for various reference geometries. 
In this description the quadrilateral face is defined by atoms 
C(l l),  C(41), C(51), and C(71) and the trigonal face by atoms 
C(21), C(31), and C(61) (Figure 1). After the bond lengths 
were normalized, the dihedral angle between the quadrilateral 
and trigonal faces was computed to be 1.04' while that across 
the diagonal of the quadrilateral face was found to be 2.58O. 
These values confirm the 4:3 (C,) piano stool to be a good 
reference ge~met ry .~~ ,g  Alternatively, the structure may be 
referenced to an idealized C3, capped octahedron with C(71) 
the capping (c) atom, C( l  l ) ,  C(21), and C(51) comprising 
the capped face (cf), and C(31), C(41), C(61) constituting 
the uncapped face (uf). With this latter reference geometry 
the familiar4a*3hs3J 1 :3:3 bond length pattern emerges: M A , ,  
2.059 (11) A; Mo-CCf, 2.102 (average) A; Mo-CUf, 2.166 
(average) A. Similar results were found for the related sev- 
en-coordinate homoleptic cations [Cr(CN-t-Bu),]*+ 3j and 
[ M O ( C N M ~ ) , J ~ + . ~ ~  

The mean Mo-C bond length of 2.123 f 0.04 A in the 
[Mo(CNPh),]'+ cation is essentially the same as the corre- 

Distances and angles at the metal are listed in increasing and 
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s nding mean distances in [Mo(CN-t-Bu),I2+ (2.1 15 f 0.04 K [  3b M O ( C N M ~ ) ~ ] ~ +  (2.107 f 0.04 A),4a and [Mo(CN-c- 
C6H11)7]2+ (2.106 f 0.04 A).3h The internal geometry of the 
phenyl isocyanide ligands is summarized in Table 111. 
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There are only a few of EPR studies of low-spin 
nickel complexes that also give information on the metal hy- 
perfine interaction. There are still fewer ~ y s t e m s ~ , ~  that provide 
ligand hyperfine interaction from all the bonded ligand nuclei, 
in addition to the metal hyperfine interaction due to 61Ni, to 
enable us to obtain a complete picture of the unpaired electron 
distribution in the complex. Detailed EPR studies of Ni(II1) 
in the ligand environment of group 5B donors have revealed 
a highly delocalized wave function for the unpaired elec- 
tron.6*8-'0 

An earlier analysisI0 of ligand hyperfine interaction by a 
single-crystal EPR study of [Ni(phmp)zClz]C104 [where phmp 
is o-phenylenebis(dimethylphosphine)] revealed delocalization 
amounting to 68% of the unpaired spin density on the ligand 
nuclei. The present investigation on the d7 low-spin nickel(II1) 
complex enriched with 85% nickel-61 isotope is an attempt 
to have a critical look at this estimate on the basis of the 61Ni 
hyperfine coupling tensor. 
Experimental Section 

The complexes [Ni(phmp),C12]C104 and [Co(phmp),C12]C104 were 
prepared according to the procedure reported earlier." The nickel(II1) 
complex enriched with the magnetic isotope 61Ni was made with 85% 
isotopically pure NiO. A 1 : 1 mixture of acetonitrile and absolute 
alcohol was used for solution EPR measurements. 

Singlecrystal EPR measurements were made on [61Ni(phmp)2C12]+ 
magnetically diluted with the corresponding diamagnetic [Co- 
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Figure 1. X-Band single-crystal EPR spectrum of (a) unenriched and 
(b) 61Ni-enriched Ni"'/ [Co(phmp),C12]C104. The magnetic field 
is parallel to the direction of the molecular z axis at T = 300 K. 

(~hmp)~Cl~]+. The crystals were oriented in three orthogonal planes 
exactly as in the earlier work.'O All the measurements were made 
at 300 K on a Varian E-4 X-band spectrometer with a 100-kHz 
modulation. DDPH was used as a g maker. 
Results and Discussion 

The magnetically diluted single crystals of [Ni(phmp),C12]+ 
contain 85% of the 61Ni magnetic isotope and 15% of the 
nonmagnetic isotopes. The observed spectrum is the resultant 
of the overlap of spectra due to both species. Figure la,b 
represents the spectra due to the unenriched Ni(II1) complex 
with the Ni isotopes in their natural abundance and the en- 
riched complex, respectively, when the magnetic field is parallel 
to the z axis of the molecule. The ligand hyperfine lines due 
to phosphorus and chlorine are split into quartets by 61Ni 
having a nuclear spin of I = 3/z and a magnetic moment of 
-0.7487 pN, The presence of additional EPR lines in the 
spectrum of the isotopically enriched complex is evident by 
comparing this with that of the complex containing nonmag- 
netic isotope for identical orientations. So the magnitude of 
the metal hyperfine splitting due to 61Ni can be taken as 
one-third of the differences in the spectral spreads shown in 
Figure 1 for all the three orientations. The single-crystal 
spectra when the magnetic field is parallel to the gyu direction 
in the molecule are shown in Figure 2. A slightly different 
spectrum was obtained along the gxx direction. Any possibility 
of unequal spacings in the quartets due to 61Ni, which would 
mainly arise from quadrupolar effects, has been neglected, due 
to its small quadrupole moment. It is also true that the analysis 
including quadrupole effects would almost be impracticable 
due to the high complexity of the spectra arising out of ligand 
interactions. 

It may be noted that in the rotation about axis I11 (crys- 
tallographic b*) the magnetic field is in the ac plane of the 
triclinic system. The other two axes are not identified with 
respect to the crystal framework. However, after diagonali- 
zation of the g tensor, it was confirmed that the direction 

Figure 2. X-Band single-crystal EPR spectrum of (a) unenriched and 
(b) 61Ni-enriched Ni"'/ [Co(phmp),C1,]C104. The magnetic field 
is parallel to the molecular y axis at T = 300 K. 
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Figure 3. Angular variation of A(61Ni), the metal hyperfine interaction 
due to 61Ni isotope in the Ni"'/ [C~(phmp)~Cl~]ClO, single crystal, 
for rotation about the crystal axes, I and 111. 

cosines of the three axes coincide exactly with the three 
principal directions of the g tensor, viz., the molecular x ,  y ,  
and z axes. 

The angular variation study also reveals the coincidence of 
the g tensor and the A tensor due to 61Ni. The angular var- 
iation of the 61Ni hyperfine splitting tensor in the three or- 
thogonal planes is shown in Figure 3. 

The 61Ni hyperfine tensor thus obtained is nearly axially 
symmetric: A,, = 25.0 (f0.5) X lo4 cm-', A ,  = 13.1 (f0.4) 
X lo4 cm-', and Ayy = 12.2 (f0.4) X IO4 cm-'. Second-order 
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perturbation expressions for the spin Hamiltonian parameters 
for the unpaired electron in a dZ2 orbital given by Maki et al.' 
are 

g,, = 2.0023 - 6b1 gYy = 2.0023 - 662 

g,, = 2.0023 A,, = P(-6b' - K - 77 - 3/,b2) 
A ,  = P(-6b2 - K - 77 - 77bI) 

A,, = P[-K + ?7 + %(bl + bJ1 

The coefficients bl and b2 derived from the experimental g 
values (g,, = 2.1123, gyY = 2.1 157, and gZz = 2.0089) are used 
in deriving the Fermi contact term K and the dipolar term P. 
Assuming A,, and A,  to be of the same sign (negative) and 
taking A,, to be positive, we get K = 0.0816 and P = 52.1 X 
lo4 cm-'. Substituting these, we derive AYY = 13 X lo4 cm-I, 
which is in very good agreement with the experimental value. 
The relative signs thus obtained, viz., A,, positive, A ,  and A,  
negative, are justified by the isotropic spectrum of the 61N1- 
enriched complex, which is identical with that reported for the 
unenriched (natural) Ni(II1) complex.1° The A,, obtained, 
with the assignment of these signs, viz., 0.1 X cm-', is 
lower than the line width of the isotropic spectrum of the 
61Ni-enriched complex. The P value obtained corresponds to 
42% ( f 2 ) %  of the free-ion value12 of 125.3 X cm-I cal- 
culated recently by Morton and Prestoni2 with use of the 
Hermann-Skillman wave function for 61Ni. Though this 58 
(f2)% delocalization on the ligand is slightly lower than that 
predicted earlierl0 through spin-density calculations, in which 
68 ( f2)% of the unpaired electron density was found to be 
on the ligands, the results are in reasonably good agreement. 
The deviations may be explained as due to the neglect of other 
possible excited states contributing to the spin Hamiltonian 
parameters. It is significant to note that there is a marked 
deviation of g,, (2.0089) from the free-electron g value pre- 
dicted by second-order perturbation theory. Unfortunately 
this cannot be further quantified due to the simple experi- 
mental optical spectrum and very complex equations involving 
quartet and other doublet excited states. The noninclusion 
of ligand spin-orbit coupling due to the second-row ligands 
could have also been responsible. 
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Structural characterizations of a variety of transition-metal 
dicarbollyl sandwich complexes have been reported.' These 

Table I.  Experimental Parameters and Crystal Data 
mol wt 425.93 trans fac (max) 0.93 
space group Pna 2 trans fac (min) 0.87 
a, .A 29.048 (9) 2e range, deg 1.4-50 

11.457 (4) reflctn obsd 2076 b, A 
7.100 (2)  reflctn rfnd 1879 c, A v, A3 2363 R 0.049 

p, cm-' 7.539 R w  0.054 
D(calcd), g 1.180 esd unit wt 2.02 
A 0.60 Z 4 
B 0.35 

cryst dimens 100 (0.035) OOL (0.35) 
(mm from centroid) 100 (0.035) 001 (0.35) 

O l O  (0.09) 
010 (0.09) 

species have the general formula (R2C2B9H9)2Mn, where R 
is H or CH3 and -2 I n 5 0; in addition, several boron-sub- 
stituted derivatives have also been crystallographically studied. 
All of these compounds consist of two icosahedral MC2B9 units 
fused at the metal which is common to both polyhedra, but 
there are significant variations in cage geometry; different 
relative orientations of the ligands (rotamers) have been ob- 
served, and electron-rich metals such as Ni(II), Ni(III), and 
Cu(I1) cause a type of slip distortion in which the metal is 
displaced away from the centroid of the five-membered 
bonding face of the ligand.' 

We wish to report here a structure determination of a 
bis(dicarbolly1) complex of cobalt(III), Co( 1 ,2-C2B9Hl1),-, 
which was isolated in the course of attempts to prepare mix- 
ed-ligand complexes containing R2C2B4H:- and C2B9H1 12- 
ligands. Salts of Co( l,2-C2B9H11)2- were prepared long ago 
by Hawthorne and co-workers,2 and an X-ray study of the Cs' 
salt was reported by Zalkin, Hopkins, and Temple t~n ;~  how- 
ever, the carbon and facial boron atoms were disordered in 
that study, and hence the ligand orientation could not be 
established. In the present investigation of the triethyl- 
ammonium salt, no disorder was encountered and the 
framework carbon atoms were unambiguously located; this 
in turn allowed comparison with the known structure4 of the 
isoelectronic nickel species, ( 1 ,2-C2B9Hl J2Ni''. 
Experimental Section 

Crystals of red (C2H5)3NH+[Co( 1,2-C2B9HI1),]-, obtained by 
addition of triethylammonium chloride to a reaction mixture containing 
(1,2-C2B9H,,)2-, (CHJ2C2B4H<, and CoCl, in tetrahydrofuran, were 
grown by slow evaporation from 10% acetone in CH,Cl2 at 23 OC, 
and a suitable crystal was mounted on a glass fiber in an arbitrary 
orientation. The Enraf-Nonius program SEARCH was used to obtain 
25 accurately centered reflections which were used in the program 
INDEX to obtain an orientation matrix for data collection and to provide 
approximate cell dimensions. Refined cell dimensions and their 
estimated standard deviations were obtained from 28 accurately 
centered reflections. The mosaicity of the crystals was examined by 
the w scan technique and judged to be satisfactory. The space group 
was chosen on the basis of systematic absences, later confirmed by 
the successful solution and refinement of the structure. 

Diffraction data were collected a t  295 K on an Enraf-Nonius 
four-circle DAD-4 diffractometer controlled by a PDP8/M computer 
using Mo Ka radiation from a highly oriented graphite crystal 
monochromator (see Table I for data collection parameters). Re- 
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