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1 and of the carbonyl ligands occurs in the reaction of 2 with 
dppe (dppe = Ph2PCH2CH2PPh2), and the product is the 
known [Rh(dppe)2]PF6. In the formation of 6 and 7 an excess 
of ligand must be avoided. Complexes 6 and 7 are air stable, 
yellow-brown solids, soluble in acetone and chlorinated sol- 
vents; their conductivities, in acetone solution, are in the range 
found for 1:2 electrolytes. Apart from the shift in the carbonyl 
stretching frequency, the IR spectra of 6 and 7 closely resemble 
the spectrum of 5. The proton NMR spectra of 6 and 7 show 
a chemical shift difference between a and j3 protons of ligand 
1 comparable with that of complex 5. By analogy to 3-5 we 
assume these complexes (1) are qs-coordinated. 

The solvent0 complex [Rh(C,Me,)(a~etone)~] [PF6]2U easily 
reacts with 1 to give the sandwich-type rhodium(II1) complex 
[Rh(CsMeS)(Ph3PC5H4)] [PF6I2 (8) as a yellow-brown solid. 
In the proton NMR spectrum of 8 the resonances of a and 
fl  protons of coordinated Ph3PCSH4 are not distinguishable 
since they are split into a multiplet at 7 3.78. A zero chemical 
shift difference between a and j3 protons was observed2, for 
the cationic complex [Pd(q3-allyl)(Ph3PC5H4)]BF4, and the 
chemical shift difference of the a and j3 protons in the anan- 
logous [ Pd(q3-Ph3PC3H4)(Ph3PC5H4)] [ BF,] was attributed 
to an anisotropy of the phenyl rings on the triphenyl- 
phosphonium allylide ligand. The high formal oxidation state 
of the metal in complex 8 probably determines the lack of 
difference in the chemical shift. However, the 13C NMR 
chemical shifts of 8 fall in the range of the described com- 
plexes; the major difference is observed, as expected, in the 
values of the coupling constants between lo3Rh and l 3  C. 
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We recently reported the synthesis of [V(CN-t-Bu),12+ by 
reduction of vanadium(II1) chloride in ethanol.’ The hexa- 
fluorophosphate salt of this homoleptic vanadium isocyanide 
complex was characterized by elemental analysis and infrared 
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spectroscopy. In the present study, the [V(CN-t-Bu),12+ cation 
was obtained from [v(Co),]- by oxidation and addition of 
tert-butyl isocyanide. This convenient new route parallels that 
used previously2 to obtain the homoleptic seven-coordinate 
isocyanide complexes of molybdenum(I1) and tungsten(I1). 
We also describe the crystal and molecular structure of [V- 

Experimental Section and Results 
Synthetic Work. All compounds were handled under an 

atmosphere of dry nitrogen with use of Schlenk techniques or 
in a Vacuum Atmosphere drybox. tert-Butyl i s ~ y a n i d e , ~  
tetraethylammonium hexa~arbonylvanadate(-I),~ trichloro- 
tris( tert-butyl isocyanide)vanadium( 111), and iodobenzene 
dichloride (PhIC12), were prepared by literature methods. All 
other starting materials were commercially available. Solvents 
were distilled from appropriate drying agents under nitrogen 
and degassed immediately before use. Chemical analyses were 
performed by Galbraith Laboratories, Knoxville, Tn. 

heparation of Hexakis( tert-butyl isocyanide)vanadium(II) 
Hexacarbonylvanadate(-I). Method 1. A slurry of 1.1 g (3.1 
mmol) of tetraethylammonium hexacarbonylvanadate(-I) in 
15 mL of ethanol and 5 mL (48 mmol) of tert-butyl isocyanide 
was combined with a slurry of 0.473 g (1.72 mmol) of iodo- 
benzene dichloride in 15 mL of ethanol. A vigorous reaction 
occurred with the evolution of gas, and the product precipitated 
as an orange solid. The reaction mixture was stirred until all 
of the yellow, solid tetraethylammonium hexacarbonyl- 
vanadate(-I) was consumed (0.5 h). The crude product was 
collected by filtration, washed with a small volume of ethanol, 
and vacuum-dried. The product was recyrstallized from 10 
mL of methylene chloride by layering on 20 mL of diethyl 
ether. The yield of red crystalline product was 0.73 g (73%). 
Anal. Calcd for C&4N6012V3: C, 51.07; H, 5.51; N,  8.51; 
0, 19.44; V, 15.47. Found: C, 51.16; H, 5.69; N, 8.50; 0, 
19.33 (by difference); V, 15.32. IR (Nujol mull): 2197 (s), 
1850 (s, br), 1235 (w), 1200 (m), 1020 (w), 850 (w), 655 (s), 
520 (w), 455 (w) cm-’. ‘H NMR in CD2C12 vs. Me4Si: 6 5 

Method 2. A solution containing 0.20 g (0.49 mmol) of 
trichlorotris(tert-butyl isocyanide)vanadium(III) in 6 mL of 
ethanol and 4 mL (38 mmol) of tert-butyl isocyanide was 
syringed onto 0.37 g (1.1 mmol) of solid tetraethylammonium 
hexacarbonylvanadate(-I). The product precipitates as the 
tetraethylammonium hexacarbonylvanadate(-I) dissolves. 
Hexakis(tert-butyl isocyanide)vanadium(II) hexacarbonyl- 
vanadate(-I) (0.18 g, 38%) was collected by filtration and 
identified by its color, solubilty properties, and infrared 
spectrum. 

While crystals of [V(CN-t- 
Bu),] [v(cO),]z could be examined briefly in air, diffracted 
intensity was lost over periods of hours or days unless the most 
scrupulous care was taken to exclude air at all stages. Crystals 
used in the structure determination were selected and mounted 
under an atmosphere of nitrogen in a glovebag containing P205 
to scavenge water and freshly reduced BASF catalyst to 
scavenge oxygen. Crystals were pushed into 0.5-mm thin- 
walled glass capillary tubes which had been prepurged in a 
drybox and were held in place with silicone grease. A first 
set of data was collected with use of graphite-monochromated 
Mo Kn radiation. Intensities from this crystal fell off rapidly 
at higher scattering angles, and data could be gathered only 

( c ~ - t - ~ u ) , i  [v(c0) , l2 .  

(A~1/2 = 250 Hz). 

Crystallographic Work. 
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Notes 

Table L Experimental Details of the X-ray Diffraction Study of 
Hexakis(terf-butyl isocyanide)vanadium(II) 
Hexacarb ony lvanadate(- I) 

(A) Crystal Parameters at  23 "CQ 
space group =P2,/n 
fw = 987.8 
Z = 2 
calcd density = 1.11 g/cm3 
obsd density = 1.12 (1) g / m '  

(B) Measurement and Treatment of Intensity Data 

a = 10.741 (1) A 
b = 23.122 (5) A 
c = 12.142 (5) A 
p = 100.50 (3)" 
V =  2965 (2) A3 
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C 1331 c 1241 

Mo data set Cu data set 

instrument 

h G ,  ) 
h(Kiii) 
wavelength selection 

takeoff angle 
detector aperture 

vertical 
horizontal 

cryst-detector dist 
scan method 

scan width 

scan rate 
prescans 
final scans 

max scan time 

scan range 
bkgs 

chedc reflctns 

time between checks 

fall-off correction 

total no. of data 

data for I > 241)  

Enraf-Nonius CAD 4F K-geometry 

0.709 30 A 1.54051 A 
0.7 10 7 3  A 1.541 78 A 
graphite mono- Ni filter 

2.0° 5.0" 

4.0 mm 5.0 mm 
(3.0 + tan e)" (3.0 + tan e)" 
173 mm 173 mm 
w(cryst)- 4 c r Y  stk 

28(counter) 2s (counter) 
w =  (0.7 + 0.35 

tan e)" tan e)" 

diffractometer 

chromator 

w = (1.0 + 0.15 

6.7"/min in e 4.Oo/min in e 
0.8-6.7"lrnin l.0-4.0°/min, 

60 s 

2" < 2e < 40" 

0.7"/min fixed 
90 s, 120 s for 

fixed scans 
2" < 2e < 110" 

moving crystal-moving detector, 
25% added to scan width at both 
ends of each scan in both data sets 

(192Jh (3,4,-1), (1,221, (3,4,-1), 
(0,9,3) (0,9,3) 

2500 s 2500 s, 3600 s 

4%, random 2 1%, smoothed 

2797 3770 plus 1100 

for fixed scans 

decrease 

higher angle 
duplicates at 
slow scans 

1171 1167 
(C) Data Reduction 

Mo data set Cu data set 

redn to F and to correction for bkgd, attenuator, Lorentz- 
polarization of monochromatized (for Mo) 
X-radiation, and absorption as described 
previously 

U (F) 

abs  correction 
cryst size 0.5 X 0.5 X 0.4 mm 
transmission 0.78-0.82 estimated, 0.27-0.5 3 

0.15 X 0.45 X 0.33 mm 

coefficients correction not made 
(D) Final Model in the Least Squares Refinementd 

Mo data set Cu data set 

fmal R valuee 0.075 0.092 
RW 0.102 0.096 
no. of observns 1171 1167 
no. of parameters 287 287 
weights 

highest peak in 0.35 e/A3 0.53 e/A3 

amt C atom peak 35% 5 3% 

w = l /a2  with u2 = 
02(counts) + 0.005F' 

final difference map 

a From a least-squares fit to the setting angles of 25 reflections 
with 0 in the range 10-28" with use of Cu KZ radiation. 
suspension in cyclohexane/carbon tetrachloride mixtures in the ab- 
sence of air. Reference 1. Refinements were carried out with 
the use of G. Sheldrick's SHELX program. Anisotropic thermal 
parameters for V, C, and 0 atoms were used. Fixed H atom 
positions were recalculated after each cycle, with C-H = 0.95 A 
and H atoms in staggered conformations. e R = ZIAl/ZIFol, Rw = 
( z w A ~ / z w F ~ ~ ) ,  and A = IF,I - FCl. 

By 

c [221 

c 1121 

GI c 11111 

*c 1131 

F i i  1. Structure of the [V(CN-r-Bu),]*+ cation showing the atom 
labeling scheme and 40% probability thermal ellipids. The vanadium 
atom is situated on an inversion center. 

out to 28 = 40°. Even within this angular range, the majority 
of the intensities were measured to be less than background. 
An attempt was made to improve the crystallographic results 
by using Cu Ka radiation with freshly prepared and recrys- 
tallized samples. There seemed to be an even more rapid loss 
of diffraction intensity on exposure to Cu Ka radiation, 
however. In several batches examined, only one crystal was 
found to be of X-ray quality with relatively stable diffracted 
intensities. A complete set of data was obtained at room 
temperature with this crystal. Preliminary work at low tem- 
peratures indicated an encouraging increase in diffracted in- 
tensities at higher angles, but the intensities from one good 
crystal decreased dramatically over a period of a few days. 
The crystal system, data collected on two different crystals 
at room temperature, and data reduction are summarized in 
Table I. 

The structure was solved by heavy-atom methods without 
difficulty, with use of the Mo Kn data. Least-squares re- 
finement presented some problems. The thermal motions 
found for the light atoms were rather high, suggesting the need 
for an anisotropic model. The number of reflections above 
background was less than 1200, however, resulting in a 4:l 
ratio of data to refined parameters. Convergence was finally 
achieved with use of both sets of data. Details of the final 
refinement model are given in Table I. 

In order to test for systematic errors in the refinements with 
such a small set of observed data, we also carried out a re- 
finement with use of all of the Mo Ka data, including zeros. 
The observed planes were weighted so that the average value 
of wA2 varied by no more than a factor of 1.7: 1 for various 
subsets of the data with different theta values and structure 
factor magnitudes. The R factor for this refinement was 0.21, 
and the parameters obtained did not differ significantly from 
those reported in this paper. 

Averaged positional parameters for all atoms except hy- 
drogen are given in Table 11. Other information is available 
as supplementary materiaL6 
Discussion 

A number of six-coordinate, homoleptic vanadium(I1) 
cations are known with oxygen and nitrogen donor atom lig- 
ands. These complexes, of general formula [vL6]x2, have been 
prepared by reduction of V(II1) or V(V) in the presence of 
the ligand (e.g.: L = H20;  X = halide, C104-)' or by the 
spontaneous disproportionation of V(CO)6 in a donor solvent 

(6) Supplementary material. 
(7) Clark, R. J. H. "The Chemistry of Titanium and Vanadium"; Elsevier: 

Amsterdam, 1968; p 134. 
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Figure 2. Crystal packing diagram of [V(CN-1-Bu),] [V(C0),l2. 

(e.g.: L = acetone, acetaldehyde, DMF, methanol, others; X 
= V(CO)6-).8 The disproportionation reactions of V(CO)6 
are especially interesting because of the variety of products 
formed and their dependence on reaction conditions. In 
nonpolar solvents vanadium(0) is stable; thus, V(CO)5PPh3 
can be prepared from V(CO), in cold CH2C12.4 Donor solvents 
produce disproportionation to the [vL6] [v(Co)& compounds 
mentioned above or to compounds of the formula [VL,] [V- 
(co)6]2 (e.g., L = a-picoline, OPPh3, Me2S0, others).8 In 
one example of a complex of the latter type, 
[V(THF),] [v(co)6]2, the vanadium(I1) atom is coordinated 
to two trans carbonyl groups through oxygen atomseg This 
structure contains a linear V-C-0-V bridge. V(CO), de- 
composes in aromatic solvents from which vanadium(1) com- 
pounds [V(CO),(arene)] [v(co)6] (arene = toluene, p-xylene, 
mesitylene, others) lo and vanadium-vanadium bonded species, 
(C&) 2V2( CO),, * have been isolated. 

The synthesis of [V(CN-t-BU),] [v(co)6]2 by oxidation of 
V(C0)L in the presence of tert-butyl isocyanide is formally 
analogous to the V(0) - V(I1) + V(-I) disproportionation 
reactions discussed above. While all of the cited studies used 
freshly prepared V(CO)6 as starting material, the present 
synthesis employs hexacarbonylvanadate(-I) with 1 equiv of 
oxidant [V(CO),- + 1/2PhIC12]. The mechanism of the re- 
action does not necessarily involve generation of V(CO), in 
situ followed by disproportionation; however, the product 
obtained would be that expected from such a disproportion- 
ation. This new route to the [v(CN-t-BU)612' cation has the 
advantage of using less expensive, more stable starting ma- 
terials. The compound [v(CN-t-Bu),] [v(Co)& has also been 
prepared by reduction of V ( C N - ~ - B U ) ~ C I ~  with excess iso- 
cyanide followed by precipitation with the [v(co),]-  anion 
in a manner analogous to that previously reported for the 
preparation of [V(CN-t-Bu),] (PF,),. 

The crystal structure is composed of [v (cN- t -B~) , ]~ '  
cations lying on an inversion center at the origin of the unit 
cell and of [v(co),]-  anions situated in general positions. 
Figure 1 shows the octahedral cation and Figure 2 the unit 
cell packing diagram. Bond lengths and angles are given in 
Table 111. The average V-C bond length in the cation is 2.10 
(1) A, which may be compared with the mean V-C distance 
of 2.161 (4) A in K4[V(CN),].I2 In the octahedral anion, 

(8) (a) Hieber, W.; Peterhans, J.; Winter, E. Chem. Ber. 1961, 94, 2572. 
(b) Hieber, W.; Winter, E; Schubert, E. Ibid. 1962, 95, 3070. 

(9) Schneider, M.; Weiss, E. J .  Organornet. Chem. 1976, 121, 365. 
(10) Calderazzo, F. Inorg. Chem. 1964, 3, 1207; 1965, 4, 223. 
(11) Atwood, J. D.; Janik, T. S.; Atwood, J.  L.; Rogers, R. D. Synth. Reacr. 

Inorg. Met.-Org. Chem. 1980, 10, 397. 
(12) Jagner, S. Acra Chem. Scand, Ser. A 1975, 29A, 255. 

Table II. Final Positional Parameters for 
[V(CN-t-W, 1 [V(cO), I z a  
A t o m  X Y 

V ( 1 )  0.000 0.000 
V ( 2 )  0 . 2 4 6 3 ( 3 )  0 . 1 7 1 3 ( 1 )  
C ( 4 )  0 . 2 4 5  ( 2 )  0 . 2 4 2  ( 1 )  
C ( 5 )  0 . 0 9 7  ( 3 )  0 . 1 9 5  ( 1 )  
C ( 6 )  0 . 1 4 5  ( 2 )  0 . 1 3 1  ( 1 )  
C ( 7 )  0 . 3 9 2  ( 2 )  0 . 1 4 9  ( 1 )  
C ( 8 )  0 . 3 5 3  ( 2 )  0 . 2 0 7  ( 1 )  
C ( 9 )  0 . 2 4 5  ( 2 )  0 . 1 0 6  ( 1 )  
O ( 4 )  0 . 2 4 5  ( 2 )  0 . 2 8 5  ( 1 )  
O ( 5 )  0 . 0 0 5  ( 2 )  0 . 2 1 2  ( 1 )  
O ( 6 )  0 . 0 9 5  ( 2 )  0 . 1 0 7  ( 1 )  
O ( 7 )  0 . 4 7 7  ( 2 )  0 . 1 3 2  ( 1 )  
O ( 8 )  0 . 4 1 7  ( 2 )  0 . 2 3 1  ( 1 )  
O ( 9 )  0 . 2 4 4  ( 3 )  0 . 0 6 6  ( 1 )  

C ( 1 )  -0 .124  ( 2 )  0 . 0 4 0  ( 1 )  
N ( 1 )  - 0 . 1 9 6  ( 2 )  0 . 0 6 3  ( 1 )  
C ( 1 1 )  -0 .287  ( 3 )  0 . 0 9 1  ( 1 )  
C ( 1 2 )  - 0 . 2 3 6  ( 3 )  0 . 1 0 2  ( 2 )  
C ( 1 3 )  - 0 . 3 9 5  ( 3 )  0 . 0 5 5  ( 1 )  
C ( 1 4 )  - 0 . 3 2 3  ( 3 )  0 . 1 4 8  ( 1 )  

C ( 2 )  0 . 0 9 6  ( 2 )  0 . 0 8 0  ( 1 )  
N ( 2 )  0 . 1 3 9  ( 2 )  0 . 1 2 4  ( 1 )  
C ( 2 1 )  0 . 1 9 7  ( 2 )  0 . 1 7 9  ( 1 )  
C ( 2 2 )  0 . 1 2 1  ( 4 )  0 . 2 1 7  ( 1 )  
C ( 2 3 )  0 . 3 0 7  ( 4 )  0 . 1 7 2  ( 2 )  
C ( 2 4 )  0 . 2 5 0  ( 5 )  0 . 1 9 7  ( 2 )  

2 

0.000 
0 . 4 9 5 1 (  3 )  
0 . 4 1 3  ( 2 )  
0 . 5 4 1  ( 2 )  
0 . 3 7 3  ( 3 )  
0 . 4 4 1  ( 2 )  
0 . 6 1 9  ( 2 )  
0 . 5 8 7  ( 2 )  
0 .364  ( 2 )  
0 . 5 8 0  ( 3 )  
0 . 2 8 8  ( 2 )  
0 . 4 0 4  ( 1 )  
0 . 6 9 4  ( 2 )  
0 . 6 4 3  ( 2 )  

0 . 0 9 1  ( 1 )  
0 .136  ( 1 )  
0 .189  ( 2 )  
0 . 3 0 1  ( 3 ) 
0 . 1 8 6  ( 4 )  
0 . 1 3 2  ( 3 )  

-0 .004  ( 2 )  
- 0 . 0 1 1  ( 1 )  
-0 .017  ( 2 )  
-0 .077  ( 6 )  
- 0 . 0 7 2  ( 3 )  

0 . 1 0 5  ( 3 )  

C ( 3 )  0 . 1 2 6  ( 2 )  -0 .025 ( 1 )  0 . 1 4 5  ( 1 )  
N ( 3 )  0 . 1 8 9  ( 1 )  - 0 . 0 4 1  ( 1 )  0 . 2 2 5  ( 1 )  
C (  3 1  ) 0 . 2 7 4  ( 3 )  - 0 . 0 6 2  ( 1 ) 0 . 3 2 3  ( 2 )  
C ( 3 2 )  0 . 2 3 9  ( 3 )  - 0 . 1 1 5  ( 1 )  0 . 3 5 7  ( 2 )  
C ( 3 3 )  0 . 3 3 1  ( 3 )  - 0 . 0 1 8  ( 1 )  0 . 3 9 3  ( 2 )  
C ( 3 4 )  0 . 3 9 7  ( 4 )  - 0 . 0 8 7  ( 2 )  0 . 2 6 9  ( 3 )  

Coordinates are the unweighted average of values from the two 
data sets Numbers in parentheses are the average errors in the 
last significant digit(s). 

the average V-C distance is 1.89 (2) A, or 1.92 (2) A after 
a riding correction for thermal motion is applied. These results 
are comparable within error limits to the value of 1.931 (9) 
A found in [(Ph,P),N] [v(cO),].l3 It is noteworthy that the 
rather wide variation in C-C  distances in the tert-butyl groups 
was reproduced faithfully in each of the two completely in- 
dependent structure determinations. This result indicates 
similar systematic errors in the data or the model for the two 
crystals. There were insufficient data to explore disordered 
models for the tert-butyl groups. 

(13) Wilson, R. D.; Bau, R. J .  Am. Chem. Soc. 1974, 96, 7601. 
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Table IIL Molecular Geometry of 
Hexakis(terf-butyl is0cyanide)vanadiu m(I1) 
Hexacarbonylvanadate(- I ) O  

C a t i o n  

Bond Length  (A) Angle Deg 

Mo/Cu Mean ? f O / C U  Mean 

V I  1 I - C l  1 1  2 .1861  1 8 )  2 . 1 9 1 1 1 4 )  C l  1 I - V I  1 I - C I Z )  89.61 6 )  8 9 . 4 1 5 )  
2 . 1 9 7 1 2 1 1  8 9 . 1 1 7 )  

V I l I - C l 2 1  2 . 1 2 8 1 1 9 )  2 . 1 2 4 1 1 4 )  C l l ~ - V l l ~ - C l 3 ~  93 .316)  9 3 . 1 1 5 )  
2 . 1 1 8 1 2 2 1  92.61 7 )  

V I  1 I - C l 3 1  2 . 1 9 1 1 1 9 )  2 . 1 9 1 1  1 3 )  C l  2 ) - V I  1 I - C l 3  1 9 1  .El6 1 9 1  . # I 5 1  
2 . 1 8 9 1 1 7 )  9 1 . 9 1 7 1  

C l  1 I - N l  1 1  

C l  2 I - N I Z  1 

C l 3 l - N I 3 1  

N I  1 I - C l  1 1  1 

N l 2 ~ - C 1 2 1  1 

I 1  3 I - C I  3 1  1 

C I l l ~ - C I l Z ~  

C l  1 1  I - C l 1 3 )  

C l 1 1 L - C l l 4 ~  

1 . 1 4 8 1  1 6 )  
1 . 1 5 2 ( 1 9 1  
1 . 1 1 7 1 1 6 )  
1 . l 2 1 1 2 1 )  
I .  1 7 4 1  1 7  1 
1 . 1 3 8 (  1 8  1 
1 . 4 3  ( 2 1  
1 . 4 4  1 3 )  
1 . 4 2  1 2 1  
1 . 4 3  ( 3 1  
1 . 4 5  I 2 1  
1 . 4 3  I 3 1  
1 . 4 1  ( 3 )  
1 . 3 7  1 4 )  
1 . 4 2  1 3 )  
1 . 4 4  ( 4 )  
1 . 4 9  I 3 1  
1 . 4 9  I41 

1 . 1 5 0 l  1 2  1 

1 . 1 1 9 1 1 2 ~  

1 . 1 5 3 (  1 2 )  

1 . 4 3  1 2 )  

1 . 4 2  1 2 )  

1 . 4 4  1 2 )  

1 . 3 9  ( 3 1  

1 . 4 2  1 3 )  

1 . 4 9  1 2 )  

V I  l ) - C l  1 I - N l  1 1  

V I  1 I-Cl 2 I - N l  2 1 

V I  1 l - C (  3 I - N I  3 1 

C(  1 I - N l  1 ) - C l  1 1  1 

C l 2 ~ - N l 2 1 - C 1 2 1  1 

C l 3 ) - N l  3 1 - C l  3 1  1 

N I l I - C I l l I - C I l 2 ~  

N I l ~ - C I l I I - C I I 3 I  

N( 1 I - C (  1 1  I - C l  1 4 )  

C l  1 2  1-Cl 1 I I - C l  1 3  1 

C I  I 2  I - C I  1 1  I - C I  1 4  1 

C l l 3 l - C l l 1  l - C I 1 4 1  

C l 2 1 ) - C l 2 2 )  1 . 3 1  1 4 )  1 .32 ( 3 1  N 1 2 l - C ~ 2 1 l - C 1 2 2 )  

C l 2 l ) - C 1 2 3 1  1 . 5 2  1 3 )  1 . 4 8  1 3 )  N l 2 l - C 1 2 l ~ - C 1 2 3 ~  
1 . 3 4  1 5 )  

1 7 6 . 7 1 1 4 1  1 7 6 . 2 1 1 1 1  
1 7 5 . 4 1 1 8 1  
1 7 5 . 2 1 1 5 )  1 7 5 . 0 1 1 2 1  
1 7 4 . 7 1 1 9 )  
1 7 4 . 4 1  1 5 1  1 7 4 . 9 1 1 1 ~  
1 7 5 . 4 (  1 6  1 
1 7 8  1 2 )  1 7 8  ( 1 )  
1 7 8  1 2 1  
1 7 9  1 2 1  1 7 8  1 1 )  
1 7 7  1 2 )  
1 7 7  1 2 )  1 7 7  1.21 
1 7 7  1 2 )  
1 1 1  1 2 )  1 1 1  I 2 1  
1 1 1  1 3 1  
1 1 1  1 2 1  1 1 1  I 2 1  
1 1 1  1 2 )  
1 1 1  1 2 )  I 1 1  I 2 1  
1 1 9  1 2 )  
1 0 6  1 3 1  1 1 7  I 2 1  
1 1 8 1 3 1  
1 1 8  1 3 )  I 8 9  1 2 )  
Ill 1 4 )  
1 1 2  1 3 )  1 1 1  1 2 )  
1 1 1  1 3 1  
I 1 3  1 2 )  1 1 3  1 2 1  
1 1 3  1 3 )  
1 1 8  1 2 )  1 1 9  I 2 1  

1 . 4 3  1 4 1  I 1 1  0 1  

1 . 5 6  1 4 )  116 1 2 1  

1 8 7  1 1 )  

C l 2 1 l - C l 2 4 )  1 . 5 3  1 4 )  1 . 5 4  1 3 )  W I 2 l - C ~ 2 I ) - C l 2 4 )  1 1 7  1 2 1  1 1 7  1 2 )  

C l Z Z I - C ( 2 I ) - C I 2 3 1  1 8 5  1 3 1  1 8 6  1 3 )  

c i z z ) - c ( z i ) - c i z 4 )  i i 7  1 4 )  1 1 6  1 3 1  
1 1 4  1 4 )  

1 1 6  1 3 1  

1 . 3 6  I 3 1  1 1 3  1 2 )  

1 . 4 1  1 3 )  1 1 4  1 2 )  

1 . 6 9  I 5 1  1 1 4  1 3 )  

C l 2 3 l - C ~ 2 1 ~ - C l 2 4 )  1 8 6  1 2 )  1 8 6  I 2 1  

C I 3 1 I - C l 3 2 ~  1 . 3 7  1 3 )  1 . 3 7  1 2 )  N < 3 l - C l 3 1 l - C 1 3 2 )  Ill 1 2 1  1 1 2  1 2 )  

C O l I - C O 3 ~  1 . 3 8  1 3 )  1 . 3 9  1 2 )  N 1 3 1 - C 1 3 1 ~ - C 1 3 3 ~  1 1 4  1 2 )  1 1 4  1 1 )  

C l 3 l ~ - C l 3 4 )  1 . 6 8  I 4 1  1 . 6 8  1 3 )  N I 3 ) - C I 3 1 ) - C I 3 4 )  1 1 2  1 2 )  1 8 2  1 2 )  

C l 3 2 ) - C l 3 1 l - C ( 3 3 I  1 2 7  1 2 )  1 2 6  ( 2 )  
1 2 4  1 3 )  

9 6  ( 3 1  

1 0 1  1 3 )  

C 0 2 ) - t 1 3 1 1 - c 1 3 4 ~  9 5  1 2 )  9 5  1 2 )  

C O 3 i - C 1 3 1 ) - C 1 3 4 )  1 1 3  1 3 )  1 0 2  1 2 )  

c 1 4 1 - 0 1 4 1  

C l  5 1-01 5 1 

C l 6  1-016) 

C I  7 1 - 0 1 7  1 

C 1 8  1-01 8 1 

C I  9 1-01 9 1 

Anion 

. 8 9 4 1 2 5 )  1 . 9 2 2 1 1 8 )  

. 9 5 4 1 2 7 )  

. 0 8 3 1 2 9 )  1 . 8 7 9 1 2 3 )  

. 8 7 2 0 0  1 

. 8 7 4 1 2 7 )  1 . 9 6 9 1 2 1 )  

. 9 5 2 ( 3 1 )  
, 8 6 5 1 2 1 1  1 . 8 6 8 1 1 7 1  
. E 7 4 1 2 7 1  
. 8 7 1 1 2 4 1  1 . 8 9 8 1 1 8 )  
, 9 3 8 1  2 6  1 
. 8 5 2 1 2 3 1  1 . 8 7 5 1 1 0 )  
. 9 8 6 1 2 7  1 

C l 4 ~ - V 1 2 ) - C ( 5 1  

C l  4 l - V l Z ) - C 1 6  1 

C 1 4 ) - V 1 2 ) - c 1 7 )  

C I  4 1 - V I  2 ) - C 1 8 )  

C I O - V I  2 ) - C 1 9 )  

C 1 5  ) - V I Z ) - C l S )  

c l 5 ) - v l z ) - c l 7 ~  

C 1 5  ) - V I  2 I - C I B )  

c 1 5  ) - V I  Z ) - C I  9 1 

C 1 6  ) - V I  Z ) - C l  7 1 

C l 6  ) - V I  2 ) - C l 8  1 

C 1 6 ) - V I  2 1 - C I 9 1  

C I  7 I - V I  2 I - C I  8 )  

C I  7 1 - V l  Z I - C I  9 1 

c l 8 1 - v l  2 ) - C 1 9  1 

. 1 4  ( 

. 1 3  ( 

. 2 2  I 

. 2 4  I 

. 2 3  I 

. 1 9  I 

. 1 7  I 

. 1 7  I 

. 1 9  I 

. 1 7  I 

. I 8  I 

. 1 4  ( 

1 . 1 4  I 

8 9 . 1 1  1 1 1  
8 8 . 2 ( 1 3 )  
9 4 . 1 1  1 1 1  
9 3 . 2 ( 1 2 )  
8 8 . 4 1 9 1  
8 9 . 2 1  1 2 )  
8 9 . 5 1 9 1  
8 8 . 9 1 1 8 )  

1 7 4 . 8 1 9 )  
1 7 4 . 8 i  1 2 )  

8 8 . 6 1  1 1 )  
8 8 . 5 1  1 2  1 

1 7 6 . 7 1 9 1  
1 7 6 . 6 (  1 3 1  

9 3 . 9 1 9 1  
9 3 . 2 1 1 1 )  
8 7 . 3 1  9 1 
8 8 . 3 1  1 3  1 
8 9 . 6 1  9 )  
8 9 . 5 1  1 1 )  

1 7 5 . 6 1 9 1  
1 7 7 . 4 1  1 1 )  

8 9 . 7 1  1 1 )  
9 8 . 6 1  1 3  1 
8 0 . 1 1 8 1  
8 9 . 8 1 1 0 )  
9 5 . 4 1  9 )  
9 4 . 4 1  1 1  1 
8 6 . 9 1  9 )  
8 7 . 4 1  1 1  1 

8 8 . 7 1 8 1  

9 3 . 7 1 8 1  

8 8 . 7 1  7 1 

8 9 . 3 1 7 )  

1 7 4 . 8 1 7 )  

8 8 . 6 1 8 )  

1 7 6 . 7 1 7 )  

9 3 . 6 1  7 1 

8 7 . 6 1  7 1 

8 9 .  6 ( 7 1  

1 7 6 . 4 1 7 )  

9 8 . 1  ( 8 1 

0 8 . 5 1 6 1  

9 5  .E( 7 1 

8 7 . 1 1 7 1  

1 7 8  1 3 1  1 7 0  1 2 )  
1 7 7  1 3 )  
1 7 5  1 2 )  1 7 6  1 2 )  
1 7 3  1 3 1  
1 7 1  I 2 1  1 7 8  1 2 1  
1 7 1  1 3 1  
1 7 6  1 2 )  1 7 5  1 2 )  
1 7 5  1 2 )  
1 7 5  I 2 1  1 7 6  1 2 )  
1 7 8  0 )  
1 8 8  I 2 1  1 7 9  1 2 )  
1 7 9  1 3 1  

CI The mean bond lengths and angles quoted are the weighted 
averages of the Cu and Mo data set refmements. See footnotea in 
Table 11. 

Prior to the crystallographic study, the structure of [V- 
(CN-t-Bu),] [v(co)6]2 was adumbrated by its infrared 
spectrum, which is a composite of the absorptions previously 
observed for the [V(CN-t-Bu),]*+ cation' and the charac- 
teristic absorptions of the [V(CO),]- anion.14 The proton 

(14) Cattrall, R. W.; Clark, R. J. H. J .  Orgonomet. Chem. 1966, 6, 167. 
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NMR spectrum of the paramagnetic complex, takin in CDzC12 
at 30 OC, consists of a single broad peak centered at 5 ppm 
with a half-width of 250 Hz. Because of the octahedral 
symmetry of the cation, there can be no anisotropic contri- 
bution to the paramagnetic NMR shift. Therefore the 
downfield shift of - 3  ppm of the rert-butyl isocyanide ab- 
sorption from its typical absorption position in diamagnetic 
complexes arises from the Fermi contact term. 
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ammonium hexacarbonylvanadate(-I), 13985-78-9; trichlorotris- 
(tert-butyl isocyanide)vanadium(III), 74562-45- 1. 

Supplementary Material Available: Tables S1 and S2 listing final 
atomic parameters and fmed hydrogen atom positions for the Mo data 
set. Tables S3 and S4 listing similar information for the Cu data, and 
Tables S5 and S6 giving the observed and calculated structure factors 
for the Mo and Cu data sets, respectively (16 pages). Ordering 
information is given on any current masthead page. 

Registry NO. [V(CH-t-BU),] [v(co)6],, 77966-1 5 - 5 ;  tetraethyl- 
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Although spectroscopic properties of transition-metal centers 
can often be interpreted with assumption of octahedral or 
tetrahedral limiting behavior, those of trigonal-prismatic and 
trigonal-bipyramidal centers cannot. These trigonal geometries 
are characterized by D3h point group symmetry, and D3h is not 
a subgroup of oh or Td. The creation of a trigonal-prismatic 
molecule from an octahedral molecule requires the creation 
of a symmetry element not originally present in oh.' Simi- 
larly, the creation of a trigonal-bipyramidal molecule from a 
square-pyramidal molecule requires symmetry elements not 
originally present in C4".' Effects of D3h symmetry on the 
crystal field spectra of d" systems have been investigated by 
numerous authors.'-3 We extend consideration to the fine 
structure of the ground state and specifically to 6A, ground 
states of dS systems. Fine structure is due primarily to spin- 
orbit interaction and the external ligand field. It can be de- 
scribed with an effective spin Hamiltonian and an effective 
spin basis whose dimension corresponds to the degeneracy of 
the ground state.4 

An effective spin Hamiltonian is invariant under a point 
group G and is usually formulated with operator equivalents 
defined in terms of effective spin operators. Although this 
Hamiltonian is not normally4 expanded in terms of linear 
combinations of tensor operators symmetry adapted to G, as 
is the crystal field H a m i l t ~ n i a n , ~ * ~  such a procedure is ap- 

(1) E. Larsen, G. N. LaMar, B. E. Wagner, J. E. Parks, and R. H. Holm, 
Inorg. Chem., 11, 2652 (1972). 

(2) M. Ciampolini, Inorg. Chem., 5, 35 (1966). 
(3) (a) R. A. D. Wentworth, Coord. Chem. Reu., 9, 171 (1972/1973); (b) 

R. Morassi, I. Bertini, and L. Saconi, Coord. Chem. Reu., 11, 343 
(1973); (c) J. S .  Wood, Inorg. Chem. 7, 852 (1968); (d) J. S. Wood 
and P. T. Green, ibid., 8, 491 (1969); (e) J. S. Wood, J .  Chem. Soc. 
A, 1582 (1969). 

(4) A. Abragam and B. Bleaney, "Electron Paramagnetic Resonance of 
Transition Ions", Clarendon Press, Oxford, 1970. 
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