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is such that the nitrido ligand is electron-rich relative to the ground 
state. An explanation based on stabilization of a charge-separated 
excited state by a dielectric continuum can be rejected, since the 
static dielectric constant (D,) does not correlate with Eem. 

Since the quantum yield of emission of trans-[NRe- 
( Me2PCH2CH2PMe2)2CI]+ is generally <0.004 for the solvents 
in question, the excited-state lifetime is controlled by radiationless 
decay processes. Although quantitative data are not yet available, 
it is clear from the absorption spectral changes which accompany 
prolonged irradiation that a photochemical reaction channel 
competes with radiative decay. The decrease in lifetime as the 
excited-state energy increases may be due to more effective thermal 
population of a higher lying reactive state. This may prove an 
important point in the eventual understanding of the photo- 
chemistry of metal-multiple-bonded complexes. 

Preliminary cyclic voltammetry studies show that trans-  
NRe(Et2PCH2CH2PEt2)2C1+ possesses a quasireversible ( ip / ipc  
= 0.30) oxidation at  +1.5 V (SCE, CH3CN/0.1 M tetra-n-bu- 
tylammonium hexafluorophosphate, 100 mV/s sweep rate) that 
is coupled to the formation of a product at E, = 1.0 V and a large 
multielectron irreversible reduction at E, = -1.9 V. These data 
allow a rough estimate of the one-electron redox potentials of the 
excited s ta te  to be made. For the t rans-NRe- 
(Et2PCH2CH32PEt2)2CI+**/o couple this is +0.4 V, while for 
~~~~s-NR~(E~~PCH~CH~PE~~)~CI~+/+,* this is -0.8 V. Our future 
studies are focused on the exploration of these excited-state redox 
properties, the implied atom transfer properties, and the under- 
standing of the relationship of the photochemical pathway to these. 
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Reactions at Metal-Bound Nitrogen Atoms. Synthesis and 
Structure of V(NPMePh2)CI4( NCMe).MeCN 

We have been exploring the synthesis and chemistry of com- 
plexes with silyl-substituted imido ligands in order to use the 
nitrogensilicon bond as a reactive site for formation of nitride- 
bridged transition-metal compounds and materials.’-’ In order 
to understand in a general sense the range of reactivity available 
to silylimido derivatives, their chemistry with a variety of reagents 
capable of attacking the silylimido ligand is being examined. We 
report here reactions of V(NSiMe3)C131a-4 (1) with PCI2MePh2 
and C12 which result in unusual transformations of the silylimido 
ligand into phosphiniminato and chloroimido ligands, respectively. 
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Addition of 1 equiv of PCI2MePh2 to 1 in dichloromethane 
results in rapid elimination of 1 equiv of C1SiMe3 and quantitative 
formation of a vanadium(V) phosphiniminato compound, V- 
(NPMePh2)CI4 (2) (eq I ) .  The IH N M R  spectrum of 2 shows 

+ PCl2McPh2 t L  
V(NSiMeJC1, V(NPMePh2)CI4 - 

1 2 - 
V(NPMePh2)CI4(L) ( I )  

3 
a doublet for the phosphiniminato methyl protons with a chemical 
shift (6 2.88) and a proton-phosphorus coupling constant ( J  = 
12 Hz) in the range we have found to be characteristic of methyl 
groups attached to the phosphorus(V) of phosphiniminato ligands.s 
The ’IP NMR chemical shift for 2 (6 58) is likewise in the region 
e ~ p e c t e d , ~  although this signal is unusually broad (vIl2 = 600 Hz) 
as the result of unresolved coupling of the phosphorus to nitrogen 
and vanadium.6 Compound 2 is isolated from cold dichloro- 
methane in 75% yield as an air-sensitive maroon crystalline solvate, 
V(NPMePh2)C14.1/2CH2C12. The IR spectrum of this solid ex- 
hibits a strong absorption at 1120 cm-’ assigned to the asymmetric 
VNP vibration and characteristic of phosphiniminato complexes.’ 
The solid-state structure of 2 is not known, but by analogy to the 
related niobium and tantalum phosphiniminato complexes, 
[Nb(NPPh3)C14]2CH2C1,8 and [Ta(NPPh3)CI4l2? we expect that 
2 is a chloro-bridged dimer. 

Coordinating solvents readily add to 2, producing adducts 
V(NPMeP,h2)CI4(L), where L = MeCN (34, T H F  (3b), or 
pyridine (3c) (eq 1). Compound 3a crystallizes from acetonitrile 
as a monosolvate, V(NPMePh2)C14(NCMe).MeCN, for which 
the solid-state structure has been determined by X-ray diffrac- 
tion.I0 There are two independent six-coordinate molecules of 
3a per asymmetric unit (Figure 1). Their V-N(phosphiniminat0) 
distances, V(I)-N(I) = 1.653 (3) A and V(2)-N(3) = 1.656 (3) 
A, are the same within experimental error and in the range of 
V-N distances reported for vanadium(V) imido 
The short V-N(phosphiniminat0) distances suggest substantial 
vanadium-nitrogen ?r-bonding, consistent with a triple bond. 
Distortions from idealized octahedral geometry further support 
this idea: the cis chlorides are.bent away from the phosphiniminato 
ligand and the elongated V-N(acetonitri1e) distances suggest a 
significant trans influence.Ilb The N-P distances, N (  1)-P( 1) = 
1.660 (3) A and N(3)-P(2) = 1.667 (3) A, are typical of those 
observed for phosphiniminato ligands?’ midway between the 
values quoted for N-P single and double bonds.12 This is usually 
interpreted as indicating phosphorus-nitrogen *-bonding;’ how- 
ever, the shortened N-P distances can also be rationalized as 
arising from the sp hybridization of the nitrogen atoms.” The 
VNP angles differ somewhat between the two independent 
molecules of 3a (V(1)-N(1)-P(1) = 171.8 (2)’ and V(2)-N- 

(4) Schwcda, E.; Scherfise, K. D.; Dehnicke, K. Z. Anorg. Allg. Chem. 

( 5 )  Lichtenhan, J. D.: Ziller, J .  W.; Doherty, N.  M. Manuscripts in 
1985,528, I 17-1 24. 

preparation. 
(6) Two-bond vanadium-phosphorus coupling has been observed: Rehder, 

D. Bull. Magn. Reson. 1982, 4. 33-83. 
(7) Dehnicke, K.; Strahle, J.  Polyhedron 1989, 8, 707-726 and references 

therein. 
(8) Bezler, H.: Strihle, J .  2. Naturforsch. 1979, 348, 1199-1202. 
(9) Bezler, H.: Strilhle, J.  Z .  Naturforsch. 1983, 388, 317-320. 

(10) Crystallographic data for CI5HI6CI4N2PV.C H3N (fw 
monoclinic, n 1 / c  (No. 14), a = 13.9335 (13) A, b = ll.G:f;?: 
c =  27.1315525)A,19=97.115 (8)O. V=4466.9(7 A 3 , z = 8 , D m  

I .45 g cm- , T = -90 OC, X(Mo Ka) = 0.710730 1, fi = 0.99 mm? 
transmission coefficient = 0.5402-0.6271, R(Fo) = 0.047 = E1lFol - 
I~cIl~EF’ol, R,(Fo) = 0.050 = [X:w(lF.I - IFc1)2/X:wIFJ2]1’2, where w‘I 
= u (IFol) + O.OOO5 (IFol)z. 

( I  I )  Nugent, W. A.; Mayer, J. M. Meral-Ligand Multiple Bonds; Wiley: 
New York, 1988; (a) p 179, (b) pp 155-158. 

( I  2) Wells, A. F. Srrucrural Inorganic Chemistry, 5th 4.; Clarendon: 
Oxford, England, 1984; pp 871-875. 

(13) (a) See, for example: Pestana, D. C.; Power, P. P. Inorg. Chem. 1991, 
30,528-535. (b) This argument has similarly been used to explain the 
short N C 1  and N-l single-bond lengths in vanadium haloimido com- 
pounds: Dehnicke, K.; StrHhle, J. Angew. Chem., Inr. Ed. Engl. 1981, 
20, 413-426 and references therein. 

0 1991 American Chemical Society 



Communications Inorganic Chemistry, Vol. 30, No. 24, 1991 4489 

Scheme I 

Figure 1. ORTEP drawings of the two crystallographically independent 
molecules of 3a in the structure of V(NPMePh,)Cb(NCMe).M&N with 
50% thermal ellipsoids for non-hydrogen atoms. Selected bond distances 
(A) and angles (deg) not mentioned in text: V(I)-N(2), 2.221 (3); 
V(l)-Cl(l), 2.285 (1); V(l)-Cl(2), 2.277 (1 ) ;  V(l)-Cl(3), 2.327 ( I ) ;  
V(l)-Cl(4), 2.305 ( I ) ;  V(2)-N(4), 2.263 (3); V(2)-C1(5), 2.293 ( I ) ;  
V(2)-C1(6), 2.295 (1); V(2)-C1(7), 2.317 (1); V(2)-C1(8), 2.319 (1); 
N(l)-V(l)-N(2), 175.6 ( I ) ;  N(1)-V(l)-Cl(l), 98.4 (1); N(l)-V(1)- 
CI(2), 98.9 (1) ;  N(l)-V(l)-Cl(3), 94.3 (1); N(l)-V(l)4(4), 95.3 ( I ) ;  
N(3)-V(2)-N(4), 176.5 (1); N(3)-V(2)-C1(5), 98.6 (1 ) ;  N(3)-V(2)- 
C1(6), 95.8 ( I ) ;  N(3)-V(2)-C1(7), 94.0 (1); N(3)-V(2)4(8), 97.0 ( I ) .  

(3)-P(2) = 164.9 ( 2 ) O ) ;  however, there are no accompanying 
changes in the V-N(phasphiniminat0) and N-P distances. This 
observation suggests that the small deviations of the VNP angles 
from 1 80° arise from crystal packing forces rather than variations 
in the V-N and N-P bonding. Overall, the structural data for 
3a indicate that the vanadium phosphiniminato linkage in this 
compound is best viewed as having a vanadium-nitrogen triple 
bond and a nitrogen-phosphorus single bond, (MeCN)CI4Vr  
N-PMePh2. 

The reaction of 1 with an excess of dry chlorine (2-4 equiv) 
in dichloromethane produces a known vanadium chloroimido 
compoundI4 (4) and CISiMe, (eq 2). This reaction proceeds very 

slowly at  room temperature to produce a bright red solution. In 
CD2CI2, the disappearance of the slV N M R  signal for 1 (6 14, 
u1 = 185 Hz) is accompanied by growth of a broad triplet (6 
268, t, JVN cz 100 Hz) assigned to 4. The resolution of vanadi- 
um-nitrogen coupling in this species indicates that it is of relatively 
high symmetry,Is suggesting that 4 is monomeric in solution. A 
yellow-orange solid eventually precipitates from the reaction 
mixture and is identified by IR spectroscopy as dimeric 4 on the 
basis of the comparison of its spectrum to that of the structurally 
characterized chloro-bridged dimer, [V(NCI)CIJ]2.14a 

Overall, the vanadium(V) silylimido complex, V(NSiMe3)C13 
(l), undergoes a variety of reactions at the metal-bound nitrogen 
atom. These are illustrated in Scheme I. Bridging and terminal 
vanadium nitrides are formed on reaction of 1 with coordinating 
nitrogen bases.' This is the self-condensation analogue of the 
formation of heterobimetallic nitride-bridged complexes by con- 
densation between metal silylimido complexes and metal halides 

(14) (a) Striihle, J.; Dehnicke, K. Z. Anorg..Allg. Chem. 1965,338, 287-298. 
(b) Striihle, J.; Bhighausen,  H. Z. Anorg. Allg. Chem. 1968, 357, 

( I  5 )  The breadth of NMR signals for quadrupolar metal nuclei is influenced 
by the symmetry of the metal coordination environment. with narrower 

325-337. 

bands observed for higher symmetry structures: Mason, J. Polyhedron 
1989.8, 1657-1668. 

(eq 3).2 Similarly, the formation of the vanadium phosphin- 
L,,M=NSiR, + X-M'L', - L,,M=N-M'L', + X-SiR3 

(3) 
iminato compound (2) can be viewed as a main-group analogue 
of the condensation reaction in eq 3. Note, however, that 
PCI2MePhz provides 2 equiv of chloride in its reaction with 1, 
resulting in net loss of chlorotrimethylsilane and coordination of 
a chloride to the vanadium center. In contrast to the formation 
of a VNP linkage in eq 1, the reaction of 1 with [PPNICI ([PPN]+ 
= [Ph3PNPPh3]+) produces an anionic terminal nitrido complex, 
[PPN][V(N)C13],16 and the reaction of 1 with [PPh4]CI results 
in  coordination of chloride to the vanadium center forming 
[PPh4] [ V(NSiMe3)C14] .4 

The formation of 4 from 1 plus C12 involves an unusual direct 
conversion of a silylimido ligand into a chloroimido ligand. This 
may represent a good synthetic route to haloimido compounds, 
which are few in number and are generally prepared by methods 
involving hazardous reagents such as trihaloamines or halo azides. 
Note that in  contrast to the other transformations in Scheme I, 
the formation of 4 plus CISiMe, from 1 plus C12 is not a simple 
metathesis reaction. Rather, this is an overall redox process in 
which two-electron oxidation of the multiply bonded nitrogen atom 
of the silylimido ligand occurs. Attack of chlorine at the silylimido 
nitrogen is the only reaction available because there are no metal 
d electrons present nor other oxidizable  ligand^.^ 

The silylimido ligand of 1 is a versatile site of reactivity pro- 
ducing bridging nitrido, phasphiniminato, chloroimido, or terminal 
nitrido ligands by the reactions in Scheme I. A common feature 
in this chemistry is loss of the trimethylsilyl group as CISiMe3. 
It can also be noted that the nitrogen atom from the silylimido 
ligand of 1 remains attached to the vanadium(V) center via a 
strong multiple bond in each of the products formed. The marked 
propensity of vanadium(V) to form triple bonds to nitrogen has 
been demonstrated.'-'J6 This is likely an important factor which 
makes possible the varied chemistry observed at  the silylimido 
ligand of V(NSiMe3)C13 (1). 
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The electronic structure of the title compound, a recently characterized dimer of nickel(II), is investigated by means of extended 
Hiickel calculations. In  contradiction with early predictions based upon electron counting and structural considerations, the very 
short nickel-nickel distance (2.281 A) does not appear to be the consequence of strong metal-metal bonding interactions. The 
origin of the rhombic conformation of the Ni2C2 metallacycle is then traced to the interactions that develop between the Ni2CI2 
fragment and the bridging ylide moieties, ensuring a tight nickel-carbon binding. Electronic effects alone do not seem to be 
sufficient to account for the very short Ni-Ni distance. H-H repulsive contacts that develop between the bulky substituents of 
the bridging ylides also tend to displace the equilibrium conformation toward shorter metal-metal distances. Ab initio calculations 
carried out on appropriate model systems indicate that the repulsive part of the H-H interaction energy could amount to 66 kJmol-' 
for the title complex at the equilibrium conformation and reach 125 kJ.mo1-I in a hypothetical "square" conformation of the 
metallacycle corresponding to a Ni-Ni distance of 2.695 A. 

1 .  Introduction 
The  structure of a novel binuclear complex of nickel(I1) with 

two symmetrically bridging ylide ligands has recently been re- 
ported.' Ni2CI2[C(SiMe3)(PMe3)1, (1) is a dimer with C2, 
symmetry (Figure 1 )  characterized by an extremely short met- 
al-metal bond length (2.281 A), which is the shortest distance 
reported for binuclear Ni  complexes. The  angles in the Ni2C2 
planar metallacycle are Ni-C-Ni = 73.5' and C-Ni-C = 106.5'. 
These structural characters were first interpreted as supporting 
the presence of a strong Ni-Ni bonding interaction. This appears 
to be in agreement with formal electron counting considerations 
that require a double metal-metal interaction in order to achieve 
a 16e environment around each nickel atom.' 

W e  first carried out extended Hiickel calculations on the model 
dimer Ni2C12[C(SiH3)(PH3)]2 (2) in order to confirm the presence 
of the assumed metal-metal double bond. To our surprise, the  
calculations did not clearly corroborate the existence of a strong 
Ni-Ni bonding interaction. W e  therefore decided to  carry out 
a more thorough investigation of the factors leading to such a short 
metal-metal bond. Most of the present work relies on extended 
Huckel (EH) calculations,* but a quantitative assessment of the 
steric effects was carried out through ab initio SCF calculations. 
2. Computational Details 

The orbital exponents and Hi:s used for the EH calculations are listed 
in Table 1. The EH calculations on the model system 2 were carried 

Table 1. Extended Hiickel Parameters 
atom orbital Ha;. eV c 

Ni 4s 
4P 
3d 

C 2s 
2P 

Si 3s 
3P 

P 3s 
3P 

CI 3s 
3P 

H Is 

-6.86 
-4.90 

-1 2.99 

-21.40 
-1 1.40 
-17.30 

-9.20 
-18.60 
-14.00 
-30.00 
-15.00 
-13.60 

2.10 
2.10 
5.49 (0.563 36)" 
2.00 (0.620 95) 
1.625 
1.625 
1.383 
1.383 
1.60 
1.60 
2.033 
2.033 
1.30 

Contraction coefficients used in the double-{ expansion. 

out using for the non-hydrogen skeleton the geometry corresponding to 
the X-ray structure of the real complex.' P-H distances of 1.42 A and 
Si-H distances of 1.48 A were then assumed, with C-Si-H and C-P-H 
angles of 109.47'. The metallacycle was then distorted from the ex- 
perimental rhombus to a square shape corresponding to Ni-Ni and C-C 
distances of 2.695 A. The Ni-C distances and all other geometrical 
parameters were kept constant. The molecule therefore retains the C,, 
symmetry along the deformation path. Different sets of EH parameters 
had been used for Xi, CI, and Si in preliminary calculations without 
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