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Table I. Calculated Ground- and Excited-State Bond Lengths for 
Rh,bA2+ 

vib Vgnd, cm-' vex,, cm-' rgndr A rex,, A b, A 
v(Rh-Rh) 79" (0.189)' 144" (0.629) 3.175 2.965 -0.210 
v(Rh-C) 467" (1.381) 484" (1.483) 2.253 2.231 -0.022 
v(C=N) 2193 (18.31) 2177 (18.04) 1.132 1.134 +0.002 

"Values taken from ref 2. 'Values in parentheses are force con- 
stants in mdyn/A. 

centration-dependent differences in the TRIR results were ob- 
served. 

The absorbance increase at  2177 cm-' is assigned to the ex- 
cited-state C=N stretch. The shift to lower energy in the ex- 
cited-state vibration may be rationalized in terms of the excit- 
ed-state electronic structure. The optically excited transition is 
the IAl, - (du* - pa) transitione6 The 'Azu state rapidly 
decays to the TRIR-observed 3A2u (pu) state.4 The change from 
antibonding (du*) to bonding (pu) character along the Rh-Rh 
axis is consistent with the observed increase in the ground-state 
metal-metal frequency from 79 cm-' to that in the excited-state 
of 144 cm-', indicating an increase in the Rh-Rh bond orderU2 
The (pa) metal-metal orbital that is populated in the excited state 
has the correct symmetry for overlap with the ?r systems of the 
C - N  group of the isocyanide ligands. This overlap is, to a first 
approximation, lacking for the (da*) metal-metal orbital, which 
is the HOMO of the ground state. Thus, increased backbonding 
from metal to isocyanide is expected in the excited state. This 
increased backbonding is manifested in the previously observed 
increase in the ground-state Rh-C stretching frequency from 467 
cm-' to the excited-state frequency of 484 cm-'.2 The additional 
electron density donated through ?r-backbonding is expected to 
be accommodated in an antibonding 2pr*  orbital of the C=N 
group, resulting in a somewhat reduced C r N  force constant.' 
It is therefore expected that, upon photoexcitation, the C=N 
stretching frequency will decrease. In fact, we observe a decrease 
from 2193 to 2177 cm-'. 

Knowledge of the excited-state C - N  frequency completes the 
vibrational information required for determining the excited-state 
bond displacements occurring in Rh2b42+. From systems with 
known force constants for vibrations between two atoms with 
known bond distances, Woodruff and co-worked have developed 
a set of empirical rules that allows the calculation of unknown 
bond distances from measured force constants. The empirical 
results take the form of r = A + B[exp(-k/C)], where r is the 
bond distance in angstroms, k is the force constant in mdyn/A, 
and A, B, and C are best fit coefficients determined for diatomic 
interactions between atoms of different rows.9 The results for 
the Rh-Rh, Rh-C, and CEN vibrations are summarized in 
Table 1. 

The calculations indicate that the largest displacements occur 
along the Rh-Rh bond (-0.210 A) and between the Rh-C bond 
(-0.022 A), while the C=N bond undergoes very little dis- 
placement (+0.002 A). This is consistent with expectations in 
that little metal-to-ligand charge-transfer character is expected 
for this transition. However, no quantitative estimate of this 
displacement has been reported previously. Analysis of vibrational 
progressions resolved in low-temperature UV/vis spectra of the 
dimer suggested only an upper limit of 0.01 A for the displacement 
of the C=N coordinatea6 A comparison of our results and the 
vibronic analysis underscores the importance of the ability to obtain 
excited-state vibrational spectra using TRIR spectroscopy in that 
much smaller displacement values may be estimated. 

Rice, S. F.; Miskowski, V. M.; Gray, H. B. Inorg. Chem. 1988.27.4704. 
Nakamoto, K. Infrared and Roman Spectra >f Inorganic and Coor- 
dination Compounds, 4th ed.; Wiley: New York, 1986; p 272. 
Woodruff, W. H. Unpublished results. See also: Miskowski, V. M.; 
Dallinger, R. F.; Christoph, G. G.; Morris, D. E.; Spies, G. H.; Woo- 
druff, W. H. Inorg. Chem. 1987, 26, 2127. 
A, 6, and Care 1.077, 0.629, and 7.539, respectively, for two first-row 
elements (Le. CEN); 1.816, 1.461, and 2.610 for two interacting 
fourth-row elements (Rh-Rh); and 1.617, 1.040, and 2.812 for inter- 
actions between a first- and a fourth-row element (Rh-C). 
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The accuracy of the displacement calculations and, thus, the 
picture of the excited-state geometry that they reveal are limited 
by the assumptions inherent in the application of the simple 
empirical rules. Application of these rules to our data implies 
that each vibration is solely a local stretching mode, rather than 
a normal-coordinate displacement involving several bond length 
and bond angle changes. It is, however, reasonable to expect that, 
upon shortening of the Rh-Rh bond in the excited state, the 
Rh-C=N bond angle might change. Thus, some Rh-CN 
bending character could be mixed into the vibrational modes 
assumed to be of only local stretching character. Future work 
will be directed at  extending the nanosecond TRIR studies to a 
series of Rh-Rh ligand-bridged systems in which the chain length 
of the diisocyanide bridge is varied to see how the steric constraints 
imposed by the bridge affect excited-state behavior in these 
systems. 
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While complexes of the type L,V(0)Cl2, wherein L is a 
monodentate ( n  = 1, 2, or 3) or a bidentate neutral ligand, have 
been known for many years,' only a few such complexes containing 
phosphine ligands have been reported and no reports of stable 
arsine or stibine adducts exist. The only reported compounds 
containing phosphines include (dppe)(H20)V(0)X2 (X = C1, Br)? 
(dppm)(H20)V(0)Br2,2 ( P ~ ~ P ) z V ( O ) C ~ Z , ~  (Ph2MeP)2V(0)C12,3 
and (dppm)V(0)Clz.3 L2V(0)Cl2 complexes, wherein L is NMe? 
and OC(NMe2)2,5 have been shown by X-ray diffraction means 
to display a trigonal bipyramidal (A) m d  a square pyramidal (B) 
geometry, respectively. However, no reports of X-ray structures 

L 0 0 

A B C 

of the phosphine complexes were found. From I R  data, the 
geometries of (Ph3P)2V(0)C12 and (Ph2MeP)2V(0)C12 have been 

(1) (a) Clark, R. J. H. In Comprehemiue Inorganic Chemistry; Bailar, J. 
C., Emeleus, H. J., Nyholm, R. S., Eds.; Trotman-Dickinson, A. F.; 
Pergamon Press: Oxford, 1973; Vol. 3. (b) Boas, L. V.; Pessoa, J. C. 
In Comprehemiue Coordination Chemistry; Wilkinson, G., Gillard, R. 
D., McCleveny, J. A,, Eds.; Pergamon Press: Oxford, 1987; Vol. 3. 

(2) Selbin, J.; Vigee, G. J .  Inorg. Nucl. Chem. 1968, 30, 1644. 
(3) Cave, J.; Dixon, P. R.; Seddon, K .  R. Inorg. Chim. Acta 1978,30, L349. 
(4) Drake, J. E.; Vekris, J.; Wood, J. S. J .  Chem. SOC. A 1968, 1OOO. 
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Figure 1 .  ORTEP drawing of 2 with elipsoids drawn at the 50% probability 
level. 

deduced to be of type A, while that of (dppm)V(0)C12 was in- 
ferred from such an analysis to possess structure C.3 The reported 
synthesis of the phosphine adducts all involve V(0)X2 as a starting 
material. 

During the course of attempts to recrystallize a compound which 
may have been 1 (dppb = 1,4-bis(diphenylphosphino)butane), we 
(THF),VC13 + Ph2P(CH2)4PPh2 + 

dPPb 
(THF)(dppb)VCl, + 2THF (1) 

1 

apparently inadvertently introduced an adventitious source of 
oxygen and moisture causing the formation of the novel oxo- 
vanadium(1V) phosphine complex 2. The mixture obtained from 
81 + 4H2O + 202 + 2THF + dppb + 
(THF)C12(O)VPPh2(CH2)4PPh2V(O)CI,(THF) + 8HC1 (2) 

2 

reaction 1 was a brown suspension before it was filtered under 
inert atmosphere through Celite. However, the filtrate and its 
evaporated residue from which light blue-green 2 was recrystallized 
were blue-green, suggesting that the Celite was probably at  least 
partially responsible for introducing moisture and oxygen, although 
T H F  as a source of oxygen cannot be ruled out. Taken by 
themselves, however, the colors exhibited in our reaction and 
work-up are inconclusive regarding the oxidation state of the metal 
since (dippe)VX,(THF) (X = C1, Br) is orange,' (Et3P)2VC13 is 
red,s (dmpe)(THF)VCl, is green,8 and (dppm)(H20)V(0)Br2 is 
also green,2 as is (dppe)(H,O)V(O)X, (X = Cl,Br).2 Very re- 
cently, Cotton and co-workers9 reported the structure of 3 which 

3 

they observed to crystallize from the filtrate of an orange-brown 
solution filtered through Celite. These authors do not comment 
on whether the green crystals formed a green or an orange filtrate, 
and attribute the source of the oxygen to tetrahydrofuran. Al- 
though we have not verified the stoichiometry shown in reaction 
2, previous workers have demonstrated the involvement of oxygen 
and moisture in the formation of (THF)2V(0)C12 from (TH- 
F)3VC1,.6 

(7) Hermes, A. R.; Girolami, G. S. Inorg. Chem. 1990, 29, 313. 
(8) Nieman, J.; Teuben, J. H.; Huffman, J. G.; Caulton, K. G. J .  Orga- 

nomet. Chem. 1983, 255, 193. 
(9) Cotton, F. A.; Czuchajowska, J.; Feng, X .  Inorg. Chem. 1991,30, 349. 

Table I. Crystallographic Data for 2 
V2C14P204C36H4 formula weight 846.38 
a = 8.728 (3) 8, 

c = 11.859 (3) A 
a = 93.90' 
6 = 100.65 (3)' 
y = 90.41 (3)' 
V = 982.1 A' 
z =  1 R" = 0.036 

space group Pi 

= 0.71073 A 
b = 9.676 (4) 8, T = -50 (1) 'C 

pEald = 1.431 g/cm3 
/I = 8.9 cm-l 
transmission coeff = 0.999-0.884 

Rwb-C = 0.048 

" R  = EllFol - IFcll/CIFaI. bRw = [E:w(IF,I - l~c1)2/~:w~~a121'/2; w 
= l /d (~F, ,~) .  'Quality-of-fit = [Cw(lF,I - IFJ) /(Noba - 
NparamtcrJI  ' I 2 ,  

The molecular structure of the green complex 2 was shown by 
X-ray diffraction experiments to feature a trigonal bipyramidal 
geometry around each vanadium, in which a phosphorus is trans 
to the oxygen of a THF molecule in the centrosymmetric dppb- 
bridged structure (Figure 1). Apparently the four methylene 
carbons in the dppb ligand inhibit chelation (via potential dis- 
placement of the coordinated THF) which would give a structure 
of type B or C. This coupled with the bulky nature of each 
phosphine ligating site in dppb permitted formation of 2, the first 
recorded example of a monophosphine oxovanadium(1V) complex. 

The V-P bond length of 2.5100 (8) A in 2 is somewhat longer 
compared with that in CpV(CO)2(dppe) (2.442 A)lo and with the 
V-PPh2 distance in CpV(C0) [PhP(CH2CH2PPh2)2J (2.435 A)," 
complexes in which the vanadium is monovalent. The V-P dis- 
tance in the V(1V) complex 2 is, however, virtually the same as 
that found in the trivalent metal complex C P V ( P M ~ ~ ) ~ C ~ ~  (2.5 1 
A).8 The V-Cl distances in 2 (av 2.2751 (9) A) are shorter than 
in CpV PMe3)2C12 (av 2.403 (1) A)8 but longer than in VCll 

distance of 1.585 (2) A is typical of that in oxovanadium com- 
p1e~es.l~ The larger h n d  angle for Cll-V-Cl2 in 2 (129.28 (4)O) 
compared with Cll-V-01 (114.20 ( 8 ) O )  and C12-V-01 (116.17 
(8)') in conjunction with the larger-than-90' 01-V-02 (98.45 
(9)O) and 01-V-P (93.49 (7)O) bond angles reflects a Berry 
pseudorotational distortion of the trigonal bipyramidal vanadium 
geometry toward a square pyramidal structure having an apical 
V=O oxygen. 

The electron paramagnetic resonance (EPR) spectrum of 2 at  
room temperature in CHCl, solution revealed a resonance at 294 
mT with the eight peaks of equal width at  half height (AisO = 104 
G, g = 1.96) expected for the interaction of an unpaired electron 
with the nuclear quadrupolar spin of slV ( I  = '/,). No hyperfine 
splitting from 31P ( I  = '/*) in the phosphine ligand was observed. 
This was also the case for the EPR spectrum of a powdered sample 
of (Ph3P)2V(0)C12 taken a t  room temperature., 

Experimental Section 
All manipulations were carried out under an inert atmosphere of dry 

nitrogen, using standard vacuum line and Schlenk techniques. THF was 
freshly distilled from sodium benzophenone ketyl. CH2C12 was distilled 
from CaH2 and stored over molecular sieves. VCIy3THF was prepared 
according to a literature procedure.I4 VC13 and dppb were obtained from 
Strem Chemicals. The EPR spectrum of 2 was recorded on a Bruker ER 
ZOOG-FRC spectrometer operating at 9.46 GHz (X-band) in CHCll 
solution at room temperature in a quartz tube. 

Preparation of 2. VCI3.3THF (600 mg, 1.60 mmol) was allowed to 
reflux in T H F  (50 mL) with dppb (700 mg, 1.64 mmol) for 6 h. The 
color of the solution changed from violet to orange brown. The reaction 
mixture was cooled to room temperature and filtered through Celite. The 
green filtrate was dried under vacuum to a green solid. The green solid 
was dissolved in CH2CI2 and layered with n-hexane to give light blue- 

(2.138 B )12 and (Me N),VCl, (2.239 (4) A).13 The V-01 

(10) Rehder, D.; Muller, I.; Kopf, J. J. Inorg. Nucl. Chem. 1978, 40, 1013. 
(1 1) von Deuten, K.; Rehder, D.; Roose, W. J.  Orgummet. Chem. 1981,214, 

71 
(12) Morino, Y.; Uehara, U. J. Chem. Phys. 1966, 45,4543. 
(13) Greene, P. T.; Orioli, P. L. J .  Chem. SOC. A 1969, 1621. 
(14) Fackler, J. P., Ed. Inorganic Synthesis; Wiley: New York, 1982; Vol. 

21, p 135. 
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green acicular crystals. Yield: 437 mg, 64%. Anal. Calcd (found) for 

(Nujol cm-I):  2995 (s), 2852 (s), 1616 (m), 1457 (s), 1376 (s), 1260 (m), 
11 18 (s), 998 (s) (probably u(V=O),  906 (m), 736 (s), 680 (br), 491, 
461. 

Structure determinrtioa of 2. A blue-green crystal of dimensions 0.20 
X 0.10 X 0.10 mm was mounted on an Enraf-Nonius CAD4 diffrac- 
tometer, and accurate cell parameters were derived from 25 independent 
reflections. The crystal data parameters and other pertinent details are 
presented in Table I. 

Intensities were measured with graphite-monochromated Mo Ka ra- 
diation. A correction based on the decay of standard reflections was 
applied to the data. Lorentz and polarization corrections were applied 
as was an empirical absorption correction based on a series of *-scans. 

The centrosymmetric space group Pi was indicated by intensity sta- 
tistics. The positions of the V, P, C1, and 0 atoms were taken from the 
direct-methods ~ o l u t i o n . ~ ~  All remaining non-hydrogen atoms were 
found in one difference Fourier map. All hydrogen atoms were placed 
at  ideal positions 0.95 A from the bonded carbon atom. Refinement 
calculations were performed on a Digital Equipment Corp. MicroVAX 
11 computer using the CADMDP programs.16 
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V2C1~P20&&: C, 51.06 (51.88); H, 5.20 (5.43); P, 7.32 (7.49). IR 

(15) Sheldrick, G. M. SHELXS-86; Institut fur Anorganische Chemie der 
Universitit: Gattingen, FRG. 

(16) Enraf-Nonius Structure Determination Package; Enraf-Nonius: Delft, 
Holland. Neutral-atom scattering factors and anomalous scattering 
corrections were taken from International Tables for X-ray Crystal- 
lography; The Kynoch Press: Birmingham, England, 1974. 

complexes of the type M(CH-t-Bu)(N-2,6-C6H3-i-Pr2)(OR), are 
prepared. We also have prepared a variety of r h e n i ~ m , ~ - l ~  os- 

and ruthenium16 (2,6-diisopropylphenyl)imido com- 
plexes. Several 2,6-disubstituted arylimido complexes have been 
reported from other laboratories recently.17J8 tert-Butylimido 
ligands have been used much more commonly than 2,6-disub- 
stituted arylimido ligands to stabilize high oxidation state transition 
metal complexes,l but in at least two cases species that contain 
2,ddisubstituted arylimido ligands have been synthesized that have 
no tert-butylimido a n a l o g u e ~ . ~ ~ J ~  

Certain imido complexes can be prepared most simply by adding 
a primary amine to a metal-oxo complex, water being the by- 
product. For example, addition of terf-butylamine to a solution 
of osmium tetraoxide affords Os03(N-t-Bu), the first reported 
imido complex, in up to 90% ~ i e l d . l ~ - ~ l  Imido complexes also 
can be prepared by treating an oxo complex with an iso- 
cyanate5,6J8,22-23 or by adding a (trimethylsily1)amine to a metal  
oxide or chloride.24 A method that combines several of these 
approaches was perfected in order to synthesize Mo(NAr),Cl,- 
(DME) (Ar = 2,6-diisopropylphenyl, DME = 1,2-dimethoxy- 
ethane), i.e., adding ArNH,, Me3SiC1, and 2,6-lutidine to a so- 
lution of M O O ~ C ~ ~ ( T H F ) ~ . ~  2,6-Lutidine and Me3SiC1 can be 
viewed most simply as agents that remove HCl and water gen- 
erated during the reaction, although they may also have more 
complex roles. The analogous tungsten complex has been prepared 
in a similar manner from WOC14.s Molybdenum(V1) dioxide 
dichloride also has been used by other researchers to prepare 
bis(imido) complexes from i s ~ c y a n a t e s . ' ~ ~ ~ ~  We report here new 
syntheses of molybdenum(V1) bis(imido) complexes that employ 
inexpensive, air-stable (NH4),Mo207, that are easily carried out ,  
and that are quantitative in several cases. 

Results and Discussion 

Treatment of (NH4),Mo207 with 8 equiv of triethylamine, an 
excess of chlorotrimethylsilane (-17 equiv), and 4 equiv of a 
substituted aniline (eq 1) at -65 O C  for 6-10 h in DME under 
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Introduction 
Imido ligands have been widely used to stabilize high oxidation 

state metal centers and to provide steric protection about the metal 
center;' the latter is an important property of imido complexes 
that is not true of analogous oxo complexes. We have employed 
bis( (2,6-diisopropylphenyl)imido) complexes of molybdenum2v3 
and tungsten4' as part of a scheme in which metathetically active 
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