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lution at around 70-80 OC, the following reaction takes place: 
80 'C 

RuX2(P-dk)L2 + py - RuX,(P-dk)L(py) + L 

This reaction is quite interesting because this suggests the 
stereochemistry as proposed in Figure 3 and shows the presence 
of loosely bound phosphine or arsine in these molecules. It 
is interesting to note that molecules of the type MX3L3 also 
have loosely bound PPh, or AsPh, ligands and dissociate in 
solution: 

The reason for this lability is trans influence and/or steric 
effect of the bulky PPh, (or AsPh,) groups. The role of such 
loosely bound ligands in a complex will be to distort the 
molecules from the idealized geometry-a fact confirmed by 
the EPR results in Tables I1 and 111. Such molecules are likely 
to be highly reactive because they are in the so-called29 entatic 
state (a term which refers to similar situation for metal ions 
in an enzyme). 

For molecules with three distinct components we found two 
solutions a and b, where the results are not very much different 
from each other. The highest lying orbital is d,, and the 
ground state may be either (a) dyz or (b) dx,, It is not possible 
to decide between the two possibilities, However, it was 
possible to distinguish between the facial and meridional 
isomers of RuCl,(AsPh,),. The facial isomers have C,, sym- 
metry. On the basis of the trigonal the hole is in the 
tZ0(d,z) orbital, leaving d,,, dyz lowest. The electronic con- 
figuration is (e)4(al)1 which implies a 2A ground term. The 
meridional isomers show rhombic distortion (gx # gy # g,). 
There is a significant difference between the relative d-orbital 
energies of the facial and meridional isomers (Table IV). The 
large difference in the value of k in these two isomers cannot 
be given any simple interpretation. 

Conclusion 

In this paper we have presented experimental results of a 
large number of Ru(II1) complexes containing triphenyl- 
phosphine or triphenylarsine as one of the ligands. The results 
show a large axial distortion and a 2B (or an 2A) ground term 
for these complexes. The low-symmetry ligand field compo- 
nent is larger than the spin-orbit coupling constant (A > A). 
There may be two contributing factors for the large axial 
distortion: (1) a geometric factor and (2) anisotropy in the 
covalent bondinga2 The anisotropy in covalent bonding 
probably plays an important role in distorting the molecules. 
Unfortunately it was not possible to estimate covalency because 
of the possible influence of CI and CT states. 

The present ligand field model for interpreting the magnetic 
data was not quite successful in estimating the orbital reduction 
factor. From the EPR and magnetic susceptibility data it was 
felt that inclusion of configurational and charge-transfer 
mixing into the theory is worthy of further attention. 

Registry No. fac-RuCl,( AsPh,) 3, 727 47 -39-8; mer-RuC13( AsPh3) ,, 
61769-1 1-7; RuCI3(AsPh3),(0AsPh3), 61730-99-2; mer-RuBr3- 
  ASP^,)^, 72747-40-1; RuBr3(AsPh3),CH30H, 15692-69-0; RuBr3- 
(PPh3)+2H30H, 15692-71-4; RuCl,(a~ac)(AsPh~)~, 72747-41-2; 
RuC12(dbm)(AsPh3),, 72747-42-3; R ~ C l ~ ( b a ) ( A s P h ~ ) ~ ,  72747-43-4; 
R~Cl~(acac) (PPh, )~ ,  72747-33-2; RuCl2(ba)(PPh3),, 72748-18-6; 
RuBr,(a~ac)(AsPh,)~, 72747-34-3; RuBrz(ba)(AsPh3),, 72747-35-4; 
R ~ B r ~ ( a c a c ) ( P P h ~ ) ~ ,  72747-36-5; R~Br,(dbm)(PPh~)~, 72747-37-6; 
R ~ B r ~ ( b a ) ( P p h ~ ) ~ ,  72747-38-7; RuCl,(dbm)(PPh,)(py), 72692-65-0; 
RuCl,(dbm)(AsPh,)(py), 72708-36-2; R ~ B r ~ ( A s p h , ) ~ ,  63632-06-4. 
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A large number of transition-metal halides are known to 
give molecular adducts of well-defined stoichiometry with a 
variety of phosphorus-donor ligands such as phosphanes or 
phosphites. These compounds are of great interest as pre- 
cursors in the synthesis of highly reactive low-valent metal 
complexes whose role in homogeneous catalysis and activation 
of chemically inert molecules is not to be emphasized. Sur- 
prisingly, phosphane adducts of the vanadium group did not 
appear to receive hitherto much attention.'-3 It is noteworthy 
that ESR methods are particularly well adapted for their study 
because of their simple electronic configuration (d') and the 
high isotopic ratio of the metal having a nuclear magnetic 
moment. 

Earlier we reported4 that NbC14 coordinates with two 
molecules of PR3 (R = n-butyl, isobutyl) to form NbC14-2PR3 
adducts of octahedral geometry, well characterized from their 
room- and low-temperature ESR spectra. We report here5 
on the formation of adducts of the general formula MC14-2Pr3 
(M = V, Nb, Ta; R = ethyl) and show that significant in- 
formation can be obtained from ESR and UV-visible spectra 
about their molecular geometry and ligand-metal interaction, 
allowing comparison to be made in a homogeneous series of 
compounds going down the periodic table. Furthermore, our 
results report on what to our knowledge is the first example 
of metal-ligand interaction detectable by ESR in a third-row 
transition-metal compound. 
Experimental Section 

All manipulations were performed under argon. Commercial VCll 
(Alfa Inorganics) was used without further purification. NbC14 and 
TaC14 were prepared by the reduction of the respective pentahalides 
with aluminum foil according to literature methods. ESR spectra 
were recorded on a JEOL ME 3X X-band spectrometer with Bruker 
B-A6 accessory for field calibration. UV-visible spectra were recorded 
on a Cary 14 spectrometer in toluene solutions. 
Results and Discussion 

Vanadium and niobium tetrachlorides react with stoichio- 
metric amounts (1:2) of triethylphosphine in toluene, and 
tantalum tetrachloride reacts with excess phosphine (as solvent, 
the reaction does not appear to take place in toluene) to yield 
colored solutions whose study by ESR reveals the nature of 
the species formed. The solution spectra at rmm temperature 
(Figure 1) are well resolved and exhibit hyperfine splitting due 
to interaction of the unpaired electron with the metal nuclei 
(51V, 93Nb, and lB1Ta) as well as superhyperfine splitting (for 
V and N b  only) due to interaction with two 31P nuclei of the 
phosphane ligands. At -130 'C the frozen solution spectra 
display features due to parallel and perpendicular components 
indicative of axially symmetric molecular geometry and pat- 
terns which suggest the formation of 1:2 adducts in all three 
compounds. Phosphorus superhyperfine splitting is neatly 
resolved on both the high- and the low-field parallel compo- 
nents of the vanadium compound and only on the low-field 
part in the niobium and tantalum compounds. The ESR 

(29) B. L. Vallee and R. J. P. Williams, Proc. Nutl. Acud. Sci. U.S.A., 59, 
498 (1968); Chem. Br., 4, 397 (1968). 
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Figure 1. ESR spectra of (1) VC4.2PR3 in toluene, (2) NbCl4-2PR3 in toluene, and (3) TaCI4.2PR3 in PR3 (R = C2H5) in fluid (upper spectra) 
and frozen (lower spectra) solutions. 

Table I. ESR Parameters of MCl4.2PR, Compounds 
V Nb Ta 

1.972 1.959 1.831 
1.985 1.912 1.695 gll 

1.981 1.927 1.740 g l  
giso 
All,a G 163 2 18.5 285 

55 103 174 
91 141.5 21 1 

a ,p’. 25.6 23.6 25 
ai,’ G 27 26.3 
ais0tC G 26.5 25.4 

j l 9  GG 

a Hyperfine interaction constants relative to  metal. Hyper- 
fine interaction constants relative to 31 P. 
be measured for tantalum. 

Scheme I 

a,, and a1 could not 

a1 dz2 

bt dx-Y 

1 
L = P R 3  

parameters are gathered in Table I. 
From these spectra it can be deduced that in all cases the 

molecular symmetry is approximately D4h with the unpaired 
electron residing in a bze (d,) orbital (Scheme I). The other 

(1) Fairbrother, F. “The Chemistry of Niobium and Tantalum”; Elsevier: 
Amsterdam, 1967. 

(2) Kepert, D. L. “The Early Transition Metals”; Academic Press: New 
York, 1972. 

(3) Clark, R. J. H. “The chemistry of Titanium and Vanadium”; Elsevier: 
Amsterdam, 1968. 

(4) Samuel, E.; Labauze, G.; Livage, J. N o w .  J.  Chim. 1977, I ,  93. 
(5) Preliminary results were reported at the Xth International Conference 

on Electron Spin Resonance of Transition Metal Ions, Nottingham, 
1979. 

Table 11. UV-Visible Absorption Bands of MC14.2PR, 
(M = V, Nb) in Toluene 

compd U ( b 1  +bz), nm SE(e +bz), nm /A 
VC14*2PR, 16 050 12 900 0.80 
NbCl4.2PR3 15 000 8 440 0.5 6 

possibility that it occupies the degenerate e orbital is excluded 
since relaxation time would be too short for resolution to be 
observable a t  room temperature. 

The g values of an unpaired electron in a b2g orbital are 
given by 

2h 
6E(e-b2) 81 = 8 e  - - 

where g, = 2.0023 and blL is the bonding “bl” orbital mainly 
of ligand character; X is the spin-orbit coupling parameter of 
the metal ion in the complex. From Table I the following 
remarks can be made: (1) The g values decrease when going 
from vanadium to tantalum. This can be mainly attributed 
to the increase with the atomic number of the spin-orbit 
coupling parameter6 (250 cm-’ for V4+, 750 cm-l for Nb4+, 
and 1400 cm-’ for Ta4+). (2) In the vanadium complex, gll 
< g ,  whereas in the niobium and tantalum compounds g l  > 
g,. The latter situation has already been observed for Nb4+ 
compounds and is due to a gi shift arising from the fact that 
the blL level is close to b2. #his effect can also be enhanced 
by the axial distortion along the C4 axis. If we write 

ge- gl = gX/6 

then the smaller the tetragonal distortion (for a given value 
of A) the larger the difference g, - g,. The g, value increases 
with 6E(e-b2) and may exceed gli if 6/A is large enough. Such 
a behavior has been observed in many compounds containing 
V4+ in a more or less distorted symmetry. This interpretation 
is in agreement with the electronic absorption spectra which 

(6) Goodman, B. A.; Raynor, J. B. Adv. Inorg. Chem. Radiochem. 1970, 
13. 
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give a measure of 6E(e-b2) and AE(bl-b2). The results ob- 
tained for vanadium and niobium compounds are given in 
Table 11. (3) The A values increase progressively from V to 
Ta. This variation does not seem to be related to the dipolar 
part of the hyperfine coupling, the anisotropic components (All 
- Ab) and ( A ,  - Aim) being almost constant throughout the 
series, but seems to be rather due to the Fermi contact term 
which increases when going down the periodic tablea7 It is 
also possible to determine the correct signs of the A parameters 
using the analysis of Fortmax8 The unpaired electron is in 
an orbital perpendicular to the symmetry axis and the nuclear 
magnetic moment is positive for the three elements 51V, 91Nb, 
and I8’Ta; it follows that the anisotropic splitting component 
A,  is n e g a t i ~ e . ~  The isotropic splitting Aiso is negative also 
since the nuclear magnetic moment is positive and also because 
the 4s contribution to the hyperfine splitting is small due to 
nonmixing with the 4s and the d, orbitals. With the exper- 
imental A values (see Table I) and the relationship Aiso = 
l/&Ill + 2A,), All, A, ,  and A,,, are all of the same sign, and 
from the above results they are all negative for the three 
compounds (All = 2A, + Aiso and A ,  = Ais, - Ap). (4) The 
line width of the solution ESR spectra increases considerably 
from vanadium to tantalum (20, 60, and 70 G for V, Nb, and 
Ta, respectively). This could be due to a nonresolved quad- 
rupole coupling which is particularly large in tantalum, the 
quadrupole moment being 10 times larger than that for va- 
nadium and niobium. An additional factor is the increase in 
the molecular volume when going down the series, the mo- 
lecular tumbling correlation time being dependent on the 
molecular size of the complex. Another interesting observation 
is that the line width variation with MI within the same 
spectrum does not follow the same behavior in the three 
complexes. For vanadium the broader line lies on the high- 
field side of the spectrum, whereas the reverse effect is observed 
for niobium and tantalum. 

According to Kivelson,lo,’l the line width l/P in the case 
of rapid tumbling is related to the nuclear spin parameter 
number by the relation 

(1) 
Tc(gbPH + bMI)2 1/T2 = 

h2 

where T, is the correlation time of the molecular tumbling, g b  
= 1/3(gll - g,) and b = ‘/3(All- A J .  The smaller line width 
should occur for that value of M I  which minimizes the ex- 
pression within the parentheses in eq 1. The main difference 
between the three compounds arises from the fact that for 
vanadium g b  is negative while it is positive for niobium and 
tantalum. This may account for the difference observed in 
the variation of line width with MI. 

A well-resolved superhyperfine structure is observed on the 
ESR spectra of the vanadium compound, showing that the 3d 
electron is interacting with two equivalent phosphorus nuclei. 
This hyperfine splitting is less neatly resolved in the case of 
niobium, and for tantalum it is only visible on the frozen 
solution spectrum. This of course is due to line width variation 
which increases down the series. 

The superhyperfine coupling parameters (a )  for the three 
compounds keep a virtually constant value throughout the 
series and are almost isotropic, showing that they mainly 
involve “s” orbital electron density. They are also rather low, 
showing weak interaction of the unpaired electron with 
phosphorus. 

19. 1386-1388 

(7) Freeman, A. J.; Watson, R. E. In “Magnetism”; Academic Press: New 
York, 1965; Vol. IIA. 
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An electron transfer from the d, metal orbital toward the 
“a” phosphorus orbital cannot account for the observed su- 
perhyperfine coupling. It would be forbidden anyway by 
symmetry considerations, the “a” orbitals being orthogonal 
to the b2 molecular orbitals. A spin polarization of the “a” 
doublet %y the unpaired 3d electron would give a more sat- 
isfactory model for the superhyperfine coupling mechanism. 

The reactions of these tetrahalides with other phosphines 
of varying basicity and correlation of this basicity with the ESR 
parameters will be described in a forthcoming publication. 

Registry No. VC14, 7632-51-1; NbCI4, 13569-70-5; TaCI4, 
13569-72-7; VC1,*2PEt,, 73079-35-3; NbCI4.2PEt3, 73135-97-4; 
TaC14.2PEt3, 73079-36-4. 
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Several recent p a p e r P  have been devoted to the analysis 
of the redox behavior of dinuclear copper(I1) complexes, in 
the hope to clarify or to replicate the oxido-reductive function 
of copper proteins. Depending upon the ligand, the reduction 
into the corresponding Cu(1) complexes occurs via two suc- 
cessive and distinct monoelectronic ~ t e p ~ ~ ~ , ~ , ~  or in a unique 
dielectronic step involving two monoelectronic transfers of 
identical standard potentiaLZbJ This last s y ~ t e m ~ ~ , ~  is the only 
example known up to now in which a dinuclear Cu(I1) complex 
is reversibly reduced to the corresponding dinuclear Cu(1) 
species by two monoelectronic steps which are simultaneous 
on the macroscopic time scale of the electrochemical mea- 
surements (Le,, identical values of El$. However, with one 
e~cept ion ,~  all the above complexes involve oxygen-bridged 
Cu(I1) cations. Thus,.the two Cu(I1) are not structurally 
independent, and it is therefore not surprising that the two E1/2 
potentials, corresponding to their successive reductions to the 
dinuclear species (Cu(II), Cu(1)) and (Cu(I), Cu(II)), differ 
by values ranging from 02b33 to several tens or hundreds of 
 millivolt^^^^^,^ depending on the ligand. Furthermore these 
c~mplexes~-~  exhibit standard redox potentials Eo at least 600 
mV more negative than the standard redox potentials char- 
acterizing the copper proteins.6 

The synthesis and the properties of a new macrocyclic ligand 
and of its Cu(I1) dinuclear ~omplex ,~  as well as its structure,8 
have been recently reported. Complexation of Cu(I1) by this 
macrotricyclic ligand (1,7,13,19-tetraaza-4,16-dioxa- 
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