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The action of SOX2 or (COX)2 on oxovanadium(1V) porphyrin complexes [V'vL(0)] (L = porphyrinate) under 
mild conditions affords the corresponding dihalogenovanadium(1V) porphyrins [VIVLX2] (X = CI or Br). These 
very reactive complexes are remarkable precursors to low-valent vanadium porphyrins. Extended X-ray absorption 
fine structure spectroscopy at the Br K edge confirms the trans configuration and lNDO/S calculations suggest that 
the absence of an e.s.r. signal is due to an orbitally degenerate ground state. 

FORTY years ago Treibs isolated and identified vanadyl 
deoxophylloerythroetioporphyrin, the major metallo- 
porphyrin in petroleum and shale.l More recently the 
interfacial properties of petroporphyrins (i.e. porphyrins 
co-ordinated to V and Ni) at water-oil interfaces have 
been investigated.2 Many processes in oil production or 
advanced coal-conversion techniques may be critically 
affected by the presence of trace amounts of ~ a n a d i u m . ~  
Moreover, vanadium in combination with sulphur com- 
pounds causes a significant number of problems in oil 
hydroprocessing. Curiously, the manner in which the 
vanadium atom is held in coal, oil, or bitumen is largely 
unknown. The poor reactivity of oxovanadium(1v) 
complexes has restricted co-ordination chemistry to 
that of the V02+ unit.4 

We report here a convenient procedure for the isol- 
ation of dihalogenovanadium(1v) porphyrins [VIVLXA (1) 
(L = oep, tpp, tmtp, or tptp).? These compounds are 
extremely reactive and may act as precursors in the syn- 
thesis of complexes formed during the conversion of oil 
or shale. Extended X-ray absorption fine structure 
(EXAFS) spectroscopy is a valuable new tool for struc- 
tural analyses of chemical or biological systems where only 
the local arrangement of atoms surrounding an absorb- 
ing element is to be determined. This paper presents a 
typical application of this technique in order to discrimin- 
ate between two possible structures. The absence of a 
detectable e.s.r. signal down to 77 K will also be discussed 
in the light of INDO/S calculations. 

EXPERIMENTAL 

Synthesis and Spectmsapic Measurements.-A11 experi- 
mental procedures were performed under an argon atmos- 
phere using dry oxygen-free solvents. The oxo-complexes 
of vanadium (IV) porphyrins were prepared by standard 
methods.G 

t Abbreviations used: oep = 2,3,7,8,12,13,17,18-octaethyl- 
porphyrinate(2 -) ; tpp = 5,10,16,20-tetraphenylporphyrinate- 
P-); tmtp = 6,10,15,20-tetra-m-tolylporphyrinate(2 -) ; 
and tptp = 5,10,15,20-tetra-p-tolylporphyrinate(2 -). 

Preparation of the dihalogenovanadium(w) complexes (1). 
Three typical preparations of compounds (1) are illustrated 
below. 

Method (a) (with thionyl chloride). The compound 
[VIV(oep)O] (1 g, 1.7 mmol) was dissolved in toluene (80 
cm3). On addition of SOC1, (1  cm3, 14 mmol) the colour of 
the solution immediately turned from red to maroon. The 
resulting mixture was maintained at room temperature with 
stirring for 24 h and then placed in a refrigerator. The 
precipitate was filtered off, washed with hexane, and dried 
{ 1.03 g, 93% yield of [VIV(oep)C1,] (la)}. 

Method ( b )  (with oxalyl chloride). The compound [VIV- 
(oep)O] (1 g, 1.7 mmol) was dissolved in toluene (100 cm3) 
and (COCl), (1.5 om3, 17 mmol) added. The reaction mix- 
ture was maintained at  room temperature with stirring for 
12 h. The precipitate was then treated as described in 
method (a)  (98% yield of [VIV(oep)Cl,] (la)}. 

Method (c)  (using [VIvLCl,] and gaseous HBr as reagents). 
Dry HBr gas was passed through [VIV(oep)Cl,] (la) (596 mg, 
1 mmol) in dry degassed toluene (300 cm3) at  room temper- 
ature for 1 h. The reaction mixture was evaporated, hep- 
tane (60 cm3) was added, and the solid residue stirred. The 
heptane solution was filtered and the precipitate washed with 
heptane and then toluene (99% yield of [VIV(oep)Br,] (lb)}. 

The reaction conditions, yields, and elemental analyses for 
all the compounds are summarised in Table 1. 

Analyses. Elemental analyses were performed by the 
Service de Microanalyses du C.N.R.S. 

Mass spectrometry. Mass spectra were recorded in the 
electron-impact mode with a Finnigan 3300 spectrometer a t  
an ionizing energy of 30-70 eV,: ionizing current of 0.4 
mA, and a source temperature of 250-400 "C. 

Spectroscopic studies. Proton n.m.r. spectra were ob- 
tained on a JEOL FX 100 spectrometer. Samples (10 mg) 
were dissolved in CDCl, (0.4 om3) with SiMe, as internal 
reference. Infrared spectra were recorded on a Perkin- 
Elmer 580 B instrument. Samples were 1% dispersions in 
Nujol. Visible and U.V. spectra were recorded on a Perkin- 
Elmer 559 spectrometer for mol dm-, solutions of 
compound in dry oxygen-free toluene or tetrahydrofuran. 

The magnetic susceptibility of 

1 eV x 1.60 x 10-18 J ;  1 Oe x 

Magnetic measurements. 

$ Throughout this paper: 
79.58 A m-l. 
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[VIv(tptp)Cl,] (lg) was measured on a powdered sample 
using a vibrating sample magnetometer, a cryostat between 
4.2 and 200 K, and a field of 20 kOe. 

of [vxv(tmtp)CIJ (le) was determined by cryoscopy in 
benzene r22.43 x 10" g of (le) per 1 g of solvent). 
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pounds.ll The Debye-Waller parameter, ~ j ,  of each shell 
was allowed to vary, being fitted for an ultimate evaluation 
of the number of scatterers, N j .  

Molecular-weight determination. The molecular weight Quantum Chemistry Calculataons.-All these calculations 
were run on the C.I.I. I.R.I.S. 80 computer of the Institut 
Universitaire de Calcul Automatique de Nancy. A rough 

TABLE 1 
Reaction conditions and yields 

Reaction 

A F 93 
A G 75 
B F 95 
C F 71 
E F 99 
D F 79 
A G 72 
B G 75 

( 1 4  [Wtpp)Brd D G 50 

(le) [V'v(tmtp)CI,] A F 78 
B G 93 

Complex Reagent a solvent * Yield (%) 
(la) cv'v(oeP)cw 

( W  rVw(oeP)Bral 

(14  cv'v(tPP)cl,l 

(If) [VIV(tmtp)BrJ E F 99 

(1g) [V1v(tPtP)C1d 

( W  [V"(tPtP) BrJ E F 99 

A G 40 
B F 77 
B F 87 

* Reagents: A, SOCl,; B, (COCI),; C, SOBr,; D, (COBr),; 
Calculated values are given in parentheses. X = C1 or Br, 

EXA FS Spectroscopy.-Data collection. The KRONIG 
oscillations of the X-ray absorption spectrum of the di- 
bromo-complex were recorded at  the bromine (Br*) K edge 
and a t  low temperature (25 K). A pellet of appropriate 
geometry was prepared from the powdered complex and 
held in the sample holder by air-tight Kapton windows. 
The data were collected at the EXAFS-I station 6 at  Lure 
(the French Synchrotron Radiation facility) under the 
standard operating conditions of the storage ring DCI (1.8 
GeV). Six successive scans were accumulated for a par- 
ticular sample. 

Analysis of the spectra is detailed else- 
where,' but i t  should be noted here that the Fourier- 
transformed spectra, g(R), are corrected for the amplitudes 
and phase shifts of an absorbing back-scattering pair j 
according to equation (1) where g ( k )  is a Kaiser window 

Data reduction. 

i i j  ( ~ j )  = [dhg(k) x (A) [kRj2/Nj 1Fj l ~ j  (k)! 

minimizing the side lobes of the Fourier-transform spectra, 
and Fj (k) and I+$@) denote respectively the back-scattering 
function and the total phase shift relative to the j th  shell.6 
These functions were numerically calculated using the simple 
parametrization suggested by Teo et aZ.8 which proved to be 
reliable in a number of cases if the energy offset, Eo, is 
properly selected. This parameter which is required for the 
evaluation of the photoelectron wave vector, k = [(2m,/ 
ti~)((ERX - I?,)*], was adjusted according to the Lee-Beni 
criterion of coincidence of the maxima of (X(R) 1 and ImX(R) 
(Im = imaginary part).O Hence, E,  had a value of 13 468.0 
eV for the Br-V signal and of 13 474.0 eV for the Br * N 
shell. The correction factor, Aj(Rj ,k) ,  which accounts for 
the loss of coherence of the photoelectron l o  was crudely 
calculated by reference to the data of relevant model com- 

exp[2aj2k2 - 2ikRj - i$j(k)] (1) 

Analysis (%) 0 

1 C H N Xd V 
65.6 6.50 8.60 10.7 7.70 
(66.05) (5.80) (8.55) (10.85) (7.80) 

57.3 5.80 7.70 21.1 6.60 
(58.15) (5.95) (7.55) (21.6) (6.85) 

71.1 
(71.95) 
65.1 
(64.15) 
71.6 
(72.9) 
65.8 
(65.55) 
72.4 
(72.9) 

3.80 
(3.85) 
3.30 

4.70 
(4.60) 
4.30 
(4.15) 
4.50 
(4.60) 

(3.45) 

7.50 
(7.65) 
6.90 
(6.80) 
6.80 
(7.10) 
6.10 
(6.35) 
7.10 
(7.10) 

9.40 
(9.65) 
19.9 
(19.4) 
9.20 
(8.95) 
18.6 

( 18.15) 
8.90 
(8.95) 

6.80 
(6.95) 
6.30 
(6.20) 
6.30 
(6.45) 
5.50 
(5.80) 
6.40 
(6.45) 

65.6 4.30 6.50 18.1 5.50 
(65.55) (4.15) (6.35) (18.15) (5.80) 

E, HBr. Reaction solvents: F, toluene; G, methylene chloride. 

estimate of the electronic structure of a trans-dichloro- 
vanadium(1v) complex was made by intermediate neglect of 
differential overlap (INDO) calculations la an option 
available in the latest version of the program GEOMO.lS3 * 
No optimization of the geometry of the complex was under- 
taken, the V-Cl distance being arbitrarily fixed at  2.3 A. 
A planar symmetrical structure of the metalloporphyrin 
similar to that of the well resolved dibromotitanium(1v) 
compound l4 was assumed. Besides the classical hypothesis 
of any INDO/S calculations,l~~ls the extended set of atomic 
parameters proposed by Zerner et a2.l2 for the evaluation of 
the core and Coulombic interaction integrals was incorpor- 
ated. Within the unrestricted Hartree-Fock (UHF) 
theory," the ct- and P-spin functions require separate 
calculation, their energy levels usually being different. 

RESULTS AND DISCUSSION 

Synthesis and Physical Measuurements.-Oxoporphyrin- 
atovanadium( 1v) complexes react under mild conditions 
with SOX, or (COX), in methylene chloride (or toluene) 
to yield the dihalogenovanadium(1v) complexes (1) , 
equation (2) (L = porphyrinate, X = C1 or Br). While 

SOXs or (COX), 

CH,Cl, or C,H,CH, 
[VIVL(O)] - [VIVLX,] 

the reaction of SOX, with metal oxides to produce an- 
hydrous metal chlorides is a classic method in inorganic 
chemistry,lB the 0x0 (pht halocyaninato) vanadium ( ~ v )  
complex is not deoxygenated even under drastic con- 
ditions.19,20 Results suggest that the factor controlling 
the deoxygenation of oxo-complexes is not steric. 

* The latest version of GEOMO is available upon request from 
the authors. 
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TABLE 2 

Infrared, visible, and mass spectral data of [VIPLX,] (1) 
Mass spectra 

4 Visible I 3 1.r. (Nujol) A 7 Relative Fragmentation 
f Complex ii(V-XI/cm-l A/nm c/dm9 mol-1 cm-1 m/e intensity (yo) pattern 

336 
260 

366 

286 

346 

270 

360 

280 

a 
406 
633 
670 
423 
447 
428 
663 

426 C 

646 
424 C 
648 
426 O 

660 
426 
662 

29.7 
1.6 
2.4 
41 
1.7 
31.9 
1.7 

26.3 
1.4 
64.6 
2.8 
24.6 
1.1 
46.0 
2.3 

a 
662 100 [V(oep)BrI+ 
684 80 [V(oep) + HI+ 

733 6 [V(tPP)Cl!J.+ 
698 100 [V(tPP) c11+ 
82 1 8 [V(tpp)Br!J*+ 
742 24 w(tPP)Brl+ 
662 100 WtPP) - HI+ 
763 100 p(tmtp)Cl - HI*+ 
718 60 [V(tmtp) - H]+ 
800 14 tmtp)Br + HI'+ 
719 100 d t m t p ) l +  
764 100 EV(tPtP)C11+ 

799 49 [V(tptp)Br + HI'+ 
720 100 CV(tPtP) + w+ 

a Too insoluble to be measured. Tetrahydrofuran solution. C Toluene solution. 

Gaseous HBr bubbled through a toluene solution of mononuclear nature of these compounds was checked by 
[VIVLCb] affords [VIVLBrd. Far-i.r. spectra in Nujol a magnetic moment measurement 21 and a molecular- 
show the bands expected for vanadium-terminal halogen weight determination. The magnetic moment of 
stretching vibrations [v(V-CI) 335-350, v(V-Br) 250- [VIV(tptp)Cl,] (lg) was found to be pd. = 1.62 pB (S = 
286 cm-l] (Table 2). In every case, the band at 1 000 0.46 calculated with a Lande factor of 2). This value is 

TABLE 3 
N.m.r. data Q 

R 2  R' R 2  

Compound R' RS X Protons of R1 Protons of Ra 
c1 7.20 (s, 4) 1.88 (m, 24) 

-0.62 (m, 16) 
Br 7.19 (s, 4) 1.82 (m, 24) 

-0.73 (m, 16) 

( 1 4  H cSH6 

(W H C9H6 

(14 c6H6 
C6H6 

H c1 6.76, 8.62, 9.62 (m, 20) 20.60 (m, 8) 
H Br 6.76, 8.68, 9.64 (m, 20) 19.70 (m, 8) 
H c1 2.84 (s, 12) 20.40 (m, 8) CaH,Me-m 

C,H,Me-m H Br 2.86 (s, 12) 19.48 (m, 8) 

C&,Me-p H c1 1.61 (s, 12) 20.00 (m, 8) 

CaH4Me-p H Br 1.41 (s, 12) 19.00 (m, 8) 

( 1 4  
(W 
(If) 

(1g) 

( 1h) 

6.66, 8.40, 9.48 (m, 16) 

6.62, 8.46, 9.63 (m, 16) 

6.41, 9.69 (m, 16) 

6.29, 9.88 (m, 16) O 

Given as 6 (p.p.m.), multiplicity, and intensity. Signals correspond to m-,p-, and o-protons of CaH6 respectively. O Signals 
correspond to m- and o-protons of C,H,Me-p respectively. 

cm-l assigned to the vanadium-oxygen stretching 
vibration of the oxo-products had disappeared. High- 
resolution lH n.m.r. spectra of [VIVLXA (X = C1 or Br) in 
CDC& solution in the presence of an excess of SOX, 
exhibit the broad lines expected for paramagnetic por- 
phyrin complexes (signals between 1 and 21 p.p.m., see 
Table 3); however, even at 77 K in toluene, no e.s.r. 
resonance corresponding to the hypothetical paramag- 
netic dihalogeno-complexes was found. The postulated 

consistent with a d1 complex. The molecular weight 
of the complex (le) determined by cryoscopy was 794 
supporting a mononuclear formulation. These data are 
consistent with symmetrical axial ligation of two halo- 
geno-ligands in either a tram or cis configuration. 
Structural data which allow a discrimination between 
these two configurations can be obtained from EXAFS 
spectroscopy .22 

The corrected pseudo-radial distributions zl(R) and 
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I l l 1  I I I I I 1 1 1 l I  1 I I l l 1  I I I I J  

0.00 2.00 4.00 6.00 8.00 10.00 12 -00 
R /A  

FIGURE 1 EXAFS pseudo-radial distribution z ( R )  of dibromo(2,3,7,8,12,13,17,18-octaethylporphyrinato)vanadium(1v) at the 
bromine K edge. Phase-shift corrections are for the Rr* - * V shell ( E ,  = 3.3 468 eV). (--), Imz(R) ; (. * a ) ,  lf(R)I 

* ?  I 
> . . .  I 0 

m * m "  i 

I 1  I I I I  I I  I I  I I I I I I  I I  I l l  I l l l  

0.00 2 .00  4 .OO 6.00 8.00 10.00 12-00 
R / A  

FIGURE 2 K Edge bromine EXAFS pseudo-radial distribution ji(R) of [V1v(oep) Br,] . 
the parameters of a Br* - - - N shell (E, = 13 474.0 eV). 

Phase-shift corrections are consistent with 
(-), Imk(R); (. - -), lji(R)l 
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&(R) shown in Figures 1 and 2 were obtained by succes- 
sively incorporating in equation (1) the phase shift1 
amplitude parameters relevant for a Br* - V shell and 
a Br* - + N shell. The interatomic distances B r V  
2.41, A (first peak of Figure 1) and Br - N 3.18 (well 
resolved second peak of Figure 2) agree well with expect- 
ations judging by the crystallographic data of Lecomte l4 
for a similar dibromotitanium(1v) porphyrin complex 
( B r T i  2.45,, Br * * * N 3.20,, Br - * * C a  3.9% A). A 
signal which may be assigned to the Br - - C a  shell is 

to very short Tl values and hence very broad absorption 
lines if the spectra are not recorded at  very low (< 10 K) 
temperature. Therefore the electronic ground states of 
the complexes were investigated for orbital degeneracy in 
the absence of spin-orbit coupling and Jahn-Teller 
effects. These sources of splitting would remove the 
orbital degeneracy but leave excited states only a few 
hundred cm-l away from the ground state. For sim- 
plicity INDO/S calculations were performed on an un- 
substituted porphyrin ligand in a truns-dichloro- 

TABLE 4 

Nature and energy (a.u.) of highest occupied and lowest unoccupied molecular orbitals of a dichloroporphyrinato- 
vanadium(1v) complex. 

a Spin 
Only those in which vanadium 3d atomic orbitals account for more than 5% are included 

, 
Orbital 

23 
47 
52 

53, 54 
66, 67 

68, 69 
70 
73 
74 

r 
Orbital 

23 
47 
52 

54, 55 

66, 67 
68 

69, 70 
73 
74 

observed at  ca. 3.8, A but partially overlaps with the 
Br . . N peak. A better signal-to-noise ratio at high k 
values would probably permit a better separation of these 
two shells. On the other hand, the intensity of the sig- 
nals a t  ca. 4.8, A strongly suggests a linear B r V -  
Br sequence resulting from a typical enhancement of the 
signal assigned to the remote Br - - . B r  shell.% An 
additional phase shift due to the forward scattering of 
the photoelectron by the intermediate vanadium atom 
explains why the apparent Br * - Br distance is slightly 
shorter than twice the B r V  bond. EXAFS spectro- 
scopy thus provides strong evidence in favour of an 
undistorted trans configuration. The hypothesis of a 
dimeric structure bridged by two bromine atoms is 
rejected since (i) the amplitude of the EXAFS oscillations 
of the first B r V  shell is consistent with the contri- 
bution of a single vanadium atom, and (ii) a dimeric 
structure would strongly distort the linear sequence Br 
-V-Br thus making the multiple scattering exaltation of 
the Br - - - Br signal unobservable. 

However, it remains to explain why no e.s.r. signal was 
observed for these compounds. It has been recognized 
for a very long time that nearby excited states can lead 

vanadium(1v) complex. Since the complete density 
matrix obtained cannot be reproduced here, Table 4 
summarizes the relevant data concerning the molecular 
orbitals to which the 3d atomic orbital of the vanadium 
atom contributes more than 5%. From these results it 
is apparent that the lowest occupied orbital (01 spin 
functions 66,67) corresponds to a doubly degenerate 
state (&). The upper half of Table 4 refers to occupied 
and the lower half to unoccupied electronic states (e.g. 
dw, d5s-Yx, d p ) .  Our results are consistent with an octa- 
hedral ligand field strongly distorted by a tetragonal per- 
turbation. An alternative, but more expensive, ap- 
proach to the present analysis would have been to use a 
scattered wave X-u method 24925 based on Slater's tran- 
sition theory.26 Nevertheless, the prediction of an 
orbitally degenerate ground state in the absence of spin- 
orbit coupling and Jahn-Teller distortion satisfactorily 
explains why no e.s.r. signal is detectable a t  room 
temperature. Further studies, probably at liquid- 
helium temperature, are now required. 

Conclusion.-From a structural point of view, EXAFS 
spectroscopy provided an excellent opportunity for 
probing the trans configuration of dibromo(2,3,7,8,12, 
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13,17,18-octaethylporphyrinato) vanadium( IV) . Note- 
worthy is the increase in intensity of the Br - - - Br signal 
resulting from the multiple scattering associated with 
the linear BrV-Br sequence. The INDOIS calcul- 
ations afforded an inexpensive explanation of the non- 
observation at room temperature of an e.s.r. signal. A 
comparison between this approach and the more popular 
X-u method is presently under investigation. 

As far as chemistry is concerned it should be noted 
that the dihalide complexes of vanadium(1v) porphyrins 
are remarkable precursors to low-valent vanadium 
porphyrins. Future studies on the interactions of the 
low-valent metalloporphyrins with sulphur compounds 
and catalysts used in the hydroprocessing of heavy oil 
are planned. 

We thank Drs. P. Lagarde and D. Raoux for access to the 
EXAFS-I station and the team of the Laboratoire de 
1’AccklBrateur LinBaire d’Orsay for running DCI (Double 
Collision dans 1’Igloo) during the sessions dedicated to syn- 
chroton radiation experiments. 
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