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A. INTRODUCTION

During the last two decades, the chemistry of metalloporphyrins has been
extensively studied and reviewed [1]. However, no review has been devoted
solely to titanium and vanadium porphyrins. Fifty years ago, Treibs isolated
and identified vanadyl deoxophylloerythroetioporphyrin, the major metal-
loporphyrin in petroleum and shales [2). The first synthetic vanadium
porphyrin, (meso-DME)V=0, was also prepared by Treibs [3], whereas
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(meso-DME)Ti=0 the first titanium porphyrin was obtained much later by
Tsutsui [4].

The poor reactivity of the vanadyl (Por)V=0 and titanyl (Por)Ti=O
porphyrins explains the very few studies devoted to these two series of
metalloporphyrins. The first notable reaction (1976) of titanyl porphyrins
was their transformation into peroxoderivatives [5]. More recently, two
convenient procedures for the isolation of dihalogeno titanium(IV) and
vanadium (IV) porphyrins were described [6,7]. These latter compounds are
extremely reactive and can act as precursors to lower valent titanium(III)
and vanadium(II) porphyrins.

In this review we first discuss the chemical and structural results regarding
the oxo and peroxo derivatives. Later parts deal with the preparation,
spectroscopic, and structural data of dihalogeno complexes. Finally, we
attempt to show that the dihalogeno derivatives are particularly effective as
intermediates for low-valent porphyrins. The rich coordination chemistry of
these highly reactive compounds will be described with particular emphasis
on reactions with molecular oxygen, elemental sulfur, and selenium. We
concentrate especially on structural and spectroscopic data of representatlve
systems of each class.

B. ABBREVIATIONS AND NOMENCLATURE

(i) Abbreviations

Me methyl

Et ethyl

Ph phenyl

mT m-tolyl

pT p-tolyl

AcO acetate

Acac acetylacetonate

Cp cyclopentadienyl
n-Bu, n-tetrabutylammonium

1-Melm 1-methylimidazole
PPhMe, dimethylphenylphosphine

THF tetrahydrofuran
NTA nitrilotriacetate

dipic dipicolinate

pMe CH,-CH,-COOCH,

pH CH,~-CH,-COOH

OEPMe,  a,y-Dimethyl-a,y-dihydrooctaethylporphyrinate
DPEP deoxophylloerythroetioporphyrinate
Por unspecified porphyrinate



| : .

v

89

-

1
|

&4

Fig. 1. Usual porphyrin coordination schemes: (1) square planar, (2) square pyramidal, and

(3) pseudo-octahedral.

The usual porphyrin coordination schemes are given in Fig. 1.

(ii) Nomenclature

3 x 7
00
) )
18 \ \ 12
17 Y 13
Formula 1

Abbreviation Name

Substituents
2 3 7 8 12 13 17 18 a,B.v,8

P Porphine

OMP Octamethylporphyrin
OEP Octaethylporphyrin
TPP Tetraphenylporphyrin
TmTP Tetra-m-tolylporphyrin
TpTP Tetra-p-tolylporphyrin
Etio-I Etioporphyrin-I

H HHHHHH H H
Me Me Me Me Me Me Me Me H
Et Et Et Et Et Et Et Et H
H H HHHUHH H Ph
H HHHHHH H mT
H HHHHMH H H pT
Me H Me H Me P? P! Me H

meso-DME  meso-Porphyrin-dimethylester Me Et Me Et Me PM® PMe Me H
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C. OX0 AND PEROXO DERIVATIVES
(i) Titanyl and vanadyl porphyrins: synthesis and characterization

In 1934, Treibs isolated the first oxo vanadium porphyrins and identified
the major metalloporphyrin, (DPEP)V=0, in petroleum and shales [2].
Vanadyl porphyrins in fossil plant materials are important as major organic
geochemical tracers and provide fundamental information to geochemists [8).
In 1935, the first synthetic vanadium porphyrin ( meso-DME)V=0 was also
obtained by Treibs [3]. Petersen [9] later determined the X-ray crystal
structure of (DPEP)V=0 (Fig. 2) and provided the first crystal data for
vanadium porphyrins. In this compound the vanadium-oxygen bond length
(1.62(1) A) is characteristic of the VO?* unit. The metal atom lies 0.48 A out
of the plane of the four nitrogen atoms (0.54 A from the mean porphinato
plane) and the “radius of the central hole” is 2.04 A. Native titanium
porphyrins have not yet been discovered and (meso-DME)Ti=0 was synthe-
sized only seventeen years ago [4].

Two general methods can be used to prepare titanyl and vanadyl
porphyrins: the first uses (Acac),M=0 for metalation in phenol, and the
second, MCl, or MCl, in various solvents. The reaction conditions and
references for these two synthetic methods are summarized in Table 1
together with other less common techniques.

Titanyl and vanadyl porphyrins possess M=QO stretching vibration fre-
quencies in the range 1050-950 cm™! [4,15,16]. Infrared evidence for the
association of vanadium porphyrins in various solvents has been reported

Fig. 2. Crystal structure of (DPEP)V=0.
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TABLE 1

Reaction conditions and metalating systems serving to prepare (Por)M=0 (M = Tj, V)
Metalating system Temperature (°C) Metal inserted References
(Acac), M=0/phenol 180-240 T,V 10
(80,)V=0/AcOH 100 v 11, 12
M(Ph), 200 Ti 4

M(CD), v 3,12
M(Cl), /solvent 115-191 Ti 13

M(Cl); /PhCN 191 v 14

[16]. The electronic spectra of the two series are “normal”, consisting of an
intense band near 400-420 nm (Soret band) and a group of two (or three)
bands between 450 and 650 nm (a and B bands) [17,18]). Coordinating
solvents do not modify the electronic spectra of these oxometalloporphyrins
[13]. Oxovanadium(IV) porphyrins bound with a crown ether have been
synthesized [19]. The cations K*, Cs*, NH}, and Ba?*, which require two
crown ether cavities for complexation, induce dimerization of the porphyrin.
Substituted tetraphenyltitanylporphyrins exhibit non-equivalent phenyl pro-
tons due to phenyl ring rotation [20]. 'H and N ENDOR spectra of
randomly oriented oxovanadium(IV) tetraphenylphorphyrin have been
studied in a frozen solution [21], these techniques furnishing proof of the
presence of oxovanadium porphyrins in phosphate mineral extract [22].
Voltammetric studies of the (Por)Ti=O and (Por)V=0 complexes show the
four waves (two anodic and two cathodic) expected for the macrocycle ring
oxidation and reduction reactions [13,23].

The X-ray crystal structures of (OEP)Ti=0 [24], (OEP)V=0 [25],
(TPP)Ti=0 [26], (DPEP)V=0 [9], and (OEPMze,)Ti=0 [27] have been de-
termined. Figure 3 is the ORTEP view of (OEP)Ti=0. The (OEP)V=0 and
(OEP)Ti=0 complexes have also been studied by EXAFS spectroscopy
[28,29]. In all these oxo compiexes, the metal atom is coordinated by the four
nitrogen atoms of the porphyrin ring and a double-bonded oxygen atom.
This resulting polyhedron is an almost perfect square pyramid for (OEP)V=0,
(OEP)Ti=0, and (TPP)Ti=0. Table 2 gives the stereochemical data of the
coordination sphere of the oxo complexes as measured by X-ray diffraction
or by EXAFS spectroscopy. The metal-oxygen and metal-nitrogen dis-
tances are almost equal for either titanium or vanadium (CM-O = 1.618 +
0.005 A; (M-N) =2.106 + 0.008 A). Consequently, the out-of-plane dis-
tance (A4N) of the metal atom is 0.54 A, as postulated in 1966 from
extended Huckel calculations [30]. Furthermore, Table 2 illustrates the
excellent agreement between the X-ray and EXAFS results, showing that
EXAFS is a powerful tool for the investigation of the coordination sphere of
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Fig. 3. ORTEP view of (OEP)Ti=0.

metalloporphyrins. This is of value because porphyrins are known often to
give crystals of poor quality. The EXAFS method has also been used for
probing the structural chemical environment of vanadium in two different

TABLE 2

Stereochemical data of the coordination sphere of some oxo vanadium and titanium porphyrins
Compound {M-N)* M=0* N-C,*® A4N * Ref.
(OEP)Ti=0 ® 2.114(5) 1.613(4) 2.040 0.55 24(b)
(OEP)V=0® 2.102(3) 1.620(2) 2.029 0.54 25
(OEPMe,)Ti=0 ® 2.110(3) 1.619(4) 2.030 0.58 27
(DPEP)V=0"? 2101 ¢ 1.62(1) 2.04 0.48 9
(OEP)V=0° 2.08 +0.02 1.61+0.01 28
(DPEP)V=0 © 21014 1.61 28
(TPP)Ti=0O °© . 2114002 1.6410.05 29

® Values given in A.° X-ray “diffraction data, © EXAFS data. ™ Average value calculated on

the three unsubstituted pyrrole rings; the other V-N value is 1.96 A.
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fractions of a Boscan asphaltene [28]: the V-N distances found agree well
with those found by X-ray crystallography (Table 2). Furthermore, this study
led to the conclusion that vanadylporphyrins are the dominant components
of vanadium compounds in these asphaltenes.

(ii) Peroxo titanium(IV) porphyrins

Little work has been devoted to the chemistry of titanyl and vanadyl
porphyrins because of the inertness and the unusually high bond energy of
the MO?2™ unit. The first notable reaction was the attack of benzoyl peroxide
or hydrogen peroxide on oxotitanium(IV) porphyrins leading to the corre-
sponding peroxo derivatives (Por)Ti(O,) [5], the first metalloporphyrin with
a dioxygen moiety bonded “side-on” to the metal (Scheme 1).

H\ H202 or (C H CO] O ”- O

:Ti -0 6''’s 2 .:Ti< I
ﬂ" (CH2C|)2 ”" O
Scheme 1

The peroxidic nature of these complexes was proven on the basis of
spectrochemical and crystallographic data. The (Por)Ti(O,) compounds ex-
hibit three IR absorption bands near to 890, 650, and 600 cm~' and by
analogy with other peroxotitanium(IV) complexes [31-33], the higher
frequency band is assigned to the O-O stretching, and the other two bands
to symmetric and asymmetric M—Q stretch modes (Fig. 4).

The crystal structure of (OEP)Ti(O,) is given in Fig. 5 [5,24(b)]. The
complex is isotypic to the monoclinic forms of (OEP)Ti=0 [24(b)] and
(OEP)V=0 [25]. In the peroxo complex, the coordination polyhedron of the
titanium atom is reduced to C,,, the metal being hexacoordinated by the
four nitrogen atoms of the porphyrin and by two oxygen atoms symmetri-
cally bonded on the same side of the porphyrin (T1-—0(1) = 1.827(4), Ti—-0O(2)
= 1.822(4) A). The O(1)-0O(2) distance (1. 445(5) A) is characteristic of a
peroxo moiety. These bond lengths are similar to those found in other
peroxotitanium compounds (Table 3). The titanium atom lies 0.620(6) A
from the plane of the four nitrogen atoms and 0.657(6) A from the mean
plane of the macrocycle, compared to 0.555(6) and 0.609(6) A for (OEP)Ti=O
(Fig. 6). The radius of the central hole of the porphyrin is reduced to 2.016
A, being 2.040 A in (OEP)Ti=O. Contrary to (OEP)Ti=0O the titani-
um-nitrogen bond lengths are not equivalent: the mean value of the Ti—N(22)
and Ti~N(24) distances is 2.128(4) + 0.005 A and the corresponding value



94

%

{(0ePiTi=0

o

20

- 80

—=
NN
—.§

|/ I-60

0
(ow)n\ ]
]

v 1400 1200 1000 »0 00 400 4

Fig. 4. IR spectra of (OEP)Ti=0 and (OEP)Ti(O,).

for the other two Ti—-N bonds is 2.090(4) + 0.004 A. This significant dif-
ference is explained by the specific positions of the peroxide group which
eclipses almost perfectly the N(22)-N(24) nitrogen atoms. This particular
conformation has also been found in (TpTP)Mo(O,), [39]).

'H and C dynamic NMR data on (OEP)Ti(O,) and (TPP)Ti(O,) show
them to be fluxional. Down to about —50°C the peroxo ligand undergoes
fast exchange between two equivalent sites, when the peroxo group eclipses
the two equivalent pairs of opposite nitrogen atoms. The barrier to rotation
of the peroxo group at the coalescence temperature is 10.8 + 0.5 kcal mol ~?
(Tc = —50°C) for (TPP)Ti(O,) and 9.9 + 0.5 kcal mol ! (Tc = —65°C) for
(OEP)Ti(O,) [24(b)]. These dynamic NMR measurements show that this
preferred conformation exists in solution as well as in the solid state and
thus is not imposed by crystal packing constraints. Furthermore, ab initio
calculations relative to an unsubstituted (P)Ti(O,) complex are in very good
agreement with all the experimental observations: a side-on conformation is
found to be more stable than the bent end-on structure by 83 kcal mol™!
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Fig. 5. ORTEP view of (OPE)Ti(O,).

[40,41], the stability being due to the metal dioxygen interaction 3d,,—mg.

Furthermore, the eclipsed configuration of the peroxo group is the result of a
titanium-dioxygen interaction 3dxy—'n'; (Fig. 7), which cannot occur in the

(OEP) Ti (O2) (CEP)M(O) (M =T, V)

Fig. 6. Schematic views of the coordination of the metal in (OEP)Ti(O,), (OEP)Ti=O, and
(OEP)V=0 (values between brackets refer to (OEP)V=0).
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Fig. 7. Bonding scheme of the TiO, unit.

staggered conformation because the d,:_ . level is too high. This conclusion
was also proposed by other authors from qualitative considerations [42,43].

The cyclic voltammetry curve of (Por)Ti(O,) exhibits the four one-elec-
tron waves (two anodic and two cathodic) expected for the ring oxidation
and reduction reactions [24(b)]. An additional reduction step in a two-elec-
tron irreversible process is observed (E, , = —1 V) just before the first ring
reduction waves. This additional reduction occurs at the axial peroxide
ligand with resulting cleavage of the O-O bond to generate two oxide ions,
one of which is coordinated to the Ti(IV) ion.

These peroxo compounds are related to those of cobalt: some cobalt
peroxide complexes can be obtained either by oxidative addition of dioxygen
to a low valent metal complex, or by ligand exchange on a high valent
complex [44] (Scheme 2). Formally, the peroxo complexes of titanium(IV)
porphyrins are identical to the oxidative addition products of dioxygen on
the hypothetical titanium(II) porphyrins [45].

o
col & Oz——>ConI/|
(o]
/O
Coll L2 + H202 —> CoT I + 2L
O

Scheme 2

D. DIHALOGENO DERIVATIVES -
(i) Titanium(IV} complexes

The action of the hydrogen halides HX (X = F, Cl, Br) on oxotitanium(IV)
porphyrins leads to the dihalogeno complexes (Por)Ti(X), [6], (Por)Ti(F),
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X—=Ti—X + H0 =5  Ti =0 + 2HX
Scheme 3

being the first complex isolated [6(a)] via a reversible process (Scheme 3)
[6(b)]. Far infrared spectra show the expected bands for titanium terminal
halogen stretching vibrations (»(Ti-F) = 647, »(Ti—Cl) = 358, and »(Ti-Br)
=280 cm™!). The (TPP)Ti(Br), complex (Fig. 8 [46]) crystallizes in the
tetragonal space group I4/m with the titanium on the inversion center. The
resulting symmetry of the coordination polyhedron (C,,) is imposed by the
space group: the titanium atom is octahedrally coordinated by the four
nitrogen atoms and two bromide ions and lies in the perfect porphyrin plane.
The radius of the central hole measured here by the Ti—N distance (2.062(8)
A) is longer than that found in (OEP)Ti(O,) (2.016(6) A) and in (OEP)Ti=0O

Fig. 8. ORTEP view of (TPP)Ti(Br), [46).
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(2.040(6) A) This crystal structure gave the first Ti(IV)-Br bond length
(2.454(2) A) for a coordination compound.

(ii) Vanadium(IV) complexes

Contrary to titanyl porphyrins, the vanadyl complexes (Por)V=0 do not
react with hydrogen halides: the deoxygenation of (Por)V=0 however, can
be obtained by the action of SOX, or (COX), under mild conditions to yield
the dihalogeno vanadium(IV) complexes (Scheme 4) [7]. This method can be
used also to prepare dihalogeno titanium complexes [47]. Gaseous HBr
bubbled through a solution of (Por)V(Cl), affords (Por)V(Br),. The ex-
pected bands for the vanadium-halogen stretching vibrations are given in
Table 4 together with the corresponding ones in the titanium series. EXAFS
at the bromine K edge of (OEP)V(Br), [7] allows discrimination between the
two possible trans or cis configurations. Figure 9 gives the corrected pseudo-
radial distributions x,;(R) and x,(R) including the phase shift corrections
for the Br*-V shell and the Br*-N shell respectively. The interatomic
distances Br-V, 2.41 A (Fig. 9(a)) and Br-N, 3.18 A (Fig. 9(b)) agree well
with those of (TPP)Ti(Br), (see above). Furthermore, the intensity of the

‘v so SOXzoriCOX) o
[|‘ CH2Cl2 or CgHsCH; []
Scheme 4
TABLE 4
Characteristic IR bands of (Por)V(X), {7 and (Por)Ti(X), [6(b),48]
Complex ® »(V-X) cm™! »(Ti-X) cm ™!
(OEP)M(F), - 620
(OEP)M(CI), 335 330
(OEP)M(Br), 250 240
(TPP)M(F), - 647
(TPP)M(C)), 355 358
(TPP)M(Br), 285 280
(TmTP)M(C]), 345 _
(TmTP)M(Br), 270 -~
(TpTPYM(CI), 350 -
(TpTP)M(Br), 280 -

*M=V,Ti
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~Br—V—pBr
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I B TR
800 10.00 12.00
Fig. 9. EXAFS pseudo-radial distribution¥(R) of (OEP)V(Br), bromine K edge. (a) Phase-

shift corrections are for the Br* .- . V shell (E, =13468 eV). (b) Phase-shift corrections are
for the Br* - - - N shell (E, =13474.0 eV),

signal at ca. 4.85 A suggests the linear Br—-V-Br sequence and provides
strong evidence for an undistorted trans configuration (focusing effect).

High resolution 'H NMR spectra of (Por)V(X), exhibit the broad lines
expected for a paramagnetic porphyrin complex (signal between 1 and 21
ppm), although no EPR spectrum was found even at 77 K. INDO/S
calculations [7], performed on a dichloro vanadium(IV) unsubstituted
porphyrin (Por)V(Cl),, suggest that the lowest occupied orbital corresponds
to a doubly degenerate E; state, and explains the lack of an EPR signal.
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E. LOW VALENT PORPHYRINS

(i) Titanium series

Reduction of the (Por)Ti(X), complexes with zinc amalgam gives mono-
halogenotitanium(III) complexes (Por)Ti(X) [49,51]. The characteristic IR
stretching modes of Ti—-X of the tetraphenyl derivatives (TPP)Ti(X), and the
EPR data are given in Table 5. Changes in the EPR and UV-visible spectra
upon addition of ligands are explained by the formation of six-coordinated
complexes, while electrochemical or chemical (sodium anthracenide) reduc-
tion can lead to anionic species such as (TPP)Ti(F); .

The reactivity of (TPP)Ti(F) with various aryl Grignard reagents [50],
alkyl and aryl thiolates [51], and molecular oxygen has been studied [49). The
metal aryl-bonded complexes (TPP)Ti(Ar) have been prepared by the aryl
Grignard reagents (Scheme 5). These aryl compounds exhibit a nine-line
EPR spectrum similar to that of (TPP)Ti(F). Contrary to (TPP)Ti(F),
addition of wvarious ligands (toluene, N-methylimidazole, THF) to
(TPP)Ti(Ar) does not modify the UV-visible and EPR spectra corre-
sponding to the former species. These observations can be correlated to the
difference between the relative electrodonor properties of aryl and fluoride
ligands.

| |

ArMgBr "
R —

”"Ti P Censcrs U—'Ti AT
Ar = CoHs , CH2CsHs5 , C6H4OCHa

Scheme 5
TABLE 5
EPR and IR data of various halogeno titanium porphyrins [48,49]
Complex IR EPR

r(Ti-X)(cm™!) g an/G ag/G a /G
(TPP)Ti(F) 680 1972  2.29 111
[(TPP)Ti(F),)}(n-Bu,) 535 1.968  2.20 6.7 2.7(F)
(TPP)Ti(F)(THF) 620 1.965 235 9.6
(TPP)Ti(FX1-Melm) 595 1961 2.5 9.8 1.0(N), 0.7(N)
(TPP)Ti(CD) 440 1.964
(TPP)Ti(Br) 345 1.976

(TPP)Ti(I) 1.974 225




D\ _ Na SCH ﬂ
Tio-F —on=n, Ti -SCH3
Ti - scHy  SROH, “Ti -OCHs3

Benzenethiolatotitanium(III) tetraphenylporphyrin (TPP)T(SC,H;) was
obtained by adding sodiumbenzenethiolate to (TPP)Ti(F). Preferential five
coordination of (TPP)Ti(SC,H;) is observed similar to the o-bonded
titanium—carbon series. Methoxotitanium(III) tetraphenylporphyrin
(TPP)Ti(OCH,) results from the axial ligand substitution of (TPP)Ti(SCHj;)
by reaction of methanol with (TPP)Ti(SCH;) [52] (Scheme 6). The
titanium(IID)-nitrogen distances (2.12(2) A) in (TPP)Ti(OCH,) (Fig. 10) are

Fig. 10. ORTEP view of (TPP)TI(OCH,;) [52].
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TABLE 6
Stereochemical data for the coordination polyhedron of methoxo metalloporphyrins.
Complex Distances M-0-C A4N ® Ref.
M-N M-O
(TPP)Ti(OCH,) 2.12(2) 1.77(1) 171 (1) 0.62(2) 52
(TPP)Fe(OCH,) 2.082(2) 1.815(1) 129.1(1) 0.484(1) 53
(meso-DME)Fe(OCH,)  2.073(6) 1.842(4) 125.9(6) 0455 54
(TPPYCo(OCH, XPy) 1.96(1) 1.92(4) 121 (4) 0.0 55
2.015(4) 1.821(3) 124.0(3) 0.0

b » 56

(PYGe(OCHs), {2.015(4) 1.822(3)  1239(3) 00

3 A4N is the distance of the metal from the plane of the four nitrogen atoms. ® Two half
molecules in the asymmetric unit of the crystal.

close to those found in titanium(IV) porphyrins. Consequently the
titanium(I1I) atom lies 0.62 A out of the plane of the four nitrogen atoms.
Table 6 shows that the methoxo ligand deviates significantly from the bent
geometry (Ti—-O-C = 171(1)°) and that the titanium—-oxygen bond length is
short (Ti-O = 1.77(1) A) compared with the iron [53,54], cobalt [55], or
germanium [56] methoxoporphyrins. These results correlate with the de-
crease in number of valence electrons of the metals, and suggest an increas-
ing w-donation from the oxygen atom, leading to a shorter titanium—oxygen
bond.

The exposure of (TPP)Ti(F) to molecular oxygen gives a mixture of
roughly equal amounts of trans (TPP)Ti(F), and (TPP)Ti(O,) [49] (Scheme
7). A superoxide intermediate (TPP)Ti(O, )(F) is postulated for this reaction,
since such an intermediate has been detected in a solid state EPR study [49].
In the case of (TPP)Ti(Ar) (Ar= C,H;, SC4H;), autoxidation generates
(TPP)Ti=0 and Ar—Ar products (Scheme 8)

(ii) Vanadium series

On the basis of extended Huckel calculations, low valent vanadium(II)
porphyrins have been predicted [57], and indeed reduction of di-
halogenovanadium(IV) porphyrins directly produces the corresponding

[ [ o |

Ti-Fe02—> Ti | «F—Ti—F
| [

Scheme 7
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l |

O
Ti —Ar + O2 _—— CTi <| + Ar®
[ [ °
L. L]
g

T —-Ar + :,Ti
[l o ]] Ar = CeHs, SCeHs

Scheme 8

H

Zn/H THF - VR-THF
THF H

I U

/ H
Zn/A9 , pphMes— VE-P-PhMe,
THF, P-PhMe, [I

Scheme 9

vanadium(Il) complexes trans-(Por)V(L), (L = THF, PPhMe,; Por = OFEP,
TPP, TpTP, TmTP) [58,59] (see Scheme 9).

Electronic spectra of (Por)V(L), are typical of hyperporphyrinic systems,
the intensities of bands I and II being of the same magnitude [60]. The
magnetic moment of (OEP)V(PPhMe,), (. = 3.52 BM) is consistent with
a d* complex, although no EPR signal is found for this kind of compound
because spin-orbit coupling might occur.

Figures 11 and 12 give the ORTEP views of (OEP)V(THF), and
(OEP)V(PPhMe,),. In the two (Por)V(L), molecules, the vanadium is at an
inversion center, lies in the perfect plane of the four nitrogen atoms and is
octahedrally coordinated. The symmetry is almost D, in (OEP)V(THF),
(N(1)-V-0: 89.2(1); N(2)-V-O: 89.9(2)°), whereas in (OEP)V(PPhMe,),
(N(1)-V-=P: 92.0(1); N(2)~V-P: 87.7(1)°) the slight distortion could be due
to crystal packing. The mean V-N distances are statistically equivalent
(2.051(4) in (OEP)V(PPhMe,), and 2.046(4) in (OEP)V(THF)Z) and are
comparable with the metal-N distances observed in (meso-tetraphenyl-
porphynnato)b1s[b1s(dlphenylphosphmo)methane]ruthemum(ll) (2.041(8) A)
[61] and in (imeso-tetraphenylporphyrinato)bis(tetrahydrofuran)iron(Il)
(2.057(2) A) [62,63]. As expected for a d 3 ion, the V-N distances are sllghtly
greater (0.02 A) than the mean distance Ct --- N (2.031(2) A) observed in
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Fig. 11. ORTEP view of (OEP)V(THF), [59}.

(octaethylporphyrinato)oxovanadium(IV) [25] and characterize a small ex-
pansion of the porphyrinic core (Ct is the center of the macrocycle).

In (OEP)V(THF), the axial bond length V-0 (2.174(4) A) is much shorter
than that observed in (TPP)Fe(THF), (Fe-O: 2.351(3) A at room tempera-
ture [62] and 2.288(1) at 100 K [63]), this resulting from occupancy of the d,:
orbital in the high spin ferrous complex (S = 2).

In (OEP)V(PPhMe,), the vanadium-phosphorus distance (2.523(1) A),
the first example of a vanadium(Il)-phosphorus bond length, is slightly
longer than those observed in vanadium(0) phosphine complexes (2.442(2) A
in cis[n>-CsH,V(CO),(Ph,PCH,CH,PPh,)] [64] and 2.360(2) A in
[(CO),V(PMe,)], [65)).

Convenient procedures for the isolation of thio— and seleno—vanadium(IV)
porphyrins have been reported [66,67]. The action of vanadium(II) porphyrins
with elemental sulfur leads to (Por)V=S (Scheme 10); in contrast low valent
organometallic compounds usually react with elemental sulfur to give penta-
sulfide molecules [68,69,70]. The (Por)V=Se complex is prepared simply by
substituting the more soluble complex (cyclopentadienyl),TiSe; for elemen-
tal selenium.



106

c(52)

s ﬂ/{f,‘\\ c(53)

—~ N

N\, >

C(40) 4‘\ 2.,

78 c<54)

9 cso (R Ve
N ce5)

C(30)

(Nt
S
YR

Fig. 12. ORTEP view of (OEP)V(PPhMe;), [58,59].

The IR spectra of the thio— and seleno—vanadium porphyrins exhibit a
medium to strong intensity band in the 550-565 cm™! (V=S) and 434-447
cm™! (V=Se) ranges, respectively, these stretching frequencies being anoma-

THF U
THF-VI-THF

Se \:.VE =5

Cpa Tt Seg VE - se
THF U ’

Scheme 10
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Fig. 13. Comparison of the imaginary part of the Fourier transformed spectra Im)"((R) of
(OEP)V=0 and (OEP)V=5.

lously low compared with that of V=0 (= 1000 cm™'). The same observa-
tion is made for some oxo and thio vanadium-Schiff base complexes [71]. As
observed for vanadium(II) porphyrins, UV-visible spectra of thio— and
seleno—vanadium(IV) porphyrins are typical of hyperporphyrins [60].
EXAFS data of (OEP)V=0, (OEP)V=S, and (OEP)V=Se have been re-
corded at the K edges of vanadium and selenium [(OEP)V=Se] [66,67,72].
For the sake of comparison, Figs. 13 and 14 show the magnitude of the
Fourier transform spectra and the imaginary part , X(R) of both systems
(OEP)V=0 and (OEP)V=S and (OEP)V=0 and (OEP)V=Se obtained at the
vanadium K edge. As illustrated, the contribution of the C,, C,, C4 carbons
is fairly identical for the three systems, whereas strong distortions affect the
V.---N and V- -- S(Se) signals. This has been explained by a scattering
phase shift difference between S and N for (OEP)V=S. As the geometry of
the porphyrinic core remains identical (Figs. 13 and 14), difference Fourier
transform spectra have been computed for both systems: (OEP)V=0 minus
(OEP)V=S and (OEP)V=0 minus (OEP)V=Se. As shown in Fig. 15, a nearly
perfect cancellation of the EXAFS signals of the porphyrin macrocycle is
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Fig. 14. Comparison of the imaginary part of the Fourier transformed spectra I, %(R) of
(OEP)V=0 and (OEP)V=Se.

observed for both difference spectra. In the case of (OEP)V=S, the difference
Fourier spectrum exhibits a negative contribution of the V=0 shell (R, =
1.61 + 0.02 A) with the expected V=S signal (R, = 2.06 £+ 0.02 A), the phase

Fourier transform amplitude

" E.
Fourier trahsform amplitude

1 L IR U RN R L x J
4 5 6 7 8 9 10 [¢] 1 2 3 4 5 6 7 8 9 10

R(A) rR(A)

Fig. 15. Difference Fourier spectra: dotted line: |%(R)|; full line: I, %(R). (a) (OEP)V=S
minus (OEP)V=0. (b) (OEP)V=S minus (OEP)V=0.
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TABLE 7
EPR data of (Por)V=Y complexes (Y =S, Se, or O)
Complex Ziso g" gt A, X100  A'x10*  A' x10*
(cm™1) (cm™1) (cm™1)
(OEP)V=S 1.969 1.964 1.972 —-79.8 —1434 -51.5
(TPP)V=S 1.971 1.965 1971 —80.3 —-142.1 —50.9
(TmTP)V=S 1.973 1.965 1.973 —80.5 —144.1 —51.0
(TpTP)V=S 1.973 1.966 1.972 —80.7 —141.5 —51.8
(OEP)V=Se 1.956 1.970 1.944 —-79.2 —136.1 —514
(TPP)V=Se 1.957 1.971 1.946 —80.1 —135.6 —53.0
(TmTP)V=Se 1.956 1.971 1.948 —80.0 —~136.8 —53.3
(TpTP)V=Se 1.956 1971 1.947 —-79.7 —136.6 —53.6
(OEP)V=0 1.979 1.962 1.985 —88.7 - 158.7 —56.5
(TPP)V=0 1.979 1.964 1.985 —89.3 —158.3 —556
(TmTP)V=0 1.978 1.962 1.984 —89.6 —159.0 —56.5
(TpTP)V=0 1979 1964 198  —89.0 —159.4 -56.3

g" =g.—(8£8%%/A"), gt =g, —(2£8%y?/AL) with g, =2.0023; a, B, v being defined in
ref. 73; A" = (E(b,)—E(b,)); A* = (E(e)—E(b,)); £ = spin—orbit coupling constant.

A" = —K+ P[—(4/7)8% +(g" —g.)+(3/TN(g" —g.)] and A* =-K+ P[2/7)8% +
(11/14Xg* — g.)}, with K Fermi isotropic coupling term, and P =g B.gnBn{r >) (=
radial extension of 3d orbital).

of the latter being clearly negative. For (OEP)V=Se, the difference spectrum
is dominated by the expected positive signal of the V=Se shell (R, =2.19 +
0.03 A). The latter result is confirmed by the EXAFS data at the selenium K
edge (R,(Se* ---V)=2.185+0.02 A). Furthermore, from these results it
was possible to estimate the out-of-plane distance (A4N = 0.47 + 0.04 A).

The room temperature and frozen solution EPR data of the (Por)V=S and
(Por)V=Se complexes are given in Table 7 [67], together with corresponding
values for (Por)V=0. The observed parameters are characteristic of a d!
V(IV) nucleus.

The reduced energy splittings deduced from the EPR data are given in
Table 8.

The observed values of g, and A*/y? are in good agreement with the
electronegativity of the three elements O > S > Se; thus, the metal-ligand
bond energy decreases in the same order. The parameter g, which strictly
depends on the metal—macrocycle porphyrin interaction increases from the
oxo to the seleno series. These observations correlate with the out-of-plane
distance found by EXAFS for (OEP)V=Se (0.47 A) compared to 0.57 A in
(OEP)V=0.
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TABLE 8

Calculated values of A"/a?, At/y?2, P, and K for (Port)V=S, (Por)V=Se, and (Por)V=0

reduced E (cm_'l )

45000 1 o— by o
40 000 e -
By e rmemmmmmm ="
30 000 A2
aq —--- --s —ee- Gy
20000 < -
10 000 - ) —_—.
= cm—— e
] aLly xz
04 b2 — - — b, - —_—
Complex A'/a? At/y? P x10* K x10*4
(em™Y) (cm™) (cm™) (cm™1)

(OEP)V=S 35190 10940 103.8 8.7
(TPP)V=S 37870 10700 103.3 779
(TmTP)V=S 37200 11550 105.4 78.7
(TpTP)V=S 37310 11180 101.6 78.4
(OEP)V=Se 42560 5710 97.6 74.8
(TPP)V=Se 44340 5960 95.3 76.0
(TmTP)V=Se 44120 6080 96.1 76.6
(TpTP)V=Se 43790 6080 95.6 76.8
(OEP)V=0 34070 19690 114.7 87.7
(TPP)V=0 35410 19450 115.4 87.0
(TmTP)V=0 33620 17990 115.0 87.7
(TpTP)V=0 35520 20300 115.9 87.9

F. CONCLUSION

Because of their wide distribution in nature, almost all the work devoted
to the vanadium porphyrins concerns the geochemistry of these compounds
and the synthesis of model derivatives which could occur during the chem-
ical processing of oils and shales. More specifically, low valent vanadium
porphyrins have been studied and characterized.
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The most important result in the field of titanium porphyrins has been the
synthesis of the first peroxo metalloporphyrin. These systems have initiated a
lot of research for this family of complexes; two recent papers give some new
results: in the former the electrochemistry of oxo and peroxo titanium is
studied and the ECEC mechanism of the electron reduction of the peroxoli-
gand is described [74]. In the second it has been shown that (TPP)Ti=0 is a
catalyst for the epoxidation of olefins by alkyl-hydroperoxides; an inter-
mediate cis hydroxo alkylperoxo complex is proposed as the active species
[75].

The structural characterization of some representative derivatives of these
two series has been made by X-ray diffraction techniques and EXAFS
spectroscopy. For (OEP)V=0 and (OEP)Ti=0, the two techniques led to the
same metal ligand distances (M=0, (M-N)) showing that EXAFS is a
powerful tool for probing the coardination scheme in metalloporphyrins.
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