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Abstract

A review with 243 references on early metal porphyrins involving transition metals in groups
3-6 with special emphasis on out-of-plane metal porphyrins with cis-coordination is presented.
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The preparation and reactivity of metal porphyrins as well as the structural parameters of
crystallographically characterized out-of-plane derivatives are discussed.
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Abbreviations

(OEP)*~ octaethylporphyrinato dianion

(OMP)*~ octamethylporphyrinato dianion
(TPP)*~ tetraphenylporphyrinato dianion

(T pTP)y*~ tetra-p-tolylporphyrinato dianion
(TmTP)*~ tetra-m-tolylporphyrinato dianion
(ETP)*~ etioporphyrinato dianion

(DPEP)*~ deoxophylloerythroetioporphyrinato dianion
(meso-DME)?~  meso-porphyrinato dianion-dimethylester
[TH,,,P]** tetra-p-pyridiniumporphyrinato dication
py pyridine

1-MelIm 1-methylimidazole

THF tetrahydrofuran

Et,O diethylether

PBu, tributylphosphine

PPhMe, dimethylphenylphosphine

(acac)” acetylacetonato monoanion

(OAc)” acetate anion

1. Introduction

The field of porphyrin chemistry has expanded enormously since the last major
reviews of porphyrin and metalloporphyrin compounds appeared [1,2]. Several
review articles have been published in the meantime dealing with specific aspects of
porphyrin chemistry and these subject areas need not be duplicated here [3-12].
Naturally, a great deal of attention has been focused on metalloporphyrins of Mn,
Fe and Co owing to their significance in biological processes. In recent years,
however, synthetic routes have been devised to prepare porphyrin derivatives of
groups 3—6 which, in common with their non-porphyrin ligated counterparts, show
significantly different structures and chemical reactivities compared with the late
transition metal derivatives. Many of the differences are related, to some extent, to
changes in the size, electronegativity, and/or stabilities of oxidation states of the
metals concerned. For synthetic reasons, the emphasis in the early transition metals
has so far been on the first row elements, since preparative routes to the heavier
derivatives are less well developed and the resulting compounds are comparatively
more labile.

The dimensions of the central core of porphyrin dianions are such that metal ions
of radii 0.60-0.65 A are accommodated in the plane of the N, ring [13-15]. For
smaller ions, the entire ring can ruffle through an S,-type deformation to reduce the
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hole size. If the metal is only slightly too large, the core can expand somewhat by
doming to coordinate the ion. The vast majority of known porphyrin chemistry is
based on derivatives involving late transition metals, where an in-plane geometry
directs ligands to mutually trans positions in a distorted octahedral environment.
For much larger metals, such as the heavier metals early in the transition series,
however, the metal is displaced from the N, porphyrin plane. As a result, additional
ligands on the metal are constrained to be ‘sitting atop’ or cis to one another, as
invoked by Buchler and co-workers in 1971 [16-18]. Since then many examples of
this type of coordination have been found for early transition metals in groups 3-6
(Scheme 1).

Cis coordination is a prerequisite for many established reaction pathways such as
insertion of small molecules into metal alkyl bonds, reductive elimination and cycliza-
tion of small molecules. Owing to the lack of readily accessible cis coordination sites
in late transition metal porphyrins, mechanisms involving free radicals dominate the
reactivities of these compounds.

Here we review the more recent discoveries in early transition metal porphyrin
chemistry, with specific emphasis on the more unusual out-of-plane metal porphyrins
involving cis coordination.

2. Preparative procedures
2.1. From free-base porphyrins

Traditional preparative procedures to generate metalloporphyrins have been
reviewed by Buchler [ 19]. In general, the free base porphyrin is reacted with a large
excess of metal salt or metal carbonyl in high boiling solvents. The work-up usually
requires chromatography and is therefore prohibitive for oxygen and moisture sensi-
tive derivatives and not very convenient for large scale preparations (more than 5 g).
Metal organyls provide an entry into these compounds employing rather mild
reaction conditions. A recent example is depicted in Eq. (1) [20,21],

Li(OEt,)

> = porphyrin dianion

Scheme 1.
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H,(OEP)+ Y[CH(SiMe;),]; » Y(OEP)[CH(SiMe;), ] (1)

2.2. From dilithium porphyrins

The isolation of alkali metal porphyrins opened an alternative route into function-
alized metal porphyrins [22,23]. Lithium, sodium, and potassium derivatives with
a wide range of alkyl and aryl-substituted porphyrins can be prepared and isolated
on large scales (ca. 10-20 g). Yields of these highly crystalline compounds usually
exceed 90%. The crystal structures of a variety of salts show that one Li prefers to
bind at the center of the N, ring forming the anions [Li(P)]~ (Fig. 1), whereas the
larger Na and K derivatives form neutral out-of-plane M,(P)(solv), structures
(solv=THF, py).

Metathesis reactions with metal halides, such as that shown in Eq. (2), afford
metal porphyrin compounds cleanly and in high yield. The Na and K salts may also
be used; however, owing to the higher solubilities of the Li derivatives, these are
generally preferred.

Li,(OEP)(THF), + ZrCl,(THT), > Zr(OEP)Cl, (2)

The advantages of the “dilithium-method” over many other routes are that large
amounts (several grams) of metal porphyrins can be prepared in a reaction requiring

Fig. 1. Crystal structure of Li,(OEP)(THF), [23].
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only low boiling solvents and stoichiometric amounts of porphyrin and metal salts.
No chromatography is necessary as the work-up usually requires a simple recrystalli-
zation or soxhlet extraction. This method also allows metathesis of thermally sensitive
functionalized metal halides such as (Me;SiCH,),ZrCl,(Et,0), with the lithium
porphyrin to afford dialkyl metal porphyrins (see below).

3. Group 3 metalloporphyrins

Sc(OEP)(acac) and Sc(OEP)(OAc) were first prepared by Buchler et al. in 1971
{16]. Their redox and reduction chemistry has been investigated [18,24]. The
complex Sc(OEP)OSc(OEP) [25,26] is reported to be in equilibrium with the
monomer Sc(OEP)OH as judged by UV-visible spectroscopy [25]; the physi-
cal properties of scandium mono-porphyrins and the p-oxo complex have been
thoroughly studied [27-29].

The first yttrium porphyrin complex Y(TPP)(acac) was described by Horrocks
and co-workers [13,30] and a number of porphyrin sandwich compounds Y(P),
and the acac complexes Y (P)(acac) have been prepared [ 30]. Reaction of Y(P)(acac)
with Schiff base compounds results in the formation of the pseudo sandwich com-
pound Y(P)(L-4)(L-4=Schiff base) [31].

Organometallic OEP derivatives of Y and Lu were prepared from the correspond-
ing metal organyls and the free base porphyrin (Eq. (3)) [20,21]. Protonolysis of
M(OEP)CH(SiMe,), with HO-2,6-C;H{Bu, HCC'Bu, or H,O gave monomeric
alkoxide and dimeric alkynyl and hydroxide species.

RM + H,(OEP)—M(OEP)R + RH (3)
R =(Me,Si),CH, 0-2,6-C;HiBu; M=Y, Lu

Reaction of the yttrium alkoxide with MeLi did not afford the expected pentavalent
Y(OEP)Me but a species containing two methyl groups bridged by an Li cation, a
result which highlights the tendency of the large Y(III) ion to form complexes with
high coordination numbers. The Li could be removed by treatment with two equiv
AlMe; affording Y(OEP)(u-Me),AlMe,. This compound shows interesting reactivity
towards dioxygen, reacting selectively with only one equivalent of dioxygen to form
Y (OEP)(u-OMe),AlMe, (Scheme 2).

The proposed mechanism for this reaction involves attack of O, at the more
oxophilic, less sterically hindered yttrium (as opposed to the four-coordinate alumi-
num) to form a bridging Y(n>-OOMe)Al species. Subsequent insertion into the
remaining Y (u-Me)Al entity yields the observed product.

More recently, multigram quantities of Sc(OEP)Cl were prepared straightfor-
wardly by metathesis of Li,OEP(THF), and ScCl;(THF), in greater than 90% yield
(Eq. (4)) [32,33];

Li,OEP(THF), + ScCl,(THF); —Sc(OEP)CI (4)

Sc(OEP)CI was easily functionalized to give alkoxide, triflate, amide and organo-
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Me Me
&

Scheme 2.

metallic derivatives Sc(OEP)R (R=Me, CH(SiMe,;),, CH,CMe;, (1°-CsHs),
(n°-CoH,), (n°-CsH Me), (7°-CsMes)), see Scheme 3 and Fig. 2.

The alkyl derivative Sc(OEP)Me reacts rapidly with CO, and acetone to yield
the acetate and butoxide derivatives respectively. Hydrolysis of these derivatives
yielded the bridging bis-u-hydroxide [Sc(OEP)(u-OH)],, as determined by X-ray
crystallography. A related tetraaryl porphyrin complex [Sc(T pTP)],(u-O) has been
described. This complex is unusual in that it reportedly contains a bent u-oxide
bridge, determined from X-ray diffraction data (Sc—O—Sc 109(3)°) [34].

4. Group 4 metalloporphyrins
4.1. Titanium

Titanium porphyrin derivatives were last reviewed in 1985 [4]. Titanyl mesoporph-
yrin-IX-dimethyl ester was originally prepared by Tsutsui et al. from the free base
porphyrin and 15 equiv diphenyltitanium [35]. Ti(OEP)O was subsequently
obtained by reaction of the free base porphyrin with titanocene dichloride [36] or
(acac),TiO [16] in high boiling solvents. A number of titanyl tetraarylporphyrins
were also prepared from free base porphyrin and TiCl, [37]. The chemical and
physical properties of these derivatives were thoroughly investigated. These studies
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Fig. 2. Crystal structures of Sc(OEP)Me (left) and Sc(OEP)(n°-C;Hs) (right) [33].
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include electrochemistry [24,37,38], chemical reduction [18,38], rotation of phenyl
rings [37,39,40], and electronic properties [27].

The crystal structure of Ti(OEP)O shows the Ti displaced out of the N, plane by
0.53 A and a Ti-oxo bond length of 1.619 A [41,42], a value identical with the
Ti-oxo bond length in the porphodimethene derivative Ti(OEPMe,)O [43,44].

The preparation and characterization of a number of peroxotitanium porphyrin
derivatives has been reported, including the crystal structure of Ti(OEP)(n*-O,)
[42,45] and an EXAFS investigation of Ti(TPP)(n2-O,) [46]. The dioxygen ligand
eclipses two trans nitrogens, a feature which has been explained in terms of overlap
of the oxygen m,-orbital with the metal 3d,,-orbital [47]. The electrochemistry of
these peroxo derivatives has been investigated [ 42,48]. Reduction takes place initially
at the macrocyclic ring, to produce a porphyrin radical anion complex which affords
a hydroperoxotitanium(III) porphyrin complex after internal electron transfer and
protonation. Subsequent ring reduction and internal transfer of two electrons results
in cleavage of the oxygen—oxygen bond to give the oxotitanium(IV) porphyrin and
hydroxide. Irradiation of Ti(P)(n*-O,)(P=T mTP, TPP) results in the formation of
the oxo derivative. A mechanism involving initial generation of a titanium(II) species
followed by atom transfer from another peroxo compound has been proposed [49].
The kinetics for the formation of [ Ti(TH,,,P)(#*-O,)]** from the titanyl derivative
and H,O, has been investigated [ 50].

Titanium(IV) porphyrins bearing disulfur or diselenium ligands can be prepared
from Ti(P)F, or Ti(P)F, and Cp,Ti(Y5) (Egs. (5), (6)) [51,52]:

Ti(P)F +Cp,Ti(Ys)>Ti(P)(r*-Y,) (5)
Ti(P)F, +Cp,Ti(Y5)>Ti(P)(n*-Y,) (6)
P=TPP, TmTp, TpTP, T pCF,PP, TMP, OEP; Y=S, Se

A crystal structure analysis of Ti(T pTP)(#2-S,) shows the disulfur ligand to be
bound side-on. One-electron electrochemical reduction leads to a stable porphyrin
radical anion (cf. the related peroxo derivative above). The second reduction also
takes place at the ring, however, the product is unstable [ 527].

Halide derivatives of titanium porphyrins are prepared easily by reaction of titanyl
porphyrins with the corresponding hydrogen halide (Eq. (7)) [53],

(P)TiO + HX—(P)TiX, (7)
P=TPP; X=F, C], Br

The crystal structure of the dibromo derivative shows the two bromides trans to
each other with a Ti—Br bond length of 2.454 A [54]. Similar geometries were also
found for the difluoro [55] and dichloro analogs [ 56] whose mass spectra were also
studied in detail [57,58].

Zinc amalgam reduction of Ti(P)F, (P=OEP, TPP) provides entry into low-
valent Ti(P)F derivatives [ 55,59]. EPR spectra show hyperfine interactions with the
four equivalent nitrogen atoms and the axial fluorine. Interestingly, electrochemical
reduction or chemical reduction with sodium anthracenide generates [Ti(P)F,]~ in
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which both fluorides are still coordinated. In these low valent Ti derivatives the
single electron is thought to reside in the metal d,, orbital. Reaction of Ti(TPP)F
with dioxygen gives roughly equimolar amounts of Ti(TPP)F, and Ti(TPP)(y%-O,).
Autoxidation of Ti(TPP)(F)(L) (L=py, 1-Melm, PBu,), however, is slower, reflect-
ing the kinetic stabilization by the trans ligand L. A similar study involving auto-
oxidation of Ti(TPP)(SC¢H;) (prepared from NaSC¢Hs and Ti(TPP)F) resulted in
the exclusive formation of Ti(TPP)O and CcHsSSC4H; [60]. The mechanism pro-
posed involves backside attack of dioxygen to give a peroxotitanium porphyrin
derivative and a sulfide radical. The peroxide then reacts with another molecule of
Ti(TPP)(SC4¢H;) producing two equivalents of the oxo derivative.

Reaction of Ti(TPP)F with NaSCHj; yields Ti(TPP)(SCH;) which exchanges the
axial ligand on treatment with methanol to afford the corresponding methoxide
[61]. An X-ray crystal structure analysis shows a slightly bent methoxide ligand
(Ti—O—C 171°) and a Ti—O bond length of 1.77 A. Treatment of Ti(TPP)F with
aryl or benzyl Grignard reagents gives the organometallic derivatives Ti(TPP)R

(Eq. (8)) [62],
Ti(TPP)F + RMgBr—Ti(TPP)R (8)
R =C4H,, 0-CH,CeH,, CH,CH;

In these organometallic Ti(III) porphyrin derivatives there is no tendency for axial
ligation on treatment with potential ligands such as pyridine or N-methylimidazole.
Reaction with oxygen is rapid, affording the titanylporphyrins and bipheny! in a
pathway suggested to be similar to the oxidation of Ti(TPP)SCeHs).

Treatment of Ti(TPP)O with catechol (H,cat) or 3,4-toluenedithiol (H,tdt) pro-
duces the corresponding chelate complexes Ti(TPP)(cat) and Ti(TPP)(tdt) [63].
Reaction of Ti(TPP)F with Na,tdt yields [ Na][ Ti(III)(TPP}(tdt)], where presuma-
bly only one sulfur binds to the titanium. Interestingly, electrochemical reduction of
Ti(TPP)(tdt) generates the radical anion [ Ti(IV)(TPP-)(tdt)]™ bearing a bidentate
dithiolato ligand.

Reduction of Ti(P)Cl, with LiAlH, in the presence of diphenylacetylene affords
the n*-alkyne complex shown in Eq. (9) [64]

Ti(P)Cl, + PhC=CPh —2, Ti(P)(5>-PhC=CPh) (9)

P=OEP, TpTP

The crystal structure of this compound shows the phenyl groups bending away
approximately 38° from the vector formed by the two alkyne-sp carbons and the
titanium is displaced 0.54 A from the 24-atom porphyrin core. Ti(P)(12-Y,)
(P=TpTP, Y=0; P=OEP, Y=S, Se) reacts with Ti(T pTP)(#*alkyne)
(alkyne = PhC=CPh, EtC=CFt) to form the corresponding titanium-oxo, -sulfido,
-selenido compounds along with the free alkyne [ 65]. Treatment of these compounds
with Lewis bases such as pyridine or picoline generates the trans-Ti(II) complexes



146 H. Brand, J. Arnold/Coordination Chemistry Reviews 140 ( 1995) 137-168

Ti(T pTP)(L), (Eq. (10) [66]:
Ti(T pTP)(7>-PhC=CPh) + 2L - Ti(T pTP)(L), (10)
L = 4'MCC5H4N, C5H5N

The molecular structure of Ti(T pTP)(pic), (Fig.3) shows the Ti sitting in the
crystallographically imposed inversion center in a virtually planar porphyrin ring.
The two ligands are trans to each other and mutually eclipsed.

Photolysis of titanyl tetraarylporphyrins in the presence of cyclohexane and dioxy-
gen catalytically produces 2-cyclohexen-1-one as the major product along with
2-cyclohexen-1-0l and cyclohexane-1,2-epoxide [67]. Generation of singlet oxygen
by the porphyrin compounds has been suggested as a possible mechanism.
Ti=O(TPP) catalyzes the epoxidation of cyclohexene and isoprene with *butylhy-
droperoxide [68]. A hydroxo(alkylperoxo){porphyrinato)titanium complex was
proposed as the catalytically active species.

4.2. Zirconium and hafnium

Zr(OEP)(OAc), was originally prepared by Buchler and coworkers from free-base
porphyrin and an excess of Zr(acac), in hot phenol, followed by recrystallization
from pyridine + glacial acetic acid [ 16]. The corresponding Hf compound was pre-
pared similarly [17]. The acetate-phenoxide derivative Zr(OEP)(OAc)(OPh) was
also isolated from this reaction mixture [ 69].

The crystal structures of both diacetate compounds have been determined. The

Fig. 3. Crystal structure of Ti(T pTP)(4-pic), [66].
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Hf is displaced 1.01 A above the N -plane by bidentate cis coordinated acetate
ligands [70]. Reaction of the Zr and Hf derivatives with excess H(1,3-dion)
{(1,3-dion)™ =acetylacetonate, dibenzoylmethanate] afforded the corresponding
M(OEP)(1,3-dion), complexes, in which the dion ligands are bidentate and cis to
each other, as judged by IR and 'H NMR spectroscopy. The reduction of
Zr(OEP)(OAc)(OPh) by sodium anthracenide yields the green porphyrin radical
monoanion and, subsequently, the red porphyrin dianion [18,38]. Protonation
affords orange-red «y-dihydroporphins. The electronic spectra of OEP
zirconium(I1V) and hafnium(IV) derivatives have been thoroughly studied [27].

Three different methodologies provide entry into zirconium(1V) and hafnium(IV)
bis-porphyrinates. Buchler et al. synthesized M(P), sandwich compounds (P=O0EP,
TTP; M =Zr, Hf) from Li,(P) (generated in situ) and Cp,MCl, (Eq. (11) [71,72].
The zirconium sandwich compounds of TPP and OEP have also been prepared
from Zr(NEt,), and the free base porphyrin (Eq. (12) [73] and the Zr and Hf
bis-OEP have been prepared using the dilithium method (Eq. (13)) [74].

2Li,(P)+ Cp,MCl, -M(P), (11)
P=OEP, TpTP; M=Zr, Hf

2H,(P)+ Zr(NEt,), —(P),Zr (12)
P=0OEP, TPP

2Li,(OEP) (THF),+ MCl,(THT), > M(P), (13)
M=Zr, Hf

Crystal structures of Zr(OEP), [72] and Zr(TPP), [71, 73] show very short inter-
porphyrin distances of 2.531 A for the former and 2.568 A for the latter. These
sandwich complexes are readily oxidized to afford mono cations [71-74]. The
electrochemical, electronic [ 75] and IR and RR spectroscopic properties are consis-
tent with strong n—n interactions between the two porphyrin rings.

Pseudo-sandwich complexes of the type M(P)(Schiff-base-dianion) are acces-
sible from M(P)(acac), and Li,(Schiff-base) (M =Zr, Hf; P=OEP, TPP; Schiff-
base-dianion=(salen)?~, (3-MeO-salen)*”, (3,5-Cl,-salen)?”, (5-O,N-salen)?,
(salophen)*~) [31].

Zr(TPP)Cl, was first isolated by Berezin and Lornova from free-base porphyrin
and ZrCl, in benzonitrile after chromatography and treatment with HCI [76]. A
high yield, large scale procedure to produce Zr(OEP)CI, using the dilithium method-
ology was recently described (Eq. (14)) [77,78].

Li,(OEP)(DME), + ZrCl,(DME)—Zr(OEP)Cl, (14)

Zr(OEP)Cl, serves as a useful synthon for further functionalization. Alkyl, aryl,
alkoxide, acetate, triflate, carborane and cyclooctane derivatives have been obtained
[77,787 (Scheme 4) [797].

The crystal structures of Zr(OEP)Cl,, Zr(OEP)(O'Bu),, Zr(OEP)Me,, and
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Zr(OEP)(CH,SiMe;), have been reported (Fig. 4). In general, with the exception of
the di-tert-butoxide derivative, the metal is displaced ca. 0.9 A out of the N -plane
and the X—Zr—X angle is approximately 80° (see below).

Fig. 4. Crystal structures of Zr(OEP)Me, (left) and Zr(OEP)(B,C,H,,) (right) [78,79].
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Alkyl derivatives of Zr and Hf porphyrins can also be obtained directly on large
scales from the dilithium porphyrins and dialkylmetal dichlorides (generated in situ)
in almost quantitative yields (Eq. (15)).

Li,(P)(THF), + (Me;SiCH,),MCl, - Zr(P)(CH,SiMe;), (15)
P=TpTP, OEP; M =Zr, Hf

The alkyl derivatives are particularly reactive toward small unsaturated molecules.
Whereas reaction of dialkyl(octaethylporphyrinato)-zirconium with CO or isonitriles
leads to the formation of a number of complex mixtures, reactions with CO, and
acetone cleanly yield the insertion products Zr(OEP){OAc), and Zr(OEP)(O'Bu),
respectively (Scheme 5) [ 77,78 ]. It could be shown that, in contrast to late transition
metal and main group porphyrins, radicals are not involved in these reactivities.

Reaction of Zr(OEP)(CH,SiMe;), with dihydrogen produces TMS and
Zr(OEP)CH,SiMe;, in which the metal is formally in the oxidation state 34 [80]:

Zr(OEP)(CH,SiMe,), + H, - Zr(OEP)CH,SiMe, + TMS (16)

X-ray crystallography and 'H NMR, EPR, and UV-visible spectroscopy show that
this compound is best viewed as a resonance hybrid between two limiting structures,
one involving a Zr(IV) porphyrin radical anion and the other a Zr(III) alkyl
porphyrin (Fig. 5).

The Zr(1V) dialkyls act as precatalysts for the catalytic hydrogenation of 1-alkenes
such as ethylene, propene, or 1-hexene [ 77]. The putative Zr hydride intermediate
was not observed directly, but its participation could be inferred from deuterium
labeling experiments.

Kim and coworkers have also used the dilithium method to prepare Zr(OEP)Cl,
and Zr(TPP)Cl, [81] as well as the corresponding hafnium derivatives [82].
Functionalization of Zr(T pTP)Cl, afforded the corresponding dimethyl derivative,
and the carborane Zr(OEP)(y°-C,B,H,,) was also obtained [81]. The crystal struc-
ture of Zr(TPP)Cl,(THF), crystallized in the presence of a large excess of THF, was
determined; in contrast to Zr(OEP)Cl,, this compound is seven coordinate although
the donor ligand was determined to be labile in solution. Similarly Hf(OEP)Cl,
crystallized with an additional ligand (H,O in this case) giving a similar coordination
geometry around the metal. Seven coordination was also observed in the structures
of Hf(OEP)(P;0,) [82], and the oxygen and hydroxo bridged zirconium dimers.
(u-OH); [ Zr(OEP)],(7,8-C,BoH,;,) and (p-O)(u-OH),[Zr(TPP)], [83].

Reaction of acetate and related derivatives of Zr(TPP) (prepared by a method
analogous to the preparation of Zr(OEP)(OAc),) with HCl also generates the
dichloride [84]. These Zr(TPP) derivatives serve as efficient catalysts for the
ethylalumination of alkynes. The acetate derivative can be functionalized with alkyl
lithium or Grignard reagents to yield Zr(TPP)R, (R =Me, Et, "Bu, Ph). Photolysis
of the dimethyl derivative was reported to produce a zirconium(Il) porphyrin
compound [85]. The authors suggest a structure in which the zirconium is sitting
in the plane of the porphyrin ring, with two diethyl ether ligands trans to each
other. Remarkably, the compound is reported to be diamagnetic and readily
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demetallated on addition of water. One would expect such a compound to be
paramagnetic (compare with the high spin d3> (TPP)V(THF), compound and
others) [86,87] and furthermore it is not clear why this derivative should be
demetallated on addition of water.
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Fig. 5. Crystal structure of Zr(OEP)(CH,SiMe,) [80].

5. Group 5 metalloporphyrins
5.1. Vanadium

Vanadium porphyrin compounds were reviewed recently [4]. The first vanadium
porphyrin compound V=0O(DPEP) was isolated by Treibs [ 88,89], who also pre-
pared the first synthetic porphyrin (V=0(meso-DME)) [90]. There is a wide range
of synthetic entries into vanadyl porphyrins using a variety of metal starting materials
such as vanadyl acetate [ 16,917, vanadium hexacarbonyl [ 35,92], divalent vanadium
salts [93], vanadium trichloride [94], vanadium tetrachloride, vanadyl dichloride
or vanadyl sulfate [95,96].

The crystal structures of V=0(DPEP) [97,98] and V=O(OEP) [99] have been
determined and 'H and “N ENDOR has been used to investigate V=0(TPP)
[100,101]. Numerous studies have been devoted to elucidate the chemical and
physical properties of vanadyl porphyrins. EXAFS has been used to probe the
vanadium chemical environment in asphaltanes [ 102] and EPR was used to identify
vanadyl porphyrins deposited on Al,O5 [103]. The aggregation of vanadyl porphy-
rins was investigated by IR [104] and by a variety of electrochemical and spectral
methods such as UV-visible EPR and NMR [105]. The dimerization of crown ether
derivatives of tetraarylporphyrins was probed by a combination of UV-visible and
EPR spectral methods [106]. The electrochemical [24,107] and chemical reduction
by sodium anthracide has been reported [18,38], and further functionalization to
form porphodimethenes [ 437 has been studied. As with the group 4 metal porphyrins,
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the vanadylporphyrins can be reduced to the green monoanion and subsequently to
the red dianion. Protonation initially affords the «,y-dihydroporphin derivative which
thermally rearranges to the chlorin. Ligands trans to the vanadyl-oxo moiety are
labile [96] and the Hammett o, p relationship between the exchange rate and phenyl
para-substituents in tetraarylporphyrins has been probed [108]. Binding of the
vanadyl (meso-tetrakis(4-N-methylpyridinium)porphyrin) to DNA has been investi-
gated in light of possible medical applications of porphyrins [109]. One study
addressed thermodynamics in the hydrogenation of the porphyrin moiety in vanadyl
octaethylporphyrin [110].

Effects of solvents and axial ligation on the V=0 stretching Raman frequency
was studied [86] and the force constant calculated [87]. Electrochemical oxidation
of vanadylporphyrins (OEP, TPP, TMP) yields the porphyrin radical cation as
shown by RR measurements [86,1117. For the tetraarylporphyrin derivatives, this
electron is removed from the a,, orbital. Since in out-of-plane metal porphyrins
mixing between this ligand and the metal d,z is possible, electron density is removed
from the metal-oxygen bond. This bond weakening has obvious implications for the
understanding of cytochrome P-450 models, since porphyrin radical cations have
been proposed as intermediates in oxidation reactions. V=O(TPP) has been shown
to catalytically oxygenate cyclohexene in the presence of oxygen under photolytic
conditions [67]. The X-ray crystal structures of V(T pTP)O, V(ETP)O and an
1,4-dihydroxybenzene adduct of (ETP)VO have been determined. The V—O bond
distances are 1.625(16) A, 1.599(6) A and 1.614(9) A with the metal 0.53 A, 0.49 A
and 0.51 A out of plane [112].

V(P)Cl, (P=0OEP, TPP, TmTP, T pTP) were prepared from the vanadyl species
and thionylchloride or oxalylchloride [113]. Exchange of the halide ligand with
excess HBr afforded the corresponding dibromides. An EXAFS study of V(OEP)Br,
deduced the trans nature of the halides and the lack of an EPR signal for this d!
compound was explained by an orbitally degenerate ground state by an INDO/S
molecular orbital calculation. Organylimido vanadium porphyrins were prepared by
treatment of V(P)Cl, with the corresponding amine [94] including a cationic
alkylamido vanadium(V) species [ 114].

VI(P)(L), derivatives (P=OEP, TPP, TmTP, T pTP, L=THF, PPhMe,) have
been obtained by zinc amalgam reduction of the dihalides. The X-ray crystal struc-
tures of the V(OEP) derivatives with L=THF and PPhMe, have been determined
[115,116]. The ligands are trans to each other, a remarkable finding considering the
ionic radius of hexacoordinated vanadium is 0.79 A [117].

These low valent vanadium derivatives serve as convenient synthons for further
functionalization. Reaction of the THF derivatives with elemental sulfur or Cp,TiSes
affords the thio and seleno compounds (Eq. (17) [118,119]

V(P)(THF), + Cp,TiSe; —V=Se(P) (17)

5.2. Niobium and tantalum

The chemistry of niobium porphyrin complexes was recently reviewed [8].
Reaction of MCls (M =Nb, Ta) with H,(OEP) affords M(OEP)F, after treatment
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with aqueous HF [17]. A cis arrangement of the three fluorides was proposed.
Aqueous work-up of the crude products of the reaction of NbCls with various free
base porphyrins generates [Nb(P)],O; species (P=OEP, OMP, TPP, TpTP)
[120,121]. Recrystallization of the latter from acetic acid produces Nb(P)(O)(OAc).
Similarly, treatment of the reaction mixture with HCI generates Nb(TPP)Cl; [76].
A further entry into trihalide derivatives involves treatment of [Nb(TPP)],0; with
HCl or HBr [122]. In a similar vein, reaction of [ Nb(TPP)],0; with acetyl acetonate
produces Nb(TPP)(O)(acac). A series of Nb(V) and Ta(V) complexes containing
tetraarylporphyrinato ligands including [ Ta(TPP)],O; has been prepared [123].

As deduced by X-ray crystallography, the Nb is seven coordinate in
[Nb(TPP)],05- CHCl, with three bridging oxygen ligands [124,125]. The Nb is
displaced 1.02 A out of the plane of the N, plane, but the Nb—O distances of each
unique niobium atom are significantly different. One oxygen atom forms a nearly
symmetrical bridge between the two niobium atoms, whereas each of the other
oxygen atoms is more closely associated with a different Nb atom. Remarkably, the
Nb—O bond distances in the identical complex crystallized with a molecule of
dichloroethane in the lattice, [Nb(TPP)],0;C,H,Cl,, are essentially equal [ 121].
X-ray crystal structure analyses of Nb(TPP)(O)(OAc) [121,126] and Nb(OEP)(O)F
[127] (Fig. 6) also show cis coordination about the metal.

Reduction of Nb(P)(O)}(OAc) (P=OEP, TPP, T pTP) by Zn/Hg leads to the
Nb(IV) oxo Nb—O(P) [128,129]. Similar treatment of Nb(P)X; (P=TPP, T pTP;
X =Cl, Br) forms Nb(P)X, [14,129]. EPR data indicate a trans species with the
single unpaired electron in the d,, orbital. Exposure of this compound to O, generates
a species with EPR features indicative of an Nb( V) superoxide complex. The physical
and chemical properties of these Nb(IV) and Nb(V) compounds have been studied
including the electronic spectra [27] and electrochemistry [ 130-132]. The photore-
dox behavior of [Nb(T pTP)],0; and photochemical epoxidation of olefins with
molecular oxygen catalyzed by [Nb(T pTP)],0; and photochemical epoxidation of
olefins with molecular oxygen catalyzed by [Nb(T pTP)],O; has been reported
[133,134].

The ligands in the six- and seven-coordinate Nb(V) compounds are cis, whereas
a trans geometry is found for the Nb(V) dihalides. Given that ionic radii for six-
and seven-coordinate Nb(V) are 0.64 and 0.69 A respectively, and that the value for
hexacoordinate Nb(IV) is 0.68 A, these results illustrate that accurate predictions of

Fig. 6. Crystal structures of Nb(OEP)(O)F and Nb(TPP)(O)OAc [126,127].
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cis or trans geometries in related complexes cannot be based solely on considerations
of ionic radius [117].

6. Group 6 metalloporphyrins
6.1. Chromium

The first chromium porphyrin compound Cr(meso-DME) was prepared by Tsutsui
and co-workers from the free base porphyrin and Cr(CQO), in hot n-decane [92,135].
Use of various alcohols as eluents during chromatography of these divalent species
generated the corresponding alkoxide derivative [ 136]. The synthesis of Cr(TPP)Cl
from CrCl, and H,(TPP) in boiling DMF was reported shortly thereafter [93].
Cr(T pTP)Cl was prepared employing the same methodology and metathesis reac-
tions with NaNj; or Nal in CH,Cl, afforded the chromium iodide and azide com-
pounds [136]. Reaction of Cr(TPP)Cl with HBr gave Cr(TPP)Br [137]. A report
on the preparation of Cr(TPP)(CO); has appeared, but the nature of the compound
isolated remains suspicious [138]. Two entries into Cr(OEP)(OPh) have been
reported, the first involves heating trivalent chromium chloride in benzonitrile at
195°C and recrystallization from phenol+methylene-chloride+toluene [17].
Alternatively, the compound can be generated directly from H,(OEP) and Cr(acac),
in hot phenol [18].

The crystal structures of Cr(TPP)2Tol [139] and Cr(TPP)(py), [140,141] have
appeared. The interesting feature about the first structure is the close contact of one
toluene solvate with the metal porphyrin, suggesting a 7— interaction. Investigation
of the physical properties of chromium(III) porphyrins includes measurement of the
absorptions and luminescence [142], paramagnetic NMR [143,144], and EPR
spectra of spin-labeled pyridines coordinated to Cr(TPP)CI [145]. Cr(TPP)C! and
Cr(II) derivatives coordinate bases with O-, S-, N- or P-donor groups, which
exchange under the appropriate conditions [137,146—1507].

The photochemistry of chromium porphyrins has been reviewed [151] and the
redox properties of chromium porphyrin derivatives have been thoroughly probed
[24,152-156]. The site of initial reduction depends on the electron affinity of the
porphyrin ligand and of the electron-donor properties of the axial ligands. Strongly
electron-donating ligands such as pyridine or DMSO promote ligand reduction
[156]. Reduction of Cr(OEP)(OPh) with sodium anthracenide gives first the
mono-anion and then the dianion, which can be alkylated by methyl iodide to the
porphodimethene [18,38].

Chromium (IT) porphyrins react with oxygen to form chromium (III) species which
can be further oxidized to oxochromium compounds [157-159]. Cr(TPP)Cl can be
converted to a chromium(V) compound by treatment with iodosylbenzene or m-
chloroperoxybenzoic acid [160], or using p-cyano-N, N-dimethyl-aniline N-oxide
under photolytic conditions [ 161]. The oxidized species was identified by UV-visible
IR, EPR, and magnetic susceptibility, with the data suggesting the presence of a
Cr(V)=0 moiety [160,162]. Alkenes are epoxidized and alcohols are oxidized to
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aldehydes by this species [160]. The oxochromium{V) compound decomposes to
the stable Cr(1V) complex Cr=O(TPP) [163].

Oxo complexes Cr=0(P) (P=TPP, T pTP, TMP, OEP) are accessible from the
corresponding chlorides and iodosylbenzene, tert-butylhydroperoxide followed by
KOH, by treatment with sodium hypochlorite [163,164], or by auto-oxidation of
Cr(TPP) [165]. The crystal structure of Cr=O(TPP) shows a Cr—O bond length
of 1.572 A with the Cr displaced 0.469 A out of the N, plane [163,165]. In the series
M=O0(P), where M=V, Cr, Mn, Fe, the chromium complex has the largest M=O
force constant [87].

Oxochromium(IV) and (V) compounds display a rich oxygenation chemistry. It
has been shown that oxochromium(V) compounds react in a two-electron reaction
to oxidize t-butylphenylcarbinol to the ketone, whereas oxochromium(1V) deriva-
tives undergo a one-electron oxidation resulting in the cleavage of t-butylphenylcarbi-
nol to yield benzaldehyde [166]. Epoxidation of alkenes by oxochromium(V)
compounds has been the subject of several studies [167-171]. Other oxidation
reactions involve hydrogen abstractions from hydrocarbons to form alcohols by
chromium porphyrins and a variety of oxidation reagents [ 172-175]. The oxygena-
tion chemistry of metalloporphyrins has been reviewed recently [10,11].

Oxygen atom transfer from a variety of peracids and hydroperoxides has been
studied [176]. Chromyl porphyrins react with M(L) compounds, (M =V, Cr, Mo,
Fe etc; L =porphyrin, phthalocyanine, Schiff-base) to give oxygen bridged dimers
Cr(P)YOM(L) [158,159,177,178]. Oxygen transfer between Cr=0(P) and Cr(P)Cl
(P=0OEP, TPP) [179] and the atom transfer reaction between Mn(OEP)N and
Cr(TPP)CI has been studied [180]. Woo has recently reviewed the topic of atom
transfer reactions [12].

Nitridochromium(V) porphyrins were prepared by hypochlorite oxidation of
Cr(P)Cl (P=TPP, OEP) in the presence of ammonia [181] and by photolysis of
chromium(III) azides [182,183]. An X-ray crystal structure determination shows
Cr=N(T pTP) to be isostructural with the oxo compound, with a Cr—N bond
distance of 1.565 A and the Cr displaced 0.42 A above the mean plane of the pyrrole
nitrogens [182]. The polarized X-ray absorption near-edge spectra for
Cr=0(T pTP) and Cr=N(T pTP) have been reported [ 184].

Metathesis reactions of Cr(T pTP)Cl and organolithium or Grignard reagents
affords Cr(T pTP)R (R=C¢Hs, p-'BuCsH,, CH,SiMe;) (Eq. (18)) [185]

Cr(T pTP)Cl + LiCH,SiMe; — Cr(T pTP)CH,SiMe; (18)

Reaction of these organometallic derivatives with oxygen in chlorinated solvents
generates the Cr=0(T pTP) derivative, presumably via backside attack of the oxygen
onto the Cr(IlI} alkyl followed by homolysis of the Cr—R bond to give

Cr(T pTP)(O,); this species then combines with another chromium (111} compound
to afford the oxo derivative.

6.2. Molybdenum and tungsten

Molybdenum and tungsten porphyrin compounds are known for oxidation states
I1-VI, although the metal(V) derivatives are the most thoroughly studied.
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Mo(TPP)(O}X) (X=0H, Cl, OOH, OEt) were prepared in a similar manner to
the Cr homologues, i.e. from the free base porphyrin and Mo(CO), in hot decalin
[136,186]. Other entries into M(P)(O)(X) (P=OEP, TPP etc., X=Cl, OMe, OFEt)
derivatives include heating the free base porphyrin in high boiling solvents such as
phenol or benzonitrile with metal salts such as WF5, H,WO,, K;W,Cl,, Mo(acac)s,
or MoCl,, Mo(O)Cl; [16,17,187,188] or reaction of the free base porphyrin with
MoCl; in hot decalin in the presence of NaOAc [189].

A reinvestigation of the hydroxide compound described by Fleischer actually
showed it to be the dimer [ Mo(TPP)(0O)],O [124,125]. The hydroxo compound
can, nevertheless, be prepared from Mo(TPP)(O)Cl and NaOH in CH,Cl, [190].
An oxomolybdenum corrole compound was prepared using similar methodology to
that described above for Mo(TPP)(O)X [191].

The ethoxide ligand in Mo(TPP)(O)(OEt) could be easily exchanged by treatment
with sodium or potassium salts NaX (X=Cl, Br, NCS) in CH,Cl, [192]. The
crystal structures of Mo(TPP)(O)Cl [193], [Mo(TPP)(0O)],0O [124,125], and
[Mo(OEP)(0)],0 [194] have been determined and in all derivatives the terminal
oxide is trans to the chloride or bridging oxide respectively. The M0o—O,emina bond
length in both compounds is effectively the same, ie. 1.714(3)10\ for the chloride,
1.707(3) A and 1.721(6) A for the bridging species. Other molybdenum oxo porphy-
rins studied by X-ray crystallography include Mo(TPP)O(NCS) [195],
Mo(TPP)O(F) [195], and (5,15-diphenyl-2,8,12,18-tetra-n-butyl-3,7,13,17-
tetramethylporphyrinato) oxomolybdenum methoxide [196]. The nitrido complex
[Mo=N(TPP)]Br; has been reported [197].

Various oxomolybdenum(V) and oxotungsten(V) species have been studied by
absorption spectroscopy [ 198-200], ESR [199,2017, RR [202] and electrochemistry
[15,24,105,203,204]. Chemical reduction with sodium anthracenide affords first the
mono-anion and then the dianion, which can be functionalized to porphodimethenes
[18,38]. The chemical reactivity of these derivatives has been thoroughly probed
and the oxidation chemistry has been reviewed recently [8]. The reaction of
oxomolybdenum(V) compounds with superoxide [205-207] and their photochemi-
cal reduction has been studied [208]. In the presence of a catalytic amount of
oxo(porphyrinato)molybdenum(V) compounds, alkenes are epoxidized by hydrogen
peroxide [209,210] or ‘butylhydroperoxide [211]. The photo-assisted epoxidation
of alkenes [212] and the reduction of molecular oxygen to hydrogen peroxide
catalyzed by molybdenum(V) porphyrins [213] has been reported.

Reaction of Mo(T pTP)(O)(OH) with hydrogenperoxide in CH,Cl, affords trans-
Mo(T pTP)(#*—O,),. An X-ray crystallographic analysis shows the peroxo ligands
side-on and mutually staggered, eclipsing the Mo—N bonds [214]. The physical and
chemical properties of this compound have been subject to a recent study [215].
Diperoxomolybdenum(VI) porphyrin is thermally stable; however, photolysis results
in the formation of dioxygen and cis-dioxo-molybdenum(VI) porphyrin (Eq. (19),
Fig. 7) [216]

trans-Mo(T pTP)(2-O,), LN cis-Mo(T pTP)(O), (19)
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Fig. 7. Crystal structures of Mo(T pTP)(O), (left) and Mo(T pTP)(n*-0,), (right) [216,214].

The crystal structure shows Mo—O bond lengths of 1.709(9) A and 1.744(9) A
and an O—O distance of 2.547(13) A, which is much longer than a peroxide bond
length. The O—O vector is eclipsed with respect to the four pyrrole nitrogen atoms,
which was explained in terms of possible oxygen—nitrogen repulsive interactions
[217]. Using a similar methodology (5,15-diphenyl-2,8,12,18-tetra-n-butyl-
3,7,13,17-tetramethylporphyrinato) cis dioxomolybdenum was prepared [196].
Reaction of W(TPP) starting materials with H,O, produces the cis oxo-peroxo
derivative [ 218]. The reactions of tungsten porphyrins with H,O, have been studied
in detail [219]. The crystal structure shows an unusual geometry with the central
metal 149 A above the N, plane of a severely distorted porphyrin ring.
Hexacoordinate W(VI) has an ionic radius of 0.59 A [117], clearly small enough to
fit into the porphyrin plane, yet a relatively stable cis coordinated compound is
obtained.

Cis-Mo(T pTP)}O), oxidizes isopropanol to acetone by two one-electron pathways
via Mo(V) species [220], and tertiary phosphines to phosphine oxides via Mo(IV)
compounds [221]. The electrochemical activation of the Mo—oxo bond has been
probed [2227. Mo(IV) derivatives were originally prepared by reduction of
Mo(TPP)(O)(OH) with hydrazine [136] or directly by reaction of H,(OEP) with
Mo(acac); in hot phenol [16] to afford Mo=O(P) (P=TPP, OEP). Entries into
M(P)Cl, (P=0OEP, TpTP; M=Mo, W) include heating Mo=0 with trimethyl-
silylchloride or reduction of W(P)(O)(Cl) with Si,Clg [223,2247]. The reversible
reaction of Mo(IV) derivatives with dioxygen has been reported [225]. Mo(P)Cl,
(P=OEP, T pTP) was prepared from the corresponding oxo derivatives by treatment
with HCl [226]. The crystal structure of the tetraaryl compound established the
trans arrangement of the two halide ligands with Mo—Cl bond lengths of 2.347(4) A
and 2.276(4) A.

Zinc amalgam reduction of Mo(T pTP}YO){(Cl) also affords the Mo(IV) oxo
compound which could then be converted to the dichloro derivative by treatment
with HCI [227]. Functionalization of Mo(T pTP)Cl, with N-phenylhydroxylamine
afforded the bridging u-oxo derivative [ Mo(T pTP)C1],0 [228], and reaction with
phenylhydrazine resulted in the formation of a trans-bis(phenyldiazo) compound
[2297. The molecular structure of both compounds was established by X-ray crystal-
lography. Only one organometallic Mo porphyrin compound Mo(TPP)Ph)(Cl) is
known, obtained serendipitously during an attempt to recrystallize Mo(TPP)(CO),
(see below) [230]. The Mo—C and Mo—Cl bond lengths are 2.241(4) A and
2.382(1) A as established by X-ray crystallography.
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Reduction of Mo(T pTP)Cl, with zinc amalgam under an atmosphere of NO
results in the formation of cis-Mo(T pTP)(NO), (Eq. (20)). Traces of methanol in
the eluent during chromatography produces the trans-Mo(T pTP)(NO)(MeOH)

(Eq. (21)).

Mo(T pTP)Cl, +2NO 22, ¢is-Mo(T pTP)(NO), (20)
cis-Mo(T pTP)(NO), + MeOH —trans-Mo(T pTP)(NO)(MeOH) (21)

In cis-Mo(T pTP)(NO), the Mo is displaced 0.99 A out of the porphyrin plane
with a mean Mo—N{(NO) bond distance of 1.70(1) A and an N(NO)y-Mo—N(NO)
bond angle of 78.4(5)°. The crystal structure of trans-Mo(T pTP)(NO)(MeOH)
shows a longer Mo—N(INO) bond distance of 1.746(6) A [231].

Treatment of Mo(T pTP)Cl, with an excess of LiAlH, in toluene in the presence
of diphenyl acetylene generates Mo(T pTP)(n>-PhC=CPh) (Eq. (22)) [232]

Mo(T pTP)Cl, + PhC=CPh —25%, Mo(T pTP)(#>-PhC=CPh) (22)
The Mo in this compound is displaced 0.63 A out of the N, plane and the acetylene
ligand acts as a four-electron donor as judged by the short Mo—C(sp) bond length
of 1.974(4) A. Similar methodologies have been used to prepare other M(P)
(n*-PhC=CPh) compounds (P=OEP, T pTP; M=Mo, W) [223,224]. Reduction
of Mo(TpTP)Cl, with Zn/Hg under an atmosphere of CO generates
cis-Mo(T pTP)(CO), (Eq. (23)), which can be converted to trans-Mo(T pTP)(py),
with an excess of pyridine (Eq. (24)) [233].

Mo(T pTP)Cl, +2CO 2222, ¢is-Mo(T pTP)(CO), (23)

cis-Mo(T pTP)}CO), + 2py—trans-Mo(T pTP)(py), (24)

The crystal structures of both compounds confirm the geometry about the metal
(Fig. 8).

Reduction of W(OEP)Cl, with Al/Hg in refluxing PEt; affords trans-
W(OEP)(PEt;), as judged by 'H NMR [224].

A variety of porphyrin dimers with multiple M—M bonds [ M(P)], (M =Mo, W;

Fig. 8. Crystal structures of Mo(T pTP)(CO), (left) and Mo (T pTP)(Py), (right) [233].
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P=TpTP, OEP, o,y dimethyletioporphyrin, meso-formylOEP, meso-aminoOEP,
meso-isocyanatoOEP, 5-(4-methylphenyl)OEP) have been prepared
[223,224,234,235]. Routes into these compounds include the pyrolysis of M(II)(P)
precursors such as M(P)(n>-PhC=CPh) or M(P)(PEt;), (Eq. (25)). Alternatively,
the dimer may be formed directly by reaction of a metal(Il) carbonyl with the free
base porphyrin (Eq. (26)).

2W(OEP)(PEt,), —— [W(OEP)], (25)

proton sponge

2H,(OEP)+2MoC(Cl,(CO), [Mo(OEP)], (26)

The rotation of the metalloporphyrin moieties about the M—M quadruple bond
depends only on the strength of the d-bond. A measurement of this bond strength
by variable '"H NMR arrived at values of about 10-11 kcal mol™! for the Mo
derivatives and 1213 kcal mol ! for W [223,235]. An Mo—Mo bond distance of
2.23 A for [Mo(OEP)], has been estimated from the vibrational frequencies in RR
measurements [236], in close agreement with the Mo—Mo bond distance of
2.122(10) A which was established for [Mo(TPP)], by X-ray crystallography [237].

7. Comparison of structural parameters in crystallographically characterized
out-of-plane derivatives

It is generally the case that metals with ionic radii between 0.60 and 0.65 A are
easily accommodated in the plane of the N, ring. Incorporation of smaller ions
causes the entire ring to ruffle to reduce the hole size and, if the metal is only slightly
too large, the N, core may expand by doming to coordinate the ion. To a first
approximation, the ionic radius of a metal as reported by Shannon [117] can be
used to anticipate out-of-plane or in-plane coordination geometries; however, as can
be seen from the data collected in Table 1, the picture is more complicated and it is
clear that other factors must also be taken into consideration in these structural
predictions.

For example, all six-coordinate zirconium(IV) derivatives (ionic radius 0.72 A)
studied by X-ray crystallography show cis-coordination of the two ancillary ligands
with the central metal displaced 0.9 A or more out of the N, plane. Titanium(IV)
compounds (ionic radius 0.605 A), however, display trans geometries. The ancillary
ligands in the M(IT) derivatives Ti(T pTP)(pic), and V(OEP)(THF),, besides others,
are coordinated trans to each other despite the large ionic radii (0.86 A and 0.79 A
respectively). Since both are paramagnetic high-spin compounds, an important factor
for the in-plane coordination might be back bonding from the electron(s) residing
in the d,, and (or) d,, orbital(s) into porphyrin orbitals of the same e, symmetry. Of
course with bidentate ligands, as in Ti(T pTP)(5?—S,) or Ti(OEP)(#*-PhC=CPh),
the metal is necessarily displaced out of plane.

Another interesting example of the dominance of electronic factors in determining
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the stereochemistry around the central metal is encountered with the d* molyb-
denum compounds cis-(MoT pTP)(CO), vs. trans-Mo(T pTP)(py), and cis-
Mo(T pTP)(NO), vs. trans-Mo(T pTP)(NO)(MeOH). A theoretical treatment
addressed the cis vs. trans arrangement in the dicarbonyl and bis-pyridine compound
respectively. The preferred geometry in the dicarbonyl was rationalized in terms of
stronger interaction of the two carbonyl g-orbitals with the d,> and d,, orbitals in
the cis isomer than with the d,- and p, orbital in the possible trans isomer. In
addition, n-bonding also favors the cis isomer. In the high-spin bis-pyridine deriva-
tive, single occupation of the d,: orbital of the Mo(P)-fragment combined with a
lack of effective backbonding now slightly favors the trans structure. These crystallo-
graphically characterized Mo(II) porphyrin derivatives illustrate an important point:
it is not simply the ionic radius alone that influences the geometry about the metal.
Rather a fine interplay of steric and electronic factors determines the cis vs. trans
coordination geometry. Ligand to metal backbonding might also be responsible for
the cis geometry in Mo(T pTP)(O), vs. a possible trans arrangement. As for other
d° transition metal dioxo compounds, the trans configuration might be less stable
owing to mutual repulsion of two strong ¢- and n-donor ligands. However, the
photolytic cleavage of one dioxygen moiety might lead to the formation of the kinetic
product. A comprehensive review treating cis- and trans-effects in transition metal
porphyrins has appeared [238].

8. Relationship of cis-metalloporphyrin structures to metallocenes

Fig. 9 shows a comparison of some of the more important metrical parameters
for related compounds. Two main points are apparent from considerations of these
data. In general, the Zr—X bond length is marginally shorter in Cp,Zr derivatives
[239] in all cases except the alkoxide where the Zr—O bonds are equivalent within
experimental error. Second, for all four porphyrin structures, the X—Zr—X bond
angle is considerably more acute (by 11°-~17°) than in the d°® zirconocene analogs.
This is no doubt a result of the increased steric demand of the porphyrin as compared
with two cyclopentadienyl ligands in these d° systems. Similar data have been
described for group 4 Schiff base and tetraaza[ 14 ]annulene compounds [ 240-242].
Note, however, that on population of the metallocene a, orbital to form related d!
compounds such as Cp,Nb(SPh), [243] or [Cp,MoCl,]" [239a] the corresponding
angles may be much more acute (S—Nb—S 74.8(1)°; CI-Mo—Cl 82.0(2)°), showing
that steric factors alone need not necessarily control X—M—X interactions.

9, Conclusions

Recent developments in the field of early transition metal porphyrins have resulted
in a considerable expansion in our knowledge of the feasible structural types and
have elaborated significantly the range of known reactivities. An important result
from the outset of work in this area has been the firm establishment of cis coordina-
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Fig. 9. Comparison of crystal structure data for Zr(OEP) vs. Cp,Zr derivatives.

tion of additional ligands as a possible geometry. A wide variety of cis ligated metal
porphyrins has been prepared, including simple coordination complexes in a range
of oxidation states, and highly reactive organometallic derivatives. At this stage of
its development, however, the factors influencing coordination geometries at the
metal center in early metal porphyrins are not fully understood. For example, in
addition to the obvious considerations of the metal ionic radii, it is becoming
increasingly apparent that electronic factors may play an important role in determin-
ing stereochemistry. In contrast to late transition metal porphyrins, in which reactiv-
ity is largely dominated by radical pathways, the presence of cis coordination sites
in early transition metal compounds allows reactions such as insertions and oxid-
ations to proceed via non-radical, concerted mechanisms. Therefore, in addition to
the analogies drawn with late metal porphyrin systems, it is informative to compare
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early metal porphyrins with the related metallocene-type systems (ie. Cp,MX| ),
especially with regard to their structures and reactivities.
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