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Emphasis is given to redox, photophysical, and photochemical properties of homologous
bent metallocenes of group 4 transition metals. Comparative analysis of a variety of elec-
tron-transfer induced transformations and ligand-to-metal charge-transfer excited states is
performed for bent metallocene complexes upon systematic variation of the identity of the
metal ion (Ti, Zr or Hf), ancillary - and monodentate o- (Cl, Me) ligands. For such
organometallic T-complexes, linear correlations exist between energies of optical and redox
HOMO-to-LUMO electron transitions. It is suggested that combination of spectroscopic and
electrochemical techniques provides important diagnostics to determine “ionisation poten-
tial” and “electron affinity” in solution (relative energies of frontier molecular orbitals ob-
tained as redox potentials) and the energy gap in metallocene complexes. Some of earlier
instructive cases of direct relationship between optical transition energies and differences in
redox potentials revealed for inorganic and coordination compounds are discussed.
Keywords: Metallocenes; Titanocenes; Zirconocenes; Redox behaviour; Charge transfer; Elec-
tron transition; Frontier orbitals; Electrochemistry; EPR spectroscopy; Substituent effects;
Cyclopentadienyl ligands.
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1. INTRODUCTION

First bent metallocenes [Cp,M'VCI,] (Cp stands for n>-CgH; anion)3 have
provided impetus for a new generation of a large family of highly reactive
organometallics, for years successfully used in the fields of homogeneous
and heterogeneous catalysis. In the recent years, considerable effort has
been devoted to fundamental understanding of factors that govern chemi-
cal reactivity of bent m-complexes of group 4 metals (Ti, Zr, Hf). In this re-
spect, particular emphasis has been placed on metallocene-mediated
(catalytic) transformations of various substrates, such as activation of small
molecules (N, (refs*%), CO (ref.?), CO, (ref.”)), and olefin polymerisation
(for most recent reviews, see refs-13). It has become clear that the nature of
the metal site and the ligand structures of the bent Trcomplex precursors
dramatically affect performance of the catalyst as well as physico-chemical
and mechanical properties of final products (e.g., polymers) of catalytic pro-
cesses.

Our most recent and other systematic studies were aimed at understand-
ing electronic and steric patterns of the bent metallocenes (1+-L),MX, via
substituting the metal core, introducing functionalities and a bridging
group to ancillary teligands. In this contribution, we wish to briefly review
knowledge gained in electrochemical and spectroscopic experiments, of
electronic properties of bent T=complexes of group 4 metals and of the na-
ture of possible intermediates formed in “pure” electron-transfer reactions,
such as one- or two-electron reduction and oxidation. The complete survey
of such a broad organometallic family, successively developed in the past
four decades, is almost impossible; rather, we intend to emphasise some ex-
plicit examples of innovation in this rapidly growing area.

2. ELECTROCHEMICAL REDUCTION OF BENT SANDWICH COMPLEXES

2.1. Metallocene Dichlorides

The highest occupied orbital levels of d° bent complexes [Cp,MCI,] are
closely related along the group 4 metal triad (Ti, Zr, Hf), as suggested by a
number of experimental (e.g., photoelectron spectroscopy!4-16) and theo-
retic investigations'®-2%, Dominant contribution of the metal d orbitals to
non-bonding LUMO and that of aromatic ligands to r-type HOMO are re-
tained along the metallocene dichloride series. This will be discussed in
more detail hereinafter. The mechanism of reduction/oxidation of the bent
metallocenes of group 4 metals is not elucidated in detail and continue re-
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ceiving special attention. First, we proceed from the redox chemistry of the
bent metallocene dichlorides.

Among the group 4 bent tTecomplexes, substituted and bridged titano-
cenes with variable 1= or o-bound ligands have been thoroughly stud-
ied?122, Thus, the two successive one-electron reductions of [Cp,TiCl,] pro-
duce a solvated monohalide complex [Cp,Ti'''CI] and the unidentified
“titanocene” [Cp,Ti'"], respectively. The latter species is capable of accept-
ing additional electron?3-25. However, it has been also proposed? that the
product of [Cp,Ti'"'Cl] reduction is a dimeric titanium(Il) complex and not
the “titanocene”. Combined electrolysis — EPR studies have revealed?® that
reduction of dihalides [Cp,TiX,] (X = CI, Br, I) only yields stable mono-
halide complexes [Cp,Ti'"'X].

Among heavier homologues of the bent titanocene, zirconocene?>27-30
and hafnocene?>28:30 were studied electrochemically. Thus, the metallocene
dichlorides [Cp,MX,] are reversibly reduced to corresponding radical an-
ions [Cp,MX,]*", that have been characterised in situ by EPR spectros-
copy?®-31. Subsequent one-electron reduction of the radical anions
[Cp,ZrX,]>~ and [Cp,HfX,]">" in the region of extremely cathodic potentials
(ca -3 V vs SCE) produces unstable dianions that convert to the correspond-
ing “metallocene” species [Cp,M'] (ref.2%). At room temperature, the radical
anions [Cp,MX,]" readily dehalogenate. The rate of the dehalogenation di-
minishes in the order Ti > Hf > Zr; in opposite, the rate of the reverse reac-
tion then increases in the order Hf < Zr << Ti (ref.??). A possibility of
sandwich cleavage in the radical anions [Cp,MX,]*~ (M = Zr, Hf) and elimi-
nation of the cyclopentadienyl anion has also been suggested.

Electrochemical reduction of [Cp,TiCl,] was studied in AICIl;/1-butyl-
pyridinium chloride melts32. The product of the first reversible one-electron
uptake is the heterometallic complex [Cp,Ti{Al,CI.}].

The [Cp,TiCl] complex generated in situ reacts with 9,10-diazaphen-
anthrene (RN=NR) to form dinuclear species [[Cp,Ti(CI)N(R)N(R)(CI)TiCp,].
The reaction was chosen®? as a model for the N=N double bond activation
process.

The two-electron reduction of the bent-sandwich dichloride complexes of
the group 4 metals is accompanied by elimination of two chloride ligands
to form a short-lived metallocene species. The intermediate formation of
titanocene, zirconocene, and hafnocene was detected during reduction of
the corresponding pentamethyl and tert-butyl substituted bis(cyclopenta-
dienyl) dichloride complexes®*. We have further revealed electron-transfer
induced transformation in other bent zirconium(lV) and hafnium(lV) com-
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plexes. Thus, the metastable species [Phind,M'] (Phind = n®-(2-phenyl)-
indenyl) were generated via two successive electron additions and elimina-
tion of two chloride ligands from the zirconium(lV) and hafnium(lV)
dichlorides [(PhInd),MCl,] (refs3>36). The correctness of the assignment was
additionally supported by linear dependence of the E° (or Ep) values for the
redox couples [Phind,Ni]*%- (see refs343%) and [PhInd,M]%- (M = Zr, Hf) on
ionisation potentials of a corresponding metal (IP;) in gas phase, viz. E0 =
-3.95+0.11 IPJ-.

The uniform mechanism, proposed on the basis of linear correlation E;,
vs IP; (refs?22%), generally operates in the electrochemical reduction of the
groups 4-6 bent metallocene dichlorides. Pathway A in Scheme 1 applies to
molecules with M = Zr, Hf at low temperatures, pathway B to M =Ti, V, Zr,
and Hf at room temperature, and pathway C to M = Mo and W.

h* ° [CpaMCly > —2EL A
—~ -CI e, -CI
[Cp2MCl] [Cp2MCl5] [Cp2MCI] [Cp2M] B
2cl [CpM]*  — & c
SCHEME 1

Substituent effect. A broad variety of catalytic and other physico-chemical
properties, such as stability of the related closed-shell T-=complexes, origi-
nate from the nature of transition metal centre, specific character of
metal-ligand bonding, and “ligand” and “substituent” effects. The intro-
duction of substituents and bridging moieties to the aromatic five-
membered ring systems changes not only electronic and steric properties
but also decreases the symmetry from C,, (pseudo-tetrahedral structure) to
lower C, and C, (distorted tetrahedral arrangement); although, these sym-
metries do not necessarily persist in solution and owing to intramolecular
dynamics. The substituent effect can have a tremendous influence on the
course and products of inorganic chemical reactions, the influence being
predominantly steric in origin. Substituent effects are generally considered
smaller in electronic sense than ligand effects. Will successive ligand or
substituent replacement possess an additive effect on the electronic
changes at the metal core? To the best of our knowledge, the question can-
not be answered unequivocally.

Collect. Czech. Chem. Commun. (Vol. 66) (2001)



Metallocene Complexes of Group 4 Metals 189

Among all, aliphatic substituents on aromatic ancillary ligands, in con-
trast to polar groups, usually enhance activity of the corresponding
metallocene-based catalysts®-13. The electrochemical behaviour of
ansa-titanocene dichlorides [{R(n°-CsH,),}TiCl,] (R is a bridging group) and
substituted bent titanocenes has been studied extensively by a number of
research groups. For example, in the methyl substituted bent zirconocenes
[(n®-CsHs_,Me,)),ZrCl,] (n = 0-4) and titanocenes [(n°-CsHs_,Me,),TiCl,] (n =
0-3) standard reduction potentials were shown to shift negatively with in-
creasing the substituent number by 0.071 and 0.093 V per one methyl
substituent, respectively3637. Here the effect of breakdown of the linear po-
tential dependence for [(n°-CsMes),ZrCl,] has been assigned to bulkiness of
the two ancillary ligands CsMeg (ref.3"). It should be noted that the more
sterically more demanding the alkyl substituents on the Cp trligands, the
greater breakdown in the symmetrical bonding to the transition metal ion
can be observed.

The presence of the bridging group in ancillary aromatic ligands intro-
duces several significant changes with regard to the electrochemical reduc-
tion of the corresponding titano- and zirconocene dichlorides383°, The
observed decrease in reduction potentials of the first electron uptake, most
pronounced for the related zirconocenes (supported by available 13C NMR
data), was attributed by the authors®® to the net withdrawing effect of the
bridge. It has been suggested in other studies®® that the influence of the
bridging group on the reduction potentials compared to those of unbridged
analogues originates entirely from steric effects.

It has been shown that reduction potentials make it possible to distin-
guish electronic and steric effects of functionalities expressed in the form of
the two-parameter Taft equation. For instance, for the substituted
zirconocenes [Cp, ZrCl,] (Cp’ = n5-C,R}), the values AE = E; - Eg, character-
ising the region of the redox stability of the radical anion [Cp),ZrCl,]*,
obey the Taft equation E?" = EM + p*o* (p* = 0.203; r2 = 0.999, s = 0.05); the
steric effects are therefore negligible*®. The reduction potentials of the se-
ries [Cp, ZrCl,] (R' = H, Me, Et, SiMe3) were shown to linearly correlate with
increasing influence of the electron-donating substituent*!. The half-wave
reduction potentials increase in the order Me;Si < H < Me < Et, which sug-
gests that the trimethylsilyl group has a poor inductive influence as medi-
ated by the Cp rings on the metal. Another study has revealed negative
shifts of reduction potentials upon multiple Me;Si substitution in the
metallocene series [{n°-Cp(SiMej;),},MCl,] (M = Ti, n = 2; M = Zr, n = 0-2;
M = Hf, n = 2)*2, (M = Zr, n = 0-3)35,
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Furthermore, the transfer of electron density from different substituents,
mostly alkyl groups, on the Cp ligands to the metal core was also probed by
other suitable experimental methods, such as photoelectron spectroscopy
(PES), NMR, and electron spectroscopy for chemical analysis (ESCA). The
trend of an decrease in positive charge on the metal core with increasing
the number of methyl substituents was revealed in shifts of the binding en-
ergies of inner-shell electrons (for the C;H; and CgzMeg ancillary tr-lig-
ands)“3, ®1zr down-field chemical shifts (for the CsHg, CsH,Me, and C;Meg
m-ligands)**, downfield chemical shifts of acetylenic carbon atoms in
13C NMR spectra of the [(n5-CsHs_,Me,),Zr(Me;SiC=CSiMe;)] (n = 0-5) se-
ries?®, etc. The latter quality has been discovered for a number of methyl
substituted hafnocene*® and titanocene dichlorides®’. From X-ray photo-
electron spectroscopy studies (XPS), effect of the replacement of hydrogen
with methyl in the cyclopentadienyl ligands on the binding energy of a
metal core of bent titano-, zircono-, and hafnocene dihalides results in low-
ering the metal core orbital binding energies by 0.06-0.08 eV per every
methyl group#346:47_ The trialkylsilyl group R;Si was found to be slightly
more electron-donating than methyl*8. Replacement of all hydrogen atoms
with alkyl groups in the Cp ligands was shown to result in a ca 1 eV de-
crease in the binding energy of the metal core. Therefore, it may be as-
sumed that the metal core is “reduced”*®. In another study, the linear
correlation of the binding energy with the number of methyl substituents
was evidenced. This fact implies that the electronic influence of methyl
groups on the metal centre in [(n°-CsHs_,Me,,,)(n°-CsHg_,Me,)TiCl,] is addi-
tive®. Remarkably, XPS studies have suggested that the relative electronic
differences essentially retained in olefin polymerisation catalysts derived
from these bent sandwich complexes®?,

Another problem associated with a possible difference in redox properties
of the syn- and anti-conformers of a bent metallocene should be
emphasised. Specifically, single-crystal asymmetric units of isostructural
complexes [PhInd,MCI,] (M = Zr, Hf) incorporate two rotational isomers
(syn and anti) relative to the metal-t-ligand bond?3®%36, Both isomers un-
dergo redox reactions at the same potential within the accuracy of the mea-
surements (x0.01 V). The energies of the frontier orbitals (HOMO and
LUMO) are assumed to be very close for the two conformers.

2.2. Dialkyl Metallocenes

As we demonstrate below, bent dimethyl metallocenes of group 4 metals
show unusual behaviour on electrochemical reduction. The quasi-reversible
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one-electron reduction of dialkyl titano- and zirconocenes [Cp,MR,] (M =
Ti, Zr; R = Me or PhCH,) has been proposed to produce the respective radi-
cal anions, decomposing upon the elimination of either R~ or Cp~ an-
ion2852-54_In a recent contribution®®, a voltammetric response essentially
identical to that in Fig. 1a was recorded in the case of the one-electron re-
duction of related [Ind,Ti'VMe,] (Ind = n®-indenyl). For [Cp,TiMe,] and
[Ind,TiMe,], the one-electron reduction was thought to induce cleavage of
the metal-carbon o-bond and fast elimination of the very reactive anion
CHy3. Based on this assumption, the irreversible anodic peak on the reverse
voltammetric scan (O2 in Fig. 1a; for [Ind,TiMe,] at ca -0.6 V vs SCE) was
attributed® to the oxidation of the intermediate [Ind,Ti""Me]. In our re-
lated experiments, however, a seven-fold excess of indene (IndH) was added
to [Ind,Zr'VMe,] test solutions in THF. As a result, the current intensity of
this irreversible anodic peak O2 (Fig. la, potentials in Table I) sharp in-
creased after a forward potential scan to the cathodic region where the Ind-
anion is produced (the same situation applies for CpH). Reported data on
the Ind~/Ind* and Cp/Cp" redox couples®®, together with our voltammetric
evidence®”, therefore advocate just the opposite idea, i.e. reductive cleavage
of the sandwich skeleton in the bent sandwich dimethyl titano- and
zirconocenes, and elimination of the solvated aromatic anion (Ind-, Cp~,
etc.). From the viewpoint of the electronic interaction of the ligands, it is

02 o1

R1

02

E, V vs SCE

Fic. 1
Cyclic voltammograms of [(ns-lnd)ZZrMez] (a) and [(r]5-lnd)ZZrCI2] (b). Experimental condi-
tions: THF/5 - 1072 m Bu,NPF,, glassy carbon electrode, T = 265 K, scan rate 0.2 V s
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reasonable to assume that electron density on electron-withdrawing
aromatic Teligands increases upon coordination of electron-rich o-donor ligands,
such as methyl group(s). One-electron reduction of such an electron-rich
neutral complex activates and may even induce cleavage of the
metal-ligand t=bond. The latter process occurs on the time scale of cyclic
voltammetry defined by moderate scan rates. One-electron reduction of a
dimethyl metallocene, in contrast to the corresponding metallocene dichloride,
thus leads to destruction of the sandwich skeleton (Scheme 2). Dependent on
the choice of the electron-withdrawing or -releasing constituents of the
ligand framework, electron transfer induces different transformations in the
bent sandwich complexes.

oX

)MV te . LMK
LMU = [(FaM"X]
X
L =Cp, Ind
M=Ti, Zr
X =Me X=Cl
slow destruction preservation
of the bent sandwich of the sandwich
[(eLM"X5] + L [(eL)2M""Xo] =
SCHEME 2
TABLE |

Electrode potentials of selected bent zirconocenes (in V vs SCE), recorded in THF/5 - 1072 ™
Bu,NPFg at a GC electrode and scan rate 0.2 V st

Bent zirconocene Peak E%, pr

[Ind,ZrMe,] R1/01 -2.46°

02 -0.64"

[Ind,ZrCl,] R1/01 -1.718
np®

[Cp,ZrMe,] R1/01 —2.722

02 -0.47°

[Cp,ZrCl,] R1/01 -1.782
np®

a gl = {E,.(O1) + E, .(R1)}/2. b potential of the irreversible anodic peak O2 recorded on the
reverse potential scan. ¢ np, no peak O2 detected.
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The stable radical anion [Cp,TiR,]*~ (R = C=CPh) is obtained upon
one-electron reduction of parent [Cp,TiR,] at —-30 °C. Upon warming up to
room temperature, it starts to decompose into the paramagnetic complex
[CpTi"'R,] and the aromatic anion Cp~ (ref.58). As another instructive case,
the radical anion of {2,3-dimethylidenebicyclo[2.2.2.]Joctane}zirconocene is
relatively stable at room temperature (as was proved by EPR spectroscopy),
but decomposes via the zirconocene-diene bond cleavage at higher temper-
atures®®. Other examples of the reduction of dialkyl metallocenes can be
found in literature®0.61,

3. ELECTROCHEMICAL OXIDATION OF BENT SANDWICH COMPLEXES

Oxidation of d° bent sandwich complexes was first reported in the past de-
cade. Ligand-localised oxidation, as an entry point into cationic bent sand-
wich group 4 metal complex chemistry, is reached at reasonable anodic
potentials, in particular oxidation of molecules bearing electron-donating
ligands (e.g., alkyls). The pioneering formation of the metallocenium cation
[Cp,TiCI(CH;CN)]* by one-electron oxidation of [Cp,TiCl,] has pointed to
direct electron abstraction from the Ti—-Cl bond, resulting in release of the
neutral radical CI* and coordination of the solvent (CH;CN)®2.

The dialkyl titanocenes have been shown to react with one-electron oxi-
dants®3-65 to species arising from the alkyl radical expulsion or formal
reductive elimination®. This oxidative chemistry closely parallels electro-
chemical oxidation of such organometallic d° complexes. In fact, bulk elec-
trochemical oxidation of titanacyclobutanes [Cp,TiCH,CRY(R?)CH,], where
R1, R? are different combinations of H, Me, iPr, t-Bu, results in the forma-
tion of the corresponding cyclopropanes. Oxidation of stereospecifically
deuterated titanacyclobutanes produces cyclopropanes with a high degree
of retention of the stereospecific configuration (>15/1 retention/inversion).
This stereoselectivity requires that either oxidatively induced reductive
elimination is concerted or, if stepwise, the consecutive cleavage pathways
leading to the product are faster than the C-C bond rotation, if any inter-
mediates are formed by the Ti—-C bond homolysis. The plausible mechanism
of oxidation of bent d° metallocenes involves M—CS . bond homolysis after
removal of one-electron, giving the radical-cation pair (transient A in
Scheme 3).

The observed reaction products would then result from a competition be-
tween the intramolecular SN2 coupling and the intermediate cage escape
(paths a and b in Scheme 3, respectively).
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= [CpM" + R-R
1t
R

—
CPZM\R >

R
—
szM
™R

R
szM/ ——
‘R
LD [opMRIT + R

SCHEME 3

Diphenyl zirconocene oxidises with the formation of biphenyl, while the
corresponding diphenyl titanocene predominantly gives rise to benzene
and some biphenyl under similar conditions. Thus, the authors proposed®®
important synthetic application of the reaction as a novel route from Ti(IV)
and Zr(IV) metallacycles to hetero- and carbocycles.

Bent titanocene and zirconocene methyl (or chloride) enolate radical cat-
ions [Cp,MRY{O(R?)C=CMes,}]"* (R* = Me, Cl; Mes = mesityl) were shown to
undergo transformation of the C-C bond to 1,4-diketones, even in a
stereoselective fashion. The radical cations were characterised with fast-scan
cyclic voltammetry. Lifetimes of the bent zirconocene methyl (or chloride)
enolate radical cations (1-2 ms at room temperature) were estimated from
the apparent rates of concomitant Zr-O(enolate) bond cleavage®’.

Irreversible outer-sphere oxidation of bent d° metallocenes is therefore a
superposition of two processes (either ECE or EC;, scheme). Release of the
first electron from the 16-electron neutral complex yields a kinetically un-
stable 15-electron radical cation undergoing fast heterolysis of the M-X
bond in [(T:L),M'VX,]** (X = Me, CI), giving rise to the corresponding radi-
cal X* and cation [(TL),M'VX]*, and further oxidation of the radical X".
Generally speaking, oxidative homolysis of the M-X bond yielding the neu-
tral complex [(TL),M"'X] and the cation X* is unfavourable owing to much
stronger reducing power of the former complex in this redox pair®’. In fact,
other available data unequivocally suggest oxidation of the related
bis(cyclopentadienyl)zirconium(l1) monomethyl complex [Cp,Zr'''Me] at
-1.9 V in MeCN (vs Fc/Fc*)%7, the potential of the Me*/Me* couple being
-0.5 V (ref.58), At sufficiently positive potentials the radical X should be
oxidised in the electrode vicinity immediately when produced (ECE
scheme). Certainly, the proposed oxidation scheme is not exhaustive since
highly reactive intermediates participate in parallel reactions and
passivation of the electrode surface®”:%6. Concluding mechanistic discus-
sion, the extremely reactive d° cationic species [(T-L),MR]* (R = alkyl) has
been recognised®® as a key intermediate in olefin polymerisation catalysis.

Substituent effect. The measurements of oxidation potentials for a series of
[(n®-CsHs_,Me,)),TiCl,] complexes (n = 0, 3-5) suggested that successive hy-
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drogen replacement with the methyl groups decreased the binding energies
of valence and inner-shell electrons due to the hyperconjugative effect of
the substituents™.

Thus, the redox activation of the organometallics with closed-shell
16-electron (16e) configuration expands the mechanistic knowledge and
synthetic applications for the modification of the sandwich complexes and
derivated metal complex catalysts. The high reactivity of 15e and 17e com-
plexes (compared to the 16e species) is caused by both thermodynamic and
kinetic reasons. If the excitation of 16e organometallics is associated with
electron transfer between bonding and non- or antibonding frontier
orbitals, the excitation of odd-electron (15e, 17e) complexes then involves
electron transfer between bonding (15e species) and non- or antibonding
(17e species) orbitals. Thus the excitation energy and the difference in the
reactivity for the ground and excited states of the intermediate
odd-electron complexes are lower than for their 16e analogues. Due to this
high reactivity, the 15e and 17e complexes undergo some characteristic
transformations that hardly occur with their 16e precursors. After giving of
representative examples of the electron-transfer-induced reactions of bent
sandwich complexes of the group 4 metals, we further advocate the com-
bined electrochemical and spectroscopic approach to obtaining fundamen-
tal energetic quantities of frontier molecular orbitals of the closed-shell
organometallics based on the group 4 transition metals.

4. FRONTIER MOLECULAR ORBITALS AND HOMO-TO-LUMO ENERGY GAP
FROM THE VIEWPOINT OF THE REDOX AND OPTICAL ELECTRON
TRANSITION PARADIGM

4.1. Combined Spectroscopic and Electrochemical Approach to Probing
Frontier Molecular Orbitals

Limited comprehensive knowledge has been gained on thermodynamic
and other properties of organometallic, inorganic, and coordination com-
pounds allowing full characterisation of the structure-property relation-
ship, aimed at predictable properties of untested or hitherto unknown
molecules. As a general case, frontier (high-lying occupied and low-lying
vacant) orbitals govern the chemical reactivity of a molecule. Relative ener-
gies of the frontier molecular orbitals can be estimated by quantum-
chemical calculations or derived experimentally, using techniques monitor-
ing the electronic changes located on valence and occupied orbitals of a
molecule. For decades, both revealing electrochemical and optical experi-
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ments have been successfully applied to probe the metal-ligands electronic
coupling, the ionic or covalent nature of bonding in the metal-ligand
framework, and also to the interplay between ligands in homologous series
of inorganic and coordination compounds. The idea behind the studies has
been based on the assumption, that the oxidation/reduction potential of a
molecule corresponds to a “solution ionisation potential”, and that there
should be a direct relationship between oxidation/reduction potentials and
HOMO/LUMO energies. Thermodynamic correlations between optical tran-
sition energies in complex molecules and the reduction/oxidation poten-
tials, or differences thereof, were advocated over the past forty years in
diverse reports (for some elegant studies, see refs’*87). The most extensive
correlations of differences in redox potentials and energies of optical transi-
tions have been derived for a number of Rh, Ru, Os, and Fe complexes. The
correlation analysis has been based on the classical work of A. A. VI¢ek8-91,

The correlations arise from the fact that energy of an optical transition is
given by the difference between the energy of the donor orbital, which the
electron is to be transferred from, and the energy of the orbital accepting
the electron in the excited state®2. Configuration interaction between the
charge-transfer excited state and other nearby states must be weak or prefer-
ably negligible. Energy of an optical transition is related to the difference in
the redox potentials for the oxidation and reduction of a molecule in its
ground state®l. Obviously, the pair of orbitals involved in the optical and
redox processes must be the same. As a rule, the orbitals involved in these
processes are localised on different fragments of a molecule®1-93%4, The ap-
proach is based on ligand additivity made possible by Koopmans’ theo-
rem® (1 + E = const.), allowing prediction of energies of the frontier molec-
ular orbitals. Last, extensive comparison can be made for a class or a series
of related molecules, where the electronic structures of the involved states
remain the same throughout the target molecular sequence.

A number of authors have evidenced the linear relationship between op-
tical (E,,,) and electrochemical (AE,.4,,) gap energies, approximated as E,, =
aAE,4ox T Zb;, where the slope a may differ from unity and the constant Zb;
denotes solvation, reorganisation, and configuration interaction energies.
The inner-sphere x; (vibrational) and outer-sphere X, (solvent, vibrational
in nature) reorganisation energies are of importance. Solvatochromic mole-
cules (e.g., in ref.”®) may not obey a general relationship E,,, 0 AE, 4. OWiNg
to large values of x, within the target molecular series. The inner-sphere re-
organisation x; is expected to vary markedly even for structurally related
molecules possessing strong configurational interaction, interligand cou-
pling, etc. The structural changes are generally expected in molecules ex-
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posed to (i) photoexcitation or (ii) electron-transfer reactions, i.e. when
proceeding from (i) thermally non-equilibrated (a vertical electron transi-
tion) to equilibrium excited states or (ii) from a neutral molecule to the re-
spective reduced/oxidised species.

There are other known intriguing cases of linear fit (Ey,, VS Eeq/0x) iNVOIV-
ing optical transition energies and one (E,.4 Or E,,) from the two redox po-
tentials (for a large number of complexes with low-lying metal-to-ligand CT
excited states this concerns metal oxidation)®>°6-99 In principle, a linear
correlation between energies of “optical” and “redox” frontier molecular
orbitals should exist a priori for any given series of closely related complex
molecules. Lack of the correlation'®, any fine exceptions, deviations from a
linear relationship, all indicating anomalies in ligand additivity, interligand
coupling, distinct electronic and structural alterations or even a qualitative
reversal of higher occupied or/and low unoccupied orbitals in a mole-
culel®l, may appear even more informative in analysing sequences of ho-
mologous complex molecules. In particular, in view of a pure charge-
transfer transition (labelled as MLCT or LMCT) involving transfer of elec-
tron density from a metal to a ligand (or vice versa), the description of the
transitions is arbitrary and loses the meaning whenever the excited states
cannot fit adequately to the localised orbital configuration model. For ex-
ample, extensive metal-ligand d,-1t orbital mixing leads to the occurrence
of relatively high-lying electronic transitions having little charge-transfer
character. The lack of charge-transfer character is then nicely evidenced by
breakdown of the linear relationship between electrochemical and optical
HOMO-to-LUMO energy gaps®l. For mixed-ligand and other complexes,
data points deviating significantly from the key relationship E;,, O AE, .40
may be taken as a more quantitative evidence of the difference between
“optical” and “redox” frontier MOs involved in photophysical (absorption,
emission) and redox, or electrochemical processes’’. A great body of data
from earlier studies are referred specifically to a metal-to-ligand
charge-transfer transition. The most striking aspect is that the redox and op-
tical electron transition paradigm arithmetically simplified as E,,, 0 AE,oqox:
must be quite general. This conclusion has led us to a division of the para-
digm into the strategy of studying ligand-to-metal CT excited states and,
more specifically, photophysics and electrochemistry of a special class of
highly reactive coordination compounds, the organotransition metal
m-complexes. This aspect is further elaborated in the next section.
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4.2. Ligand-to-Metal Charge-Transfer Excited States of Bent Sandwich
Complexes

In a large number of organometallics, ligand-to-metal charge-transfer tran-
sitions occur at rather high energies, typically overlapping with metal-
to-ligand, ligand-field, d—-d and other electronic transitions!02-104_ For this
reason, relatively little knowledge has been gained on photophysical prop-
erties of organometallics having pure ligand-to-metal charge-transfer ex-
cited states.

The group 4 bent metallocenes [(T-L),MX,] (X = e.g., halide or alkyl) are
complexes tailored of a d° transition metal and multiply- and n!-bonded
ligands, that comply with a “localised” molecular orbital approach. These
complexes belong to the C,, and lower symmetry point groups and the
symmetry treatment provides readily labelling of the molecular orbitals ac-
cording to their transformation properties, but without assignment of a rel-
ative order of the energy levels. Molecular orbital calculations, mostly at
semiempirical level, are indicative in this regard, but so far they have only
been performed on a few representatives of this organometallic family, spe-
cifically for bent bis(n®-cyclopentadienyl)metal complexes.

The high-lying occupied and low-lying vacant molecular orbitals of bent
metallocenes have been a subject of numerous studies and will be noted
herein briefly. The HOMO of each [(T-L),M'VX,] complex is predominantly
ligand-localised, and the low-lying unoccupied orbitals are associated
mainly with the metal d orbitals; the LUMO is an essentially non- bonding
orbital (Fig. 2).

Low-lying electronic excited states of closed-shell d° metal complexes will
be charge transfer in nature. Figure 2 shows simplified representation of the
HOMO-to-LUMO charge-transfer transition in a bent metallocene
[(TeL),MX,]. Visible-light absorption in the group 4 bent metallocenes leads
to the population of ligand-M CT excited states that correspond to the
promotion of an electron from a ligand-centred (electron-rich either =L or
0-X) to the low-lying vacant MOs of largely metal d character. The occur-
rence of LMCT transitions in the low-energy region is expected, at least,
from the viewpoint of 6e-donor ability of (non)functionalised
five-membered sandwich trligands. According to the current models for
LMCT transitions, the energy and intensity of the CT absorption band are
related to (i) energy separation and extent of mixing of the involved
ligand-centred and metal-centred orbitals; (ii) the average separation of the
electron promoted into the metal centre and the hole left on the ligand of
the 1= or o-type. In one-electron approximation, the primary photophysical
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process is the generation of the d! metal species M'Y - M and one-electron
oxidation of the better electron-releasing ligand (T-L or 0-X), which may in-
duce homolysis of the respective metal-ligand bond and produce the para-
magnetic metal-centred species and free (organic) radical.

The HOMO-to-LUMO energy difference (gap) depends on the nature of
the transition metal and the strength of the ligand field, which is related to
the molecular structure of ligands (electron-withdrawing and electron-
donating substituents, etc.). Photolysis in the UV-VIS region has been ap-
plied as a neat probe to the bonding character of metal-ligand framework.
The relative energetic ordering of the high-lying occupied MOs based on
different L and o-X ligands may vary (e.g., T-L orbitals drop in energy and
the o-X orbitals rise in energy), resulting in different HOMO characters. The
character and relative ordering of the high-lying occupied MOs and assign-
ment of long-wavelength absorptions have been a subject of contro-
versyl05-119 The question, whether the excited electrons come from HOMO
extending predominantly over multiply-bound 1 or monodentate o-lig-
ands remains to be solved. A more flexible, rather than unified MO scheme
is therefore desirable. Thus, the ligand-based HOMO changes in character
when electron-withdrawing o-ligands (e.g., X = F, Cl) are substituted for
electron-donating o-ligands (e.g., X = Me, I); consistent with this is the dif-
ferent photochemistry observed for the bent sandwich complexes

“. Jm— L
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'

I/)—X
i

" ‘
i Y

.hu_ M-eL
\—Hﬂ M-X

FiG. 2
Simplified MO diagram for bent group 4 metal complexes [(T-L),MX,], showing the interac-
tion of a teligand (L) orbital and a o-ligand (X) orbital with a metal (M) orbital and the
HOMO-to-LUMO electronic transition (X ligand is more electronegative)
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[(TL),MX,]. Recall that in the case of dichloride complexes [(T+L),MCl,],
when only sandwich tr-ligands are varied, the character of the lowest energy
charge-transfer excited states [(T-L),-based HOMO] is not changed, and the
primary photoprocess remains the metal-t-ligand bond cleavage. It appears
that introduction of methyl or iodide o-ligands reverses the HOMO charac-
ter and population of the lowest energy X —» M charge-transfer excited state
results in M-o-ligand bond cleavage as the primary photoprecess. After
photodissociation in the absence of scavengers (radical traps, oxidants), the
two paramagnetic species may recombine. The latter process is responsible
for the photoracemisation of the meso- and rac-isomers in the case of
bridged metallocene dichlorides!®-126, Together with electrochemistry, the
photochemical data clearly demonstrate the extent of possible fine tuning
of the redox and photophysical/-chemical properties by simple substitution
of the ligand sphere and the transition metal ion. Additional experimental
information about electronic structure of the target organometallic com-
plexes [(Tr-L),MX,] has been also obtained by means of photoelectron spec-
troscopy4-16,

During on-going studies, we have revealed linear correlations!?7128 pe-
tween the frontier MO gap in the redox processes (the redox gap G as the
difference between the oxidation and reduction potentials?®13%) and the
fourth gas-phase ionisation potentials of the corresponding transition
metal [IP,: M"Y M'"'] (r? = 1.000) as well as the lowest LMCT transition en-
ergies, for the first bent metallocene triad [Cp,MCIl,] (M = Ti, Zr, Hf) (r? =
0.995) (Fig. 3). We explored the extension of this correlation analysis to a
broad series of the related bent zirconocenes [(TtL),MX,] with variable mul-
tiply-bound rtrligands (m-L = Cp (CsHsg), Ind (CgH;3), Flu (Ci3Hg)) and
monodentate o-ligands (X = CI, Me) of different electronegativity. The lin-
ear relationships between the redox gaps G (2.7 up to 4 V) and optical elec-
tron transition energies E,,, (2.5 up to 4.5 eV) are also very good (Fig. 3; r? =
0.992) and provide important means to probe the frontier levels of these d°
organometallics. Among all, this is associated with retention of the domi-
nant metal d contribution to the redox and optical LUMO throughout the
whole series.

With increasing electron-donor character of aromatic - or monodentate
o-ligand the electron-donating ability of high occupied levels is enhanced
and this effect is also transmitted to the non-bonding or antibonding metal
d orbitals!?7:128 The standard reduction potentials data suggest that there is
significant shift to negative potentials (0.8 up to 1.0 V) for a metal-centre
reduction from M"Y to M, e.g., when chloride ligands are replaced with the
effective o-donor methyl groups. Metal centre has a pronounced electronic
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effect, which results, for example, in systematically increasing intensity of
the lowest LMCT transition in absorption spectra and in lowering the stan-
dard reduction potential along the group 4 transition metals. Comparison
of the spectroscopic properties of the bent metallocenes along the metal
triad (Ti, Zr, Hf) indicates a large blue shift and increase in the charge-
transfer intensity3! for heavier metals, thus actually confirming that
photoexcitation leads to the electron promotion from the ligand frame-
work to the transition metal ion.

The heteroligand sandwich complexes are similar in their electrochemical
behaviour with respect to the parent homoligand analogues. They are also
characterised by (quasi)reversible reduction and irreversible oxidation steps
that formally proceed with a change of the metal and ligand oxidation
states, respectively. With these similarities in electronic structure and mo-
lecular architecture and on the basis of energetic correlations E,,, 0 AE,qox:
we may argue that sets of the frontier orbitals (named “redox” and “optical™) re-
tain virtually the same character. The molecules undergo similar structural

Optical Gap, eV
4

Redox Gap, V

Redox Gap, V

L 1 L 2
2 3 4
Optical Gap, eV

FiG. 3
Two linear correlations between the differences in oxidation and reduction potentials (elec-
trochemical, or redox gaps) and energies of the lowest LMCT transition (optical gaps) for the
closely related series of the (non)bridged dichloride and dimethyl zirconocenes [(TrL),ZrX,]
(r2 = 0.992) and bis(cyclopentadienyl)metal dichloride complexes [Cp,MCI,] (M = Ti, Zr, Hf)
(r? = 0.995)
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changes in the redox and electron-transfer processes. Inner- and outer-
sphere solvent coordination changes in these processes should be approxi-
mately constant or scale!®l, The lifetimes of the extremely unstable primary
oxidation products [(T-L),MX,]** should scale for oxidation along the
metallocene series.

The combined redox and spectroscopic approach is employed for design-
ing coloured organometallic species with desired energies of frontier
orbitals, understanding the character of metal-ligand binding coordination
bonds, predicting redox potentials, elucidation of mechanisms of the redox
and electrochemical reactions, designing complex molecules with appropri-
ate excited state potentials®’, checking assignment of CT bands in optical
spectra, etc.

In conclusion, fundamental experimental correlations between energetic
separations of the frontier optical and redox levels (HOMO, LUMO) are re-
ported in our preceding communications. Recently, there have been much
doubts with regard to mechanisms of photochemical and redox (or electro-
chemical) electron transfer reactions of these compounds. The use of sol-
vents stable in regions of extreme anodic and cathodic potentials,
cryoelectrochemistry and ultramicroelectrode techniques have greatly ex-
panded our knowledge of electrochemistry and electron-transfer-induced
reactions of bent metallocene complexes. Unambiguously, in the near fu-
ture much attention will be focused on understanding the “structure—prop-
erty” relationship principle, using correlation of the redox potentials and
electrochemical and/or photochemical properties and reactivity of various
groups of organometallics.
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