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CP q5-cyclopentadienyl 
diene bidentate diolefin ligand (norbornadiene etc.) 
diphos bidentate diphosphane ligand 
dt 1,2-dithiolene 
en 1,2-diaminoethane 
EPR electron paramagnetic resonance 
h.s. high spin 
L ligand 
LLCT ligand-to-ligand charge transfer 
LMCT ligand-to-metal charge transfer 
1.s. low spin 
MLCT metal-to-ligand charge transfer 
Q 1,2-quinone 
phen l,lO-phenanthroline 

PK BH+ pK, of acid conjugated to base B 
PY pyridine 
S.B. dianionic quadridentate Schiff base ligand 
SCE saturated calomel electrode 
SOMO singly occupied molecular orbital 
SQ 1,2-semiquinone (general) 
TCNE tetracyanoethene 
THF tetrahydrofurane 
TPP meso-tetraphenylporphine 

A. SCOPE AND INTRODUCTION 

Most paramagnetic transition metal complexes have unpaired electron(s) 
localized at the metal center(s) [l] while coordinated ligands are regarded 
either as even-electron species or as covalently bonded substituents. Transi- 
tion metal coordination compounds which contain genuine radical ligands, 
i.e., which have unpaired electron(s) residing mainly in the ligand sphere are 
less common and may be divided into two categories (1 and 2): Complexes 
with neutral radical ligands X’ such as NO’ or R,NO’ (1) and coordination 
compounds with anion radical ligands A7 (2). 

LJNX ‘> LMW 1 
1 2 

This article deals exclusively with the latter kind of paramagnetic complexes 
and, in most cases, with diamagnetic metal fragments L,M; compounds 
which contain both paramagnetic metal centers and odd-electron hgands 
may exhibit various degrees of spin-spin interaction [2] (cf. Section F). 



The study of type 2 complexes pertains to various areas and 
coordination chemistry: 

aspects of 

(i) It is evident that the negatively charged anion radicals should be 
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suitable ligands for electrophilic metal fragments, forming persistent com- 
plexes in which electrostatic stabilization may compensate for the un- 
favourable open-shell electronic structure. Persistent anion radical com- 
plexes usually contain metals in rather low formal oxidation states, often 
organometallic fragments; otherwise, one would expect rapid intramolecular 
electron transfer between metal and anion radical ligand, according to the 
redox potentials of the coordinated fragments (eqn. 1). 

(L,M”)(A’> y (L,h4-1)(~) j . . . 

(k, k - 1 are oxidation numbers) 
(ii) Anion radicals A7 are derived from neutral molecules A by one-elec- 

tron reduction and both species may serve as ligands for transition metal 
fragments. 

Eo 
A A‘; 

K It (2) 

(L,M)(A) _ Eh - i,M)(AS) 

It is attractive to compare the different coordination behaviour of a given 
metal fragment towards the neutral ligand and towards its reduced form 
(eqn. 2); in general, K’ > K (see section (i) above). Conversely, it has long 
been known that ligands exhibit very different coordination preferences for 
different metal oxidation states (cf. the pairs Cu*/Cu” or Fen/Fen’). The 
redox potentials E, and E; of the free ligand and of its complexes may also 
differ considerably; as a general rule, metal coordination tends to facilitate 
the reduction of the ligand (Eh > E,). 

(iii) The distribution of the unpaired electron(s) is often tractable in detail 
by using spectroscopic techniques, in particular electron paramagnetic reso- 
nance (EPR; Section F, i) [l]. Such information may help to eliminate 
ambiguities concerning the correct assignment of formal oxidation states to 
the metal(s) and to the “non-innocent” ligand(s) [3] within the following set 
of rules: (a) a shared electron pair is assigned to the more electronegative of 
the two atoms sharing it [4a], (b) an unpaired electron is assigned to that 
moiety, metal or ligand, which exhibits the larger spin population. Oxidation 
state assignments are often difficult to make for diamagnetic coordination 
compounds with “non-innocent” ligands [4b], even if they may actually 
contain anion radical ligands as in the much disputed superoxide complexes 
[5,61. 
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(iv) Electron transfer reactivity in the ground state [7] or in electronically 
excited states [8] of coordination compounds has become an area of exten- 
sive research in recent years, and transition metal complexes containing 
reduced ligands were frequently found as crucial intermediates or as reaction 
products in metal-metal electron transfer reactions [7,9] and in catalytic 
processes, including photo- and electro-catalytic cycles [8,10,11]. Two exam- 
ples will illustrate that important function of species 2: 

Complexes containing electron rich metal fragments and reducible ligands 
may absorb photons to yield the potentially electron-transfer active metal- 
to-ligand charge transfer (MLCT) excited states (eqn. 3). which are usually 
formulated as containing an oxidized metal fragment and anion radical 
ligand(s) [12,13]. Depending on the lifetimes of the MLCT excited states, 
these systems can be electron transfer active and catalyze the conversion of 
light, including solar radiation, into chemical energy, i.e. redox products; 
one of the most intensively studied yet still poorly understood species of this 
kind is the complex [Ru(bpy)3]2’ [8,11,14-161. 

(L,M~)(A) hv - *[ MLCT 
( L,Mk+‘HAT)] 

-Y- 
products (3) 

substrate 

Substitution reactions of organometallic compounds may be activated by 
electron transfer through an electrode (electrocatalysis) [17,18] or through 
chemical reagents [lo], one such example involving anion radical complexes 
as essential intermediates is the carbonyl/phosphane exchange in hetero- 
cyclic carbonylmetal complexes (L = bpy, bpym, etc.; M = Cr, MO. W; 
n = 4) [19]. This reactivity of anion radical complexes is paralleled by the 
behaviour of substitutionally labile 17 electron intermediates in the iron [20] 
or manganese carbonyl series [21]. 

Lll(CO), 

(L’)MKO),_,(PR_O 

Although most of the complexes investigated so far contain only one 
anion radical ligand, there are a number of complexes of type 3 which 
contain two or more anion radical ligands and which may have higher 
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( > 673 
Y\J 

” = 2,3 
Y = O,S,NR 

Ln 
n 

3 

multiplicities (S > l/2). In some of these latter cases, it is difficult to arrive 
at an exact description of the electronic structure because of various in- 
tramolecular charge transfer possibilities; detailed structural and spectro- 
scopic studies [22] and quantum mechanical calculations [23] are then 
required to formulate correctly the ground state of the complex. Obviously, 
the overall charge of an anion radical complex depends on the number and 
on the charge of the coordinated metal fragments and may thus be zero or 
even positive. 

Comprehensive reports on the related subject of organometallic anion 
radicals appeared in 1976 [24], 1977 [25], and 1978 [lo], and there are a 
number of more recent reviews relevant to the topic of this article. Among 
these are several reports [22,26-281 and data collections [29] on ketyl and 
especially 1 ,Zsemiquinone (SQ) complexes, reviews referring to radical 
complexes with reduced N-heterocyclic ligands such as the bipyridines 
[30-321, articles on the coordination chemistry of 1,2-dithiolenes and related 
species 133-351, and reviews on electron-transfer reactions of main group 
[36] and organotransition metal complexes [37]. 

B. FORMATION OF ANION RADICALS 

Anion radicals are generally formed by one-electron reduction of neutral 
precursors (eqn. 2), a process which can be accomplished either by chemical 
reductants such as electropositive metals or by cathodic reduction, i.e. 
electrochemically. An alternative is the one-electron oxidation of doubly 
reduced components of two-step reversible redox systems (eqn. 5) [38], 
well-known substrates for this route are the hydroquinone or catechole 
dianions which may be converted to the corresponding semiquinones by 
oxidation [22,26]. 

(5) 

The majority of persistent anion radicals owe their stability to an effective 
delocalization of spin over an extended 7~ system; in addition, nucleophilic 
solvents such as ethers, amines, amides, or nitriles contribute to the stability 
of radical anions by solvating the counterion and by removing destructive 
electrophilic impurities. Many “free” anion radicals are sensitive towards air 
and protic solvents because 0, and H+ are reduced at rather positive 
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(6) 

(Q) (SQ) (Cat) 

potentials. This sensitivity leads to considerable difficulties in isolating 
anion radicals; the crystallization of anion radicals has been accomplished in 
only a few instances, using large counterions such as complexed alkali metal 
cations [39]. The countercation problem is absent if positively charged metal 
fragments coordinate strongly to the anion radical, neutral complexes such 
as 4 or 5 may then even be purified and isolated by standard preparative 
techniques [40,41]. 

The thermodynamic stability of anion radical compounds towards dispro- 
portionation into the dianion and the neutral species within a two-step 
reversible redox system (5) [38] may be calculated from the redox potentials 
via eqn. (7). 

K, = 
Lam [ (L,~)(~)] [ (L,,M)(A2-)] = 10(E’-E6”‘o’06v 

In general, the values K,,, are quite insensitive towards coordination of 
different metal fragments unless this coordination causes major changes in 
the ligand 7~ system; the latter phenomenon has been observed during metal 
complexation of structurally flexible flavins (cf. 49) [42]. 

C. LIGAND PROPERTIES OF ANION RADICALS 

Among the properties of a ligand, its a donor strength is crucial in 
determining the formation and the stability of the complex. Although the 
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metal coordination site(s) and the localization of the unpaired electron(s) 
need not be related in anion radical ligands, most examples do involve 
coordinating centers which are also important parts of the spin-containing 7~ 
system. Several approaches can be made to estimate this interdependence 
between coordination equilibria ( K and K ’ in eqn. (2)) and redox equilibria 
(E, and E; in eqn. (2). 

It was mentioned earlier that the nucleophilicity of a ligand is strongly 
increased on reduction because of the added negative charge. In a typical 
situation (eqn. 8), however, the acquired electron resides in a r* orbital of 
the ligand while coordination of electrophiles occurs via (I lone pair(s) in the 
7~ nodal plane, e.g. 

Yet, despite this a/r orthogonal&y, the u coordination of an electrophile to 
a 7r center can greatly affect the m levels because it simply increases the 
electronegativity of the ?T center (Coulomb term) and thus usually effects a 
stabilization of r levels. 

Conversely, an added electron should raise the u donor strength (- 
basicity) at the coordinating ?T center, depending, however, on the MO 
coefficient at this center [43]. The theoretical background for this depen- 
dence was given by Longuet-Higgins [44], eqn. (9) has been discussed in 
detail and has been successfully applied to estimate physical properties of 
ligands and complexes as demonstrated recently in studies of a series of 
N-heterocyclic systems 1451. 

8A[ E,,(base) - E,(acid)] = c:,( h, - h,+)/3 

p = level add i ionally t occupied in the anion radical; cy = Hi_ickel coefficient 
at coordination center Y; h,, h,+ = Coulomb integral parameters for base 
and acid; p = Hiickel MO resonance integral. 

Direct quantitative determinations of K and K’ in eqn. (2) have not been 
made very often, in fact, most pertinent results involve proton coordination 
(= acid/b ) q 1 b ase e ui i ria. Investigations on mononuclear pyrazine (1,4-di- 
azabenzene) complexes by Taube and coworkers have shown a significant 
increase in ligand basicity on mere coordination of 7~ back donating metal 
fragments such as [M(NH,),] , 2+ M = Ru, OS [46]; later pulse-radiolysis 
studies on pyrazine anion radical-containing systems such as 6 yielded a 
P&3,+ of about 2.7 whereas the pK,,+ of neutral pyrazine is 0.65 in the 
first and about -6 in the second protonation step [47]. These results were 
surprising because they showed an increased basicity for species which 
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/==J*+ 
HN . N 

m 
(NH3)5C002C 

6 

already contain a positively charged metal fragment. Even more striking are 
the results from pulse-radiolysis studies on a-diimine ligands such as bpy or 
phen [48]. The chelate effect in such systems helps to raise the pK,,+ of the 
reduced systems by 20 units above the normal level of about 4-5 in the 
neutral ligands (eqn. lo)! The basicity of bpy ’ thus corresponds to that of 
the oxide ion, 02-, and it is not surprising, therefore, that a vast number of 
stable complexes with this anion radical ligand can be obtained [30,32,49], 
following Herzog’s early discoveries [SO]. Even very weak oxygen nucleophiles 

L 
m-2.0 v 

-------------,5 
+ e- t 

p&+ 'v4.5 + H+ 

I 

+H + 

I 

p&+ a 24 

L/j+ + LH' 
N-o.9 v 

L = 

bw phen 

such as 0, or p-benzoquinones become moderately strong bases (pK,,+ 
- 4-5) after reduction to the anion radicals [51]. The consequences of anion 
radical basicity for proton transfer in organic systems have recently received 
attention [52,53]; the results of such studies should also bear significance for 
coordination and transfer of transition metal fragments. 

For instance, several recent studies have shown different metal fragment 
coordination modes in the neutral and reduced states of potentially bi- 
nucleating 
out to be 
fragments 
complexes 
employing 

ligands. Employing the pyrazine example once more, it turned 
quite difficult to obtain persistent binuclear complexes of the 
(n5-VW(CO)~M n with that weak base while mononuclear 
proved to be much more stable [54]. After reduction, i.e., now 
the pyrazine anion radical as ligand, the binuclear species is by 
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far the most preferred coordination compound in that system. EPR and 
electrochemical studies have shown the formation of the binuclear anionic 
species from neutral mononuclear complexes via an ECE mechanism (11) 
[54] (cf. Section F(ii)). 

? i 
CPr;ln(CO), 

CpYC0)2 
AN 

2 
0 \ 1 

N 

r corn J dis 

Several other examples involving weakly basic and potentially binucleat- 
ing ligands such as the 2,1,3-benzochalcogenadiazoles 7 [55] or 
terephthalonitrile 8 [3] have exhibited similar behaviour. Persistent binuclear 
metal carbonyl anion radical complexes were obtained in cases when neutral 
counterparts could not be isolated at all [55,56]. Even more impressive is the 
observation that phenazine 9 and 2-methyl-1,2,3-benzotriazole 10 form 
binuclear anion radical complexes with pentacarbonyl-molybdenum and 
-tungsten fragments [56,57] while the neutral ligands do not show any 
evidence for coordination with these metal species, presumably because of 
steric hindrance [56]; all these examples illustrate the vast increase in CT 
donor strength on one-electron reduction, i.e. anion radical formation. 

/ a /N\X 
X = O,S,Se 

\ ---N’ 

7 

/ AN\ a \ ‘N’ 
N-U-l3 



The additional nucleophilicity of reduced n acceptor ligands must also be 
considered as one of the essential factors for the lack of photodissociation in 
MLCT excited states (3) [ll-131, complexes of this kind could not function 
as effective electron transfer photocatalysts [Ill without such superior 
coordinative stability. 

D. FORMATION OF ANION RADICAL COMPLEXES 

Although transition metal complexes of anion radicals may be formed 
similarly as the paramagnetic free ligands, there are a number of additional 
interesting mechanisms available to obtain the coordinated species: the 
“electron transfer” reactions which can lead to the formation of anion 
radical complexes have received increasing attention in recent years [10,36]. 

fi) Redox reactions of complexes 

Anion radical complexes may be obtained from even-electron precursors 
by redox processes at an electrode or involving chemical reagents. Reduc- 
tion, for example, may be accomplished by using a cathode or electroposi- 
tive metals (12, route a) [58]: 

M(CO) b b 

-co 

A = TT; acceptor group 

(12) 

In some instances, less potent chemical reductands such as cobaltocene 
(E,, = - 0.8 V vs. S.C.E.) may suffice; this reagent has gained popularity 
[59] because the resulting cobaltocinium ion represents a large, stable and 
diamagnetic counter-ion. A mild reductand such as Cp,Co can often be 
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employed since many anion radical complexes are formed at much more 
positive reduction potentials than their free ligand counterparts (Section D, 
ii); in some cases such as in the 2,1,3_thiadiazole (td) compound series, a 
binuclear anion radical complex 13 is persistent at room temperature while 
the ligand radical anion 12 is not [60]! 

M(CO) 5 

/ 

s- 
\ 

(13) 
M(W) 5 

12 13,M=W 

Oxidative processes to yield anion radical complexes have often involved the 
electron rich catecholate complexes. Some of the earliest examples were 
reported by Balch [61]: 

14 

M = Ru",Rh"' ,Ir '=,Pd II,Pt= 

L = CO, PR 3 , CI 

(ii) C oor ma d’ ti on of “free” anion radicals 

In contrast to route (i), this reaction sequence implies a reversal of 
coordination and redox processes, i.e., a preformed anion radical undergoes 
coordination as any other ligand. Such a reaction sequence is not only 
convenient in those cases where the anion radical is stable as a salt such as 
K+ 02, this route may also work well in situ because anion radicals are 
strong nucleophiles and may even activate substitutionally stable 
species by electron transfer (4) [19,57] as shown in (12, route b) [58]. 

metal 

(iii) Photochemical generation 

Intramolecular electron transfer within a preformed charge transfer 
(MLCT) complex [lo] or intermolecular electron transfer between photogen- 
erated metal radicals and the even electron ligand [27] are the two main 
routes by which irradation can produce anion radicals and their coordina- 
tion compounds (eqns. 15,16). 
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6+ 6- 

L,MX + A ----_)(L,,MX) (A) 
-X' 

CT complex 

precursor & (L"M)' > 

(L,M+) (A') 

A 

(151 

The latter mechanism, often referred to as “spin-trapping” forming “spin 
adducts”, has been proposed for a large number of radical complex-forming 
reactions even though the intermediates L,M ’ have rarely been observed 
directly [27,62-641. Attention is directed to the first alternative which, 
nevertheless, may require the dissociation of a radical X * during an “escape” 
process [36] for balance of spin. Whereas most main group organometallics 
used in such reactions contain electron-rich metal-carbon or metal-hydro- 
gen bonds [36], the electron-rich transition metal compounds necessary 
usually contain carbonyl ligands, and, quite often, metal-metal bonds 
[62-641. For instance, the discussion on the mechanism of photolysis of 

%(CO),,~ M = Mn, Re [65], has triggered quite a number of studies on 
neutral anion radical complexes 15 as products of “spin-trapping” 
[62-64,113,114,208,209]. 

M2(CO)10 + z/--l 
Y Y 

hv ~ 2 m 

-2 co y\;,y 

M = Mn, Re; Y = NR,O, s 
&, 

15 

(16) 

(iv) Thermal electron transfer between closed-shell species 

Electron transfer between electron rich metal fragments and electron poor 
ligands may be brought about not only photochemically but also thermally, 
if the reactands are sufficiently reactive in their ground states. Since most 
radical complexes are not very persistent at higher temperatures, “ thermally” 
usually refers to ambient temperatures or even below, in the absence of any 
other activation. Most such reactions described have involved main group 
organometallics 1361. However, low-valent transition metal compounds such 
as the carbonyl dimers of group 6 metals (eqn. 12, route c) [58] or of group 7 
and 9 metals can also be used with sufficiently ‘TT electron deficient ligands 
[40]. These reactions may be alternatively described as single-electron oxida- 
tive additions, other representative examples are the formation of the 
1,2-semiquinone complex 16 [66a] or the addition of an electron-rich [21] 
metal carbonyl fragment to tetracyanoethylene, TCNEI (17) which leads to 
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an antiferromagnetically coupled TCNE~/l.s. Mn” complex via a rarely 
observed single one-electron oxidative addition [66b]. 

(bpy)Cr"(c0)4 + 2 Q' - (bpy)Cr"'(Sd) (Cat') 

16 SQ’ = 63 

TCNE + (THF)M&(C0)2 - C(TCNE') (+iw1'cp(c0)2)i a.f.c. 07) 
- THF 

- 3 T/' (THF)mCp(C0)2 

E. SURVEY OF ANION RADICAL LIGANDS AND OF THEIR COMPLEXES 

The following section gives a survey of typical anion radical complexes, 
organized according to the kind of coordinating centers at the radical ligand. 
Although MLCT excited states of coordination compounds may be for- 
mulated as containing anion radical ligands (eqn. 3) and anion radical 
complexes may often be formed during electrochemical studies, only well- 
characterized ground state complexes will be presented and discussed here. 

(i) Carbon ligands 

Carbon ligands may coordinate to transition metal fragments in 7~ or u 
fashion, regardless of their spin state. As concerns anion radical complexes, 
polyhapto coordination may occur in sandwich and “half-sandwich” 
pounds [67-781 such as 17-21, 

com- 

d’ ‘I \ 
-7 
Cf- _- 0 \ / 

18 

T _; 
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in which the cyclic sandwich “buns” are sufficiently 7~ electron deficient, 
either by themselves (17,18) or by 7~ acceptor substitution (19-21) in order 
to allow a ligand centered reduction_ Nevertheless, 17 and 18 still show 
substantial metal character of the singly occupied MO as evident from EPR 
[67,70]. Simple olefins are apparently less suitable to serve as genuine anion 
radical ligands; olefin iron carbonyl ‘<anion radicals” as reported by Krusic 
and San Filippo, Jr. and oth.ers must be regarded as metal centered para- 
magnetic species [20] (see, however, eqn. 17). 

In this context, it should be called to mind that alkali metal “ion pairs” 
are observed with benzene (22) [79] and many other aromatic anion radicals 
[80,81], species that may also be described as fluxional “half-sandwich” 7~ 
complexes. Anion radical complexes which are u coordinated through a 

MS 

<&> Mf = Li',Na+,K+,Rb+,Cs+ 

22 

carbon center are less frequent, even though such centers should by very 
basic; prominent examples are the reduced aromatic carbene complexes 23 
[82,83]. Aromatic isonitriles form anion radicals [84], are good 7~ acceptor 

(OU5M=C 
,Phl' 

'R 

M = Cr, MO, W 

R = Ph, OR 

23 

ligands and should, therefore, also belong to this ligand category. The first 
examples (24) of isonitrile radical complexes (though not involving anion 
radicals) have been described only recently [85]. Related to 24 are the 

1’ M~s~C-NEC-M(CO)~ M = cr, W 
Mes = mesityl 

24 

complexes 25 [86] which may be described as acyl radicals coordinated to 
diamagnetic metal fragments via the acyl carbon atom. These species display 
a spin distribution very similar to that in corresponding ketyl anion radicals. 

A‘ 
tOC)5M-C 

'R 

M = Cr, w 
R = alkyl, aryl 

25 
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(ii) Nitrogen ligands 

The number of anion radical ligands coordinating through nitrogen atoms 
is quite large, due to the variety of nitrogen ligands available. These ligands 
generally coordinate via the unshared electron pairs at the nitrogen centers, 
and the fact that this element occurs predominantly as the isotope 14N with 
a nuclear spin of I = 1 has greatly facilitated the identification of anion 
radical complexes by EPR. 

Most nitrogen containing anion radical ligands contain imine nitrogen 
centers X=N<, where X may not only be C (azomethines) but also N (azo 
compounds) [87] or S(Se) (sulfur-, selenium diimines) [55] such as in 7’, 26 
or 27. 

26 27 

Among the azomethine systems, the chelating bidentate cll-diimine ligands 
28, Y = NR, take a special position; these ligands may also involve aromatic 

28 

heterocyclic rings such as in the well-known 2,2’-bipyridine anion radical 
[30]: 

29 (by’) 

Just as with the related 1,2-dicarbonyl (28, Y = 0) and 1,2-dithiolene 
systems (28, Y = S), there are numerous transition metal complexes contain- 
ing one, two or three bpy’ ligands [30,32,49]. Although not always recog- 
nized as such in the beginning (“zerovalent metal complexes M(bpy),” 
[49,50]), these compounds have become of wide interest in connection with 
their unusual photo- and electro-chemistry [11,30,32]. As in some other cases 
described here, the identity of such a ligand as anion radical is not always 
easy to prove; bpy containing complexes such as 30 [SS] or 31 [89] exhibit 
substantial yet still partial transfer of charge to the ligand in the ground 
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state as is evident from spectroscopic and structural studies. 

-1 
*II -700 cm 

CP.p owt,) ____c "@2p2Ti111(bpy')I 

30 

c- 

(iPrO)zM:(b;y)2 

31 

Many other a-diimine ligand anion radical systems may be constructed 
[87,90] by combining X=N\ building blocks such as 

\ ’ ,C=N I N=N 
/ 

Anion radicals of l,lO-phenanthrolines 32 [91,92] and o-semiquinonedii- 
mines 33 [93-951 derived from o-semiquinones (eqn. 6) are also excellent 
paramagnetic chelate ligands. - - - c-Q2 \ I;:; / 

R / lN a \ qN 
R 

32 Cphen’) 33 

Complexes involving a single bpy, phen, or 1,4_diazabutadiene (28, Y = 
NR, R = alkyl, aryl) anion radical ligand were reported with several in- 
organic [96-981 and main group organometallic ions [91,99,100] and with 
the following transition metal fragments: M(CO),, M = Cr, MO, W 
[92,101-1071; Fe(NO), [108,109]; Co(CO)(NO) [log]; Mo(CO).(PR,),_.. 
n = 2, 3 [llO]; +M(diene), M = Rh, Ir [111,112]; +M(C0)4, M = Mn, Re 
[64,113]; +Mn(CO),Mn(CO), [114]. More 7~ electron deficient a-diimines 
may also form localized anion radical complexes with [Ru(bpy),]‘+, this 
fragment [115-1171 as well as the group 6 tetracarbonyls [87,90,118,119] and 
their phosphane substituted derivatives [19,119,120] have been studied in 
mono- or bi-nuclear coordination with anion radicals of the following 
a-diirnines: N, N’-di’butylsulfurdiimine 34 [117,118], 3,3’-bipyridazine 35, 
4,4’-bipyrimidine 36, 2,2’-bipyrazine 37 [90], ( p-)2,2’-bipyrimidine 38 [19], 
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p-2,5-bis(2-pyridyl)pyrazine 39, and ~-3,6-bis(2-pyridyl)-1,2P4,5-tetrazine 40 
[S7,119]; a similar system containing three nitrogen atoms in the chelate 
arrangement (28) is p-azo-2,2’-bipyridine 41 [87]. 

34 35 36 

37 38 

The replacement of both carbon centers in the a-diimine configuration 
(28, Y = NR) by nitrogen leads to the very r electron deficient tetraazabu- 
tadiene ligands [121,122], however, paramagnetic anionic complexes such as 
42 were clearIy characterized by EPR as 19 electron metal-centered species 
[121]. In a localized description, this result strongly suggests a dominating 
resonance structure B which involves the doubly reduced form of the ligand 
(cf. structural studies) [122], yet there seems to be a higher degreee of orbital 
mixing here than in ordinary a-diimine complexes [121]. 

N-N 1- 
RI! ‘\NR 

/“=y 1- 

‘CY - 
RN 

l&R 

CP CP 

42A 42B 

Besides the chelating systems, there are a number of monodentate anion 
radical ligands known which contain nitrogen coordination sites. These 
include stabilized pyridine (43) [58] or diazoalkane anion radicals 44 [ 1231 
and reduced IV-alkyl pyrazinium species 45 [124], however, most persistent 
seem to be binuclear transition metal complexes with bridging, doubly 
monodentate anion radical ligands such as reduced pyrazine 46 [57], 
quinoxaline 47 [57], phenazine 9; [57,125,126], 4,4’-bipyridine 48 [57], 
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CL-4,4’-bipyrimidine 49 [90], 1,2-bis(4-pyridyl)ethene 50 [57], 2,1,3-thiadiazole 
12 [60], or 2,1,3-benzochalcogenadiazoles 7; [55]. 

46 

44 

N al = I -;> 
N 

47 48 

49 50 

Imine nitrogen centers are also present in macrocyclic radical complexes 
such as 51 [127] or in porphyrin [128] and phthalocyanine radical ions [129]. 

M = Ni 

51 

It should be noted that phthalocyanine and porphyrin radical cations such 
as [(TPP)Zn] t or chlorophyll t may properly be regarded as complexes 
between diamagnetic ions and the anion radicals of doubly oxidized and 
deprotonated (dehydrogenated) species such as 52 and 53 (eqn. 18); the 
porphyrin 7~ radicals and their biochemically relevant derivatives have been 
treated in detail elsewhere [128,130] and shall not be further discussed here. 
In multi-center 7r systems such as in the phthalocyanines and their com- 
plexes, the density of orbitals and excited states becomes quite high and 
comparative studies have proven useful to assign individual species as anion 
radical complexes [129]. 
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+ (L,M)'+ 
Pn +e_ Pn' + 

A [Pn(ML,,)I* (18) 
Pn = 52,53 

Nitrogen-containing anion radicals can also be obtained from unsaturated 
nitriles such as terephthalonitrile 8 [3] or tetracyanoethylene, TCNE 
[131-1331; N-coordinated transition metal complexes such as 54 or 55 have 
been detected by EPR [3,131] while other systems such as (eqn. 17) [66b] or 
[(TCNE’)(Cp,XV’V)], X = halogen, [132] represent antiferromagnetically 
coupled S = 1/2/S = l/2 species (Section F(i)). 

Cp~(CO)2 

N 
III 
C 

(L,M+)(TCNE7) = 

L,M' 

E 

“: 
CpMn(CO)2 

54 

55 

L,M = Cp(C0)3Cr' 
Cp (CO) 3Mo= 

CpKO)2Fen 

(C0)5Mn1 

Spin-trapping nitroso aromatics may also undergo facile reduction to 
anion radicals [134], and the complexes 56 [135] may be described as 

mn ="Mo(CO)$p 

.,ol l 
Arq = 

p1' 

‘mn 

Ar-N' 
'Fe(C0)2Cp 

Y+ML, 1 
1wco)5 

1Re(C0)5 

56 1CO(C0)3P(OR)3 

nitrosoaroniatic anion radicals which coordinate to cationic diamagnetic d4, 
d 6, or d8 metal fragments via the N atom. 
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Finally, nitrogen coordination centers in anion radical complexes may 
also occur in combination with oxygen “supporting” centers; among the few 
examples are flavin (57) [42], 2-thienyl-2-thiazolyl ketone (58) [136], and 
binuclear 4,7-phenanthroline-5,Gdione anion radical complexes (59) [137]. 

C-L ” c_ s 
5 6’:: I 0 -0 \IYN 

Mntco)4 

58 

59 

(iii) Oxygen Zigunds 

Of the oxygen-containing anion radicals, the superoxo ligand, 0; [6,138], 
deserves the first mention (transition metal complexes of the related N; 
ligand have not yet been described although they might be involved as one 
of the first conceivable intermediates in metal-supported nitrogen fixation! 
[139]). Superoxide 0; (pK,,+ = 4.5) forms several mono- and bi-nuclear 
complexes such as 60 or 61 with electrophilic transition metal fragments 
[138]. Some of these species are of biochemical relevance in relation to the 
oxyheme problem (Fe”‘/O; vs. Fe”/‘O, * FelV/Oim [6,138]) and to the 
generation and fate of superoxide ion in living systems 11401. The diatomic 

6: (S.B.)(D)(O;) [ ( NH,)i;g(p-o~)~~(~~~)~]5+ 

60 61 
S.B. = dianionic quadridentate Schiff base; D = neutral donor 

nature of this ligand allows for relatively straightforward assignment of its 
oxidation state in the complex because of very characteristic “fingerprint” 
O-O-stretching frequencies and bond lengths [6,138]. Although similar such 
approaches have been used for SQ [22] and bpy’ [89] complexes (Section F, 
iv), the significance of such information for the actual charge distribution 



207 

has been critically discussed [5]. There are, however, some paramagnetic 
superoxide complexes such as 61 for which EPR results allow a more reliable 
characterization [141] of the electronic structure [142]. 

1,2-Semiquinone (SQ) or, more general, 1,2-semidione (cw-diketone anion 
radical) complexes also have some biochemical relevance [143,144] since the 
catechole moiety is a widely occuring constituent of biological systems; 
1,2+emidiones and -quinones have been employed as ligands in alkylated, 
arylated, halogenated, or benzannelated forms (62-65, eqn. 6) [22,26-291. 

The number of SQ transition metal compounds is very large because of 
the very facile reduction of ortho-quinones (E,, = -0.5 V vs. SCE), the 
large comproportionation constants (67) of SQ (K,,, 2: 1013 [145]), and the 
advantageous five membered ring chelate situation (28); many such com- 
plexes have been reviewed in recent years [22,26-291. 

62 63 64 65 

In addition to the examples already given (5,14- 16), the following rundown 
gives an impression of the oxidation states of transition metal fragments 
which can coordinate to single 1,Zsemidione and -quinone ligands: solvated 
inorganic do and dl’ metal ions such as Sc3+, Y3+, La3+, Zn2+, and Cd2+ 
[143,146]; inorganic and organometallic fragments containing Tin’ [147] and 
ZrIV [148], V”’ [149], Cr”’ [66a], MO“ and W” [150], Mov’ [229], Mn’ and 
Ret [62-64,136,151-1551, Fe”* [144] and Ru” [42,61,156-1581, Cd” 
[144,148,152,159-1631, Rhul [61,164,165] and Ir”’ [61], Ni” [166], Pd” 
[61,167] and Pt” [61,168], Cu’ [169,170] and Cu” [171,172], Ag’ [170], Hg” 
[173] and Uvl [174] metal centers. Although most metal fragments in this list 
are diamagnetic, there are some cases where paramagnetic transition metals 
coordinate to SQ ligands and strong spin-spin interaction results (Section 
F(i)) [66,144,149,171,172]. This list is also representative for the kinds of 
transition metal fragments that may coordinate to anion radical ligands; 
however, not all of these fragments are sufficiently inert to survive the 
coordination to more reducing ligands such as most of the cu-diimine anion 
radicals. 

Just as the cr-din-nine anion radicals, the 1,2-semi-diones and -quinones 
may form complexes which contain two or three such ligands (3) in either of 
the three redox states (eqn. 6), the possibility of electron transfer between 
the components of such complexes often creates a situation in which the 
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correct assignment of oxidation states is not easy [22,23]. The delicate 
balance between two electronic structures because of internal electron trans- 
fer is nicely illustrated by the copper complexes 66 [171,172,175] and 67 
[169,170] where phosphane or other ?T acid coordination to the copper center 
in 67 stabilizes the lower valent metal oxidation state and leaves the 
catecholate ligand to be oxidized to the anion radical form [169,170]. A 
remarkable, reversible valence isomerization has been reported for the 
manganese complex 68 which exhibits a temperature dependent equilibrium 
between two electron 
containing SQ ligands 

transfer related species 68A and 68B, the former 
[175]. Although obviously close in energy, the metal 

66 N, = bpy , phen ,en 67 P, = diphos,(PPh3)2 

68A 68B 

and ligand levels retain most of their character in such complexes; much 
stronger mixing of orbitals occurs in the formally analogous sulfur systems 
(see below). 

1,2,3_Triketones should be even more a electron deficient than 1,2-diketo 
compounds. Anion radicals of cyclic species such as ninhydrin 69 [136,176], 
alloxan 70 [176] or dehydroascorbic acid 71 [177,178] have indeed been used 
as ligands, mostly for closed shell ions such as Zn’+, Cd”, or R,Tl+ 
[176,177], but also for manganese carbonyl derivatives [136]. Ligands such as 
69 and 70 offer more than one equivalent coordination site and have been 
designated by von Zelewsky as “alterdentate” [179]. 

69 70 71 

Increase of the chelate ring size from 5 to 6 and 7 leads to paramagnetic 
ligands such as 72 [ 1801, 73 [181], and 74 [ 1821 which have been observed to 
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form main group metal complexes; note that 72 and 73 are dianion radicals. 

72 73 74 

Less common than the cu-semidione species are complexes of simple ketyls 
or 1,4_semiquinones (6) [29,178,183,184,187a,c]; in the absence of chelate 
stabilization, these rather poor nucleophiles (pK,,+ -C 5) [185,186] do not 
form stable complexes with moderately electrophilic metal fragments. Strong 
electrophiles, on the other hand, are often reduced by these anion radicals or 
form hydroquinone dianion-bridged dimers [187a]. It should be noted at this 
point that 1,6seminone coordination compounds may have some bio- 
chemical relevance: it is assumed that pheophytin, the primary electron 
acceptor in bacterial photosynthesis, transfers the electron to a center which 
contains redox-active p-quinones and iron in close proximity [187b]; the use 
of a sterically hindered 1,4-quinone has recently allowed the first characteri- 
zation of a mononuclear high-spin iron(III) complex with a 1,4-semiquinone 
[187a]. Also related to photosynthesis is the hypothesis [187c] that 1,4-semi- 

S.B. dianionic quadridentate Schiff base 

quinones might serve as bridging ligands between the manganese centers in 
O,-releasing enzymes in chloroplasts; a model compound, apparently con- 
sisting of two high-spin Mn” centers and four 2-acetyl-1,6semiquinones, has 
been related to the water oxidizing enzyme because of qualitatively analo- 
gous magnetic behaviour [ 187~1. 

Reduced nitroaromatics, a very important class of anion radicals, are also 
potential ligands for metal electrophiles; although most known examples 
involve alkali metal “ion pairs” [81], there have been reports on transition 
metal complexes as well [188]: 

(R-NOZ’) (+MLJ = R-N@ ML n n = Mn(CO)4_nLn 

75 
L = group 15 donor 
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(iv) Phosphorus ligands 

Although there are a number of coordination compounds of reduced aryl 
phosphanes such as 76 [189], these anion radical ligands are too reducing to 
accommodate even low-valent transition metal fragments [190]. However, 

X = BR 3, AlR3, R+, 
NR, 0, S, Se 

76 

Fenske and coworkers have developed a system (77) which contains an ideal 
combination of ?T acceptor functionality (keto groups) and five membered 
ring chelate coordination, offered by two 7~ conjugating phosphorus centers 
[191]. 

77 

x = 0, S, CH2 or NR 

L,M = (CO)2CpMon 

(CO) lMnl 

(co13co* 

(PPh+LPd' 

(PPh3lCld 

Synthesis via route D(iv) and structural characterization (5) of the para- 
magnetic complexes 77 clearly showed that they consist of anion radical 
ligands coordinated to diamagnetic (d 6, d ‘, dlO) transition metal fragments 
[40,192-1993. Modification of the group X has turned out to be an effective 
way to change the properties and the reactivity (Section G) of these 
unusually stable complexes. 

(v) Sulfur ligands 

Although elemental sulfur forms a fairly stable anion radical, S,; , which 
can coordinate to chloroaluminium compounds [200], no transition metal 
complexes of this species have yet been described. Main group metal 
complexes are formed by some aromatic thioketyls [201]. However, the 
majority of sulfur-containing anion radical complexes involve a chelate 
situation such as in paramagnetic 1,2-dithiolene (dt) species (28, X = S) 
[33,34]. Unfortunately, the characteristic behavior of sulfur donor centers is 
to interact very strongly with 7~ systems [218] and to act as strong 
nucleophiles towards transition metals so that extensive mixing of metal and 
ligand orbitals occurs [202,203]; the often resulting lack of unambiguous 
spectroscopic information makes it very difficult to establish the anion 
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(20) 

radical character of a coordinated ligand. Since almost all complexes of this 
kind contain two or three such ligands [33,34] and there are only a few [204], 
and less pertinent, free 1,2-dithiosemidiones available for comparison, the 
localized description implied in the term “ anion radical complex” (Section 
A) can indeed become meaningless. 

1,2-Dithiolene and the related dithiocarbamate complexes have been 
extensively reviewed [33-35,202a]. Two of the few obvious examples of 
ligand-centered paramagnetic species in this class are the compounds 78 and 
79 [205,206] for which the absence of the usually huge [205] 185J87Re 
coupling in the EPR spectrum strongly suggests the localization of spin 
somewhere at the ligands. The possibility of long-range interligand interac- 
tion between sulfur atoms in such poly(dithiolene) complexes must be 
considered [205] because of structural evidence [206,207]. 

78 79 

Better conditions to identify paramagnetic species as anion radical com- 
plexes exist in some six membered chelate compounds with sulfur coordina- 
tion centers; the species 80 which contain the bis(ethoxythiocarbony1) sulfide 
anion radical ligand were formed photolytically in a similar fashion to 
1,2-semidione analogues (16) [208,209]. 

CvH2° 
\ 

C,\ 
/II 
S$:_~"Ln 

/- 
CH3CH20 

ML, = 'MII(CO)~ 
hn (CO) XL 
nMoCP[C0)2 

L = group 15 donor 

80 

F. SPECTROSCOPY AND STRUCTURE 

(i) Magnetic resonance and magnetism 

Electronic paramagnetic resonance (EPR) is the predominant spectro- 
scopic method for identification and characterization of paramagnetic species 
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with S = l/2. This spin state is usually a result of coordination of one anion 
radical ligand to a diamagnetic transition metal fragment; however, it may 
also be the net result in magnetically coupled systems such as V(SQ), where 
two SQ ligands couple antiferromagnetically with the Vu* (d’) ion and leave 
one uncoupled SQ “free” with S = l/2 [I 491. 

In general, anion radical complexes can be distinguished by EPR from 
metal-centered paramagnetic species because they should exhibit the typical 
EPR features of 7~ radical ions [80,210]: 

(a) Single lines should be relatively sharp (“natural” linewidth ( 0.04 
mT) in the absence of special broadening effects such as exchange processes. 
Remarkable examples of this resolution are the systems (P-L)[M(CO)~]~, 
M = MO, W; L = 45-50, where the linewidths are - 0.01 mT (MO) and 
- 0.02 mT (W); despite the presence of two heavy metal centers with their 
large spin-orbit coupling constants (see below), the lines are sufficiently 
sharp to allow detection of metal isotope and even 13C(CO) hyperfine 
splitting in non-enriched material [57]. Of course, the appearance of an EPR 
spectrum of an anion radical complex may be severely affected by unre- 
solved, overlapping hyperfine structure due to low symmetry or by inter- 
acting nuclei in the metal fragment; in unfortunate cases such as for many 
ruthenium(I1) complexes of a-diimines, the net result can be a totally 
unresolved EPR signal [115-117,211-2141. 

(b) The hyperfine splitting of the anion radical ligand usually shows only 
gradual change on metal fragment coordination, unless orbital reversal takes 
place upon coordination [215]. Those small, yet characteristic changes in the 
spin distribution may, however, provide some valuable information on the 
extent of perturbation imposed upon the radical ligand by different meta 
species. The effect of coordination has been successfully correlated with 
Hiickel MO perturbation calculations in many instances [19,55-58,60,87,90, 
91,99.124,216], the HMO calculation procedure still being a superior method 
for determining 71 spin populations in planar 71 radicals [SO]. Within this 
approach, the effect of metal u coordination to a 7~ system can be described 
as an increase of effective nuclear charge (or electronegativity) at the 
coordinating center(s) which, incidentally, also lowers the orbital energies 
(for reduction!) of the system; strong electrophiles and especially positively 
charged species cause the largest such perturbations [99]. 

The spin densities at the coordinating centers as measured by EPR are of 
more than just special interest because they should correlate with the 
increase of ligand nucleophilicity in the reduced or MLCT excited state of 
the parent complexes [45]; a surprisingly large number of experimental 
properties such as energies, absorbance, band half-widths, and solvatoch- 
romic response of MLCT absorption bands as well as lifetimes of MLCT 
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excited states seem to be directly correlated to this increase in ligand u 
donor strength and, indirectly, to the spin density at the coordinating 
centers of the anion radical ligand systems [45,217]. 

(c) Additional hyperfine interaction of the unpaired electron with nuclei 
in the coordinated metal fragment(s) can take place via established spin 
transfer mechanisms such as a/r spin polarization (eqn. 21) or u/r hyper- 
conjugation (eqn. 22) [80,120]. Both mechanisms have been shown to oper- 
ate in metal carbonyl complexes of anion radicals [87] and in substitution 
products which involve r-accepting [218] organophosphorus and -arsenic 
groups [19,61,136,155,219]. The magnitude of this additional hyperfine inter- 

0 1 

E-iA 

01 
O/T spin polarization 

a(M) = c) * p'(E) 

a : ESR coupling constant 
il 

P : T spin population 

E-M O/T hyperconjugation 

a(L) = B. + 3 * P'lE) * cos2(0) 

cl : dihedral angle between T orbital 

at center E and M-L o bond 

(21) 

(22) 

So, Br, 0: constants 

action may vary; coupling constants of the directly coordinated metal atoms 
(cw to the 7~ center) usually range between 0.1 and 1% of the isotropic 
hyperfine coupling constant A iS0 (unpaired electron exclusively in the ns 
orbital [1]), which corresponds to about l/10 or less of the usual splitting in 
metal-centered paramagnetic species (d”) [210]. 

The translation of 7~ spin density p” into metal isotope coupling aM is 
assumed to occur via o/r spin polarization as in hydrocarbon 7~ radicals 
[80,210], leading to a McConnell-type [87] equation (21), where Q is a 
constant. 

The small metal coupling in anion radical complexes can be hard to 
detect experimentally if isotopes with non-zero nuclear spin are present only 
in low natural abundance. Double coordination of transition metal frag- 
ments to centers with high 7~ spin density such as in 40 creates optimal 
conditions to observe this metal interaction because there are two equivalent 
metal coordination sites available which cause high satellite line intensities 
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in binuclear complexes for statistical reasons (eqn. 23), because the EPR 
spectra have comparatively few, widely spaced lines resulting from 14N 
splitting, and because the spin density at the coordinating nitrogen centers is 
high due to the localization of spin at only four r centers [87,116]. 

(23) 

W = probability of the isotope combination; Y = number of the different 
groups of nuclei; p, = relative abundance of the isotope; m = total number 
of equivalent nuclei in one group; n = number of isotopes with the relative 
abundance p,_ 

Coupling constants of hyperconjugatively affected (p) centers can be 
quite large, as e.g. in anion radical complexes of P-ligand substituted metal 
carbonyls 81 or 82 [19,61,63,64,110,136,150,153-155,218], where steric ef- 
fects induce conformations for optimal ~T/u~_ p hyperconjugation (eqn. 
(22): cos2(6) = 1). 

+ 2PfOEt) _2 QD = 0.766 mT 

co co 

P(OEt)3 
‘c&3,+,, 1 ,,,,*CO 

. ‘Mn /CL04 1: 1 bco ap = 2.70 mT 

P(OW3 

81 - 

ElU3P 
(OC&M 

82 M = Mo,W 

A similar interpretation can be given for the I3 C coupling of the cis-carbonyls 
in (~_1-L)[M(CO),],, M = MO, W; L = 46’, 48’ [57] or 80 [208,209] and for 
the unresolved 14N sph tting which is apparently responsible for the broad 
lines in anion radical complexes of the [Ru(bpy),]‘+ fragment [116,117,211]. 

(d) The isotropic g values of anion radical complexes, the “chemical 
shifts”, are a very useful source of information concerning the electronic 
structure of the complex. Deviations of g from the free electron value of 
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g, = 2.0023 m ay be attributed to the admixture of higher excited states to 
the (doublet) radical ground state. According to a first approximation 
[1,220,221], g = g, + Ag can be expressed as a function of the spin-orbit 
coupling constants Sk of the participating atoms and of the energy .dif- 
ferences E, - E,, between the singly occupied molecular orbital (E,) and the 
other completely occupied or unoccupied MOs (E,: see eqn. (24) and the 
scheme shown in (25); L: angular momentum operator). 

Since the energy differences are in the denominator of eqn. (24), only the 
neighbouring levels need be considered as contributing significantly to Ag, 
however, there are two alternatives regarding its sign: 

t 

d- ’ -+ 
1 +I- -t-t 

(25) 

A B 

For dominating E,, < E, (case A), g becomes larger than g, = 2.0023, 
whereas for dominating E, > E,, (case B), g decreases relative to g, [220,221]. 

Although these effects are most conspicuous for paramagnetic transition 
metal ions [l] such as d9 systems (case A, g > g,) or d’ systems (case B, 
g < g,) where the difference between d levels is much smaller than the gap 
between d orbitals and the next filled or unfilled s or p levels, this approach 
may also be employed using eqn. (24) for transition metal complexes of 
anion radicals with their delocalized ?r systems [3,19,54,87,90,117]. 

Anion radical complexes of transition metal fragments usually display 
rather small deviations of giso from g, ( Ag G f 0.02) because the spin is 
delocalized mainly over light atoms with small spin orbit coupling factors S. 
However, the characteristic changes on going from the ligand anion radical 
to the complexes can provide valuable information on the electronic struc- 
ture, i.e. orbital ordering, of those compounds. For instance, most tungsten 
carbonyl complexes of anion radical ligands have g(W-complex) > g, be- 
cause SW0 is rather large (2089 cm-‘) and the typical situation in such 
species is as in (25, A), i.e. a large SOMO/LUMO (Ir/dm*) gap [19,87]. 

There are, however, several cases where the latter relation is reversed 
because of the presence of a low-lying unoccupied level [19]; two such 
classes of compounds involve the ( $-C5R5)(CO)2Mn1 [3,54] and 
[(bpy),Ru”]*+ fragments [115-117,211-2133 where photochemical and pho- 
tophysical results are supported by this interpretation [14-16,222]. Vice 
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versa, the low g value of an anion radical complex may then be taken as 
strong indication for at least one excited state close to the MLCT excited 
state of the non-reduced precursor complex (25 B): comparative studies on a 
series of compounds even suggest a relative spacing between the participat- 
ing levels [117]. 

(e) The g anisotropy in the EPR spectra of transition metal complexes 
with anion radical ligands is generally small, even in species which contain 
heavy metal centers [211-2131; once more, this is a result of the spin 
delocalization in the ligand 7~ system with little or no contribution from 
metal d orbitals. 

The typical EPR characteristics of anion radical complexes as outlined 
here should be taken as strongly indicative for that formulation. However, 
there are also metal-centered paramagnetic species which exhibit, for exam- 
ple, rather sharp lines, superhyperfine coupling of coordinating atoms [223], 
small isotropic metal hyperfine coupling [224], or giao - g, [l]. As a caveat, 
all of the above required properties must be displayed by an anion radical 
complex proper. 

EPR line broadening effects may occur in anion radical complexes such 
as VWwM+ = [Ru”(bm~Ww),l+ which offer several equivalent coor- 
dination sites for one unpaired electron so that spin migration may occur on 
the EPR time scale of lop6 - lo-’ s (see below) [211,27 21; more frequently, 
however, the EPR hyperfine structure of anion radical complexes is insuffi- 
ciently resolved because of a large number of overlapping lines [116,117]. In 
those cases, the spin distribution is accessible by more intricate spectro- 
scopic methods such as Electron Nuclear Double Resonance (ENDOR) 
[202c,225], NMR of paramagnetic molecules [214,226], or high quality X-ray 
diffraction and subsequent electron deformation density (EDD) determina- 
tion in the solid state [227,228]. 

In anion radical complexes with S > l/2, the spin-spin interaction can 
be studied by triplet EPR spectroscopy [210] (weak interaction) and by 
measurement of temperature-dependent magnetism. The latter technique has 
been applied to complexes with more than one anion radical ligand and to 
species which contain a paramagnetic metal center antiferromagnetically 
coupled to the anion radical ligand(s) [144,149]. The combination of EPR 
and magnetic measurements is particularly useful in the study of complexes 
which contain several paramagnetic components. Hendrickson and co- 
workers have shown that rather strong metal/SQ interactions are operating 
in species 83-85 [144] whereas the tris-compounds 86 and 87 exhibit a 
distinct temperature-dependent paramagnetism due to contributions from 
higher spin states, resulting from relatively weak intramolecular antiferro- 
magnetic interactions [149]. Even the related molybdenum complex 88 
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displays some remaining paramagnetism (indicating some SQ contribution) 
[229] although, in general, the heavier transition metals tend to form 
catecholate complexes on oxidative addition of 1,2-quinones 1221. 

Fe( salen) (SQ’ ) S = 2 (h.s. Fe”‘/a.f.c./SQ’) 
a3 

Mn( salen) (SQ' ) S = 3/2 (h.s. MnI”/a.f.c./SQ’) 
a4 

Co( salen) (SQ' ) S = l/2 (1.~. Coln/a.f.c./SQ’) 
85 

SQ’ = 63; salen: HC=N N=CH 

\ / 

Cr”‘(SQ”)3 Fe”’ (SQ “’ )j MoV( SQ “’ ) (Cat “’ )* 
86, SQ” = 64 87, SQ “’ = 65 88 
a.f.c.: antiferromagnetically coupled 

As a curiosity and a caveat it may be noted that transition metal 
complexes of anion radical complexes can exhibit EPR features which 
clearly indicate the localization of the unpaired electron at the metal center 
as a result of antiferromagnetic coupling; some examples [230,231] and their 
correct formulation are given below, 

[Ti(bpy),l - = Tir(bpy:),(bpy) S = 1/2(metal_centered) 

ICr(::Y),l+ = Crn1(bpy;)2(bpy) S = 1/2(meta&centered) 

[Cr(S:‘)31 + = Crn’(SQ’)2(Q’) S = 1/2(metal_centered) 

[Cr(:lj)jl - = Crrrr(SQ’),(Cat’) S = l/2( metal-centered) 
92 SQ’ = 63 

The delicate balance in the ordering of metal and ligand centered molecular 
orbitals is illustrated by the isoelectronic species V’“(SQ’), 93 [149] and 
“[Cr(SQ’),]+” 91 [231] which have their unpaired electrons in different 
MOs, the former species in a ligand m level and the latter in a metal d 
orbital [22]. The important role of the anion radical ligand, on the other 
hand, is demonstrated by observations that the strongest antiferromagnetic 
coupling with a specific metal center is displayed by the least electrophilic 
ligands within a series of different SQ ligands [232]. Even more revealing is a 
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comparison between V(SQ’)3 93 [149] and “V(bpy),” 94 [230], bpy anion 
radicals are much more basic [48] and stronger reducing than I,2-semi- 
quinones [51] and thus induce a lower oxidation state of the metal which, in 
turn, produces a switch of the unpaired electron from the ligand to the metal 
center! Paradoxically, the reduction of the vanadium(II1) complex 93 pro- 
duces an anionic complex with oxidized metal, Vv, because of triple in- 
tramolecular electron transfer [149b]. 

V(SQ”), = V”*(SQ”), S = l/2 (ligand-ten tered) 
93 L +e- 

[Vv(Cat”),] ~~ S = 0 

SQ” = 64 
V(bpy), = V*‘(bpy;)z(bpy) S = 1/2(metal-centered) 

94 

In some instances it has even been possible to observe a temperature-de- 
pendent intramolecular electron transfer between metal and coordinated 
ligand in the ground state, as detected by EPR and magnetic measurements; 
examples involving SQ complexes of manganese (68) [175], cobalt (95) [234] 
and iron (96) [233] have been reported. 

Coi”(SQ’)(Cat’)(bpy) + 95 Co”(SQ’),(bpy) SQ’ = 63 

Fe”‘(SQ”)(Cat”)(bpy) z Fei’(SQ”),(bpy) SQ" = 64 

In the bpy series, compound 30 shows a related situation [88]; many 
intramolecular electron transfer processes have of course been shown to 
occur via MLCT excitation (3). 

The question of localization or delocalization of spin in anion radical 
complexes, including MLCT excited species, with more than one equivalent 
“ innocent” ligand has received considerable attention in recent years 
[11,14,16,211-214,235]; this problem is also rel.evant in those cases where 
there is more than one coordinated metal fragment present. Whereas the 
former problem pertains to the question of electron delocalization and 
electron transfer in organic chemistry, i.e. to electron transfer between 
metal-coordinated ligands (eqn. 35) [10,31], the latter situation relates to the 
ligand mediated electron transfer between molecule-bridged metal centers 
[7-91. 

Starting with complexes containing several equivalent or nearly equivalent 
ligands for reduction to an anion radical, the situation in the reduced forms 
of ERu(bpy>#” and related species has been extensively studied and 
discussed [11,14,16,117,211-2141. The results obtained for these and related, 
deliberately modified systems [115-1171 have illustrated two of the three 
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.possible alternatives, viz., full localization, full delocalization, and inter- 
mediate behaviour. Localization of spin was observed in singly reduced 
complexes in which one of the three a-diimine ligands has a distinctly lower 
TT* level than the other two, such as in 97 [115] or in the binuclear complex 
98 [116]. 

(‘xv), 

97 

ML” 

MLn = [R”(bPY$,]*+ 

98 

Complexes with three completely equivalent ligands, on the other hand, 
show a broadening of their EPR spectra which cannot be accounted for 
solely by the poor resolution due to overlapping lines [117]; migration of 
spin was calculated from temperature dependent line width measurements to 
occur within the time scale of the EPR experiment (- lo-’ s) [211,212]. 

+J 
+ + + 

yN,i /” 

N --\1 N 
+J 

i 

Ri 
N\ ,>” N\iL/N 

N 
‘I’ 

NJ 

= /““\ G=== i N 

NY 

c N 
‘I’ 

NY 

Doubly-reduced species of this kind of complexes contain two ligands 
with S = l/2 and a singlet (strong interaction) or triplet situation (weak 
interaction) may be expected; EPR features indicating the latter alternative 
were observed in complexes such as Mg(bpy), = [Mg*l(bpy)Y),] [236]. How- 
ever, the complexes Ru(bpy), = [Ru”(bpyT),(bpy)] as well as [Ru(bpy),]- 
= [Ru”(bpy5) 3]- with two or three singly-reduced bpy ligands may be 
described as containing virtually uncoupled (non-interacting) S = l/2 sys- 
tems [211,212], the non-coplanar arrangement in the octahedral complexes 
apparently disfavouring an interaction of the bpyS ligands. 

Anion radical complexes may contain two or more metal fragments, most 
binuclear species with equivalent coordination sites such as 13 [55,56], 54 [3], 
82 [57,219] or 98 [87,116] have so far shown an even distribution of the small 
spin density to the two equivalent metal centers. An interesting case is the 
neutral binuclear species 99 prepared by Fenske and coworkers [199] which 
again contain non-interacting components, this time individual radical anion 
complex moieties. As for the [Ru( a-diimine) J systems, the steric situation 
(orthogonally arranged molecular halves) [199] is intimately connected to the 
extent of spin-spin interaction. 
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The role of paramagnetic bridging ligands in the transmission of ferro- 
magnetic interactions between manganese centers of water oxidizing en- 
zymes in photosynthesis has been discussed in view- of a model system 
involving 2-acetyl-1,4_semiquinones El 87~1; there are still few polynucfear 
transition metal complexes which contain one (17) [66b] or more anion 
radical ligands such as the clusters M,(SQ),, M = Mn, Co, Ni [175]. 
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(ii) Electrochemistry 

Among the various electrochemical techniques available to study the 
formation and reactivity of anion radicals and their complexes, cyclic 
voltammetry currently enjoys the widest popularity [237]. The electrochem- 
istry of organometallic transition metal compounds in particular has taken a 
rapid development since the early reports by Dessy and coworkers [lOl-1051 
as recent reviews illustrate [37,238,239]. 

Two kinds of informations from cyclic voltammetry and related experi- 
ments must be distinguished: 

(a) Redox potentials indicate the threshold necessary for the formation of 
an anion radical species, the coordination of one or more electrophilic metal 
fragments generally facilitating the reduction of coordinated ligands (3: 
E; > E,). Besides the first reduction potential of a complex to an anion 
radical coordination compound, there are often more reversible electron 
transfer processes occurring which can either involve the formation of 
dianionic (diamagnetic) ligands [90,117] or the one-electron reduction of 
other reducible ligands. Complexes with more than one “innocent” ligand 
can often exhibit multistep redox behavior [30,32,34,93] which apparently 
involves components containing anion radical ligands; three such examples 
are 100 [240], 101 [231] and 102 [241]. 

- e- - e 
bxm)j13+ _-- L-_ N Cr(SQ'J3 s _- + 

+ e- 
T-_4[czICat') g3- 

100, SQ* = 63 

The potential differences E; - E,” are related to the comproportionation 
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constant K, via eqn. (7). The existence of reversible oxidation and reduction 
potentials gives a first indication for the possibility of chemically isolating 
the electrochemically formed species. The criterion “reversible” refers, of 
course, to the time of the electrochemical experiment; coulometry lasting 
several minutes generally provides a good measure of the stability of 
electrogenerated species. 

(b) The chemical reactivity of electrogenerated compounds is evident 
from irreversible behaviour in the cyclovoltammetry experiment [237]; even 
in the absence of additional reactands (eqn. 4), there are a number of 
possible reaction paths for anion radical complexes. The anion radical 
hgand itself can be short-lived and undergo typical anion radical reactions 
[242] despite the fact that metal coordination has been shown to stabilize 
less persistent anion radicals such as 12, 13 [60] or 71- [177]. Additional 
electron uptake by an anion radical complex may be chemically irreversible, 
thereby providing a sometimes efficient way to reduce stability and preclude 
isolation of the anion radical species, especially if K, is small. Simple 
dissociation, on the other hand, is not common in the formation of anion 
radical complexes because the reduced ligands are much stronger 
nucleophiles than their neutral counterparts (Section C). A very typical 
reaction of anion radical ligands with more than one coordination site is, 
therefore, the formation of bi- and poly-nuclear complexes even if corre- 
sponding species are not formed with the neutral ligands such as with 
systems 7-10 [55-571. Processes of this kind are analogous to proton 
exchange reactions of reduced species [52,53] and may be described as 
ECE(C) mechanisms [237,239] where an initial electrode process is followed 
by a chemical reaction forming a second electroactive species which, in some 
instances, may react chemically and revert to the starting system. A four 
component scheme according to an ECEC mechanism [239] has been 
presented in equation (11) [54]. Such a formalism also describes the situation 
in group 6 metal pentacarbonyl complexes of the system 7/7; [55,56,60] or 
for the formation of complex 54 where neither a binuclear neutral complex 
nor a mononuclear anion radical species can be observed [3,243]. Electro- 
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chemical techniques have been particularly useful to establish electron 
transfer catalyzed reactions [17,18] and to determine thermodynamic and 
kinetic requirements for such processes (4). 

(iii) Electronic spectroscopy (UV/ VIS / NIR) 

Almost all anion radicals of 7~ systems are colored due to fairly intense 
transitions in the visible range of the spectrum [244] whereas the further 
reduced species often exhibit less bathochromically shifted absorptions 
[158,245]. The reason for this phenomenon lies simply in the fact that the 
separation of HOMO and LUMO levels in a “normal” molecule is usually 
much larger than the separation between the LUMO and the Second Lowest 
Unoccupied Molecular Orbital, SLUM0 (27). Despite stabilization of the 
LUMO upon occupation, there is still a rather small gap between the former 
LUMO (now Singly Occupied Molecular Orbital, SOMO) and the next 
unfilled level as illustrated in the one-electron scheme (27); further st.abiliza- 
tion through double occupancy in the dianion is then responsible for the 
hypsochromic shift of the transitions from this orbital relative to the 
situation in the radical anion. 

SLUM0 --A.___,__ 
--_ _ 

LUMO -\\ 
E 

I 
‘\ 

‘\ 

“t,, 
‘x.+ 

metal d (-+-- ‘0 -- _-+L__ 

* I 
---__+j._ ) 

(27) 

HOMO +-----SC_-_-_--+ 

A A7 A2- 

In transition metal complexes of anion radicals, the one-electron orbital 
scheme (27) is further complicated by high-lying occupied metal levels and, 
in some instances, also by low-lying unoccupied metal centered orbitals 
[54,116]; such a situation can then allow for further transitions at rather low 
energies, e.g., in the infrared region of the spectrum. 

Ligand-to-metal charge transfer (LMCT) transitions occurring between 
the generally electron-rich anion radical ligands and coordinated fragments 
with high metal oxidation states have been established, the process (28,29) 
_ d (transition metal) 

-A-- n (anion radical ligand) 
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represents the excited state equivalent of the ground state reaction (1) and is 
the counterpart of the anion radical complex forming MLCT transition (3). 

(LnMk )(A; ) L$cT * [ (L,Mkul)(A)] (29 
The negative solvatochromism of such LMCT bands as observed, e.g. for 
(TCNE7)(+Mn(CO),Cp) (17) [66b], results from a decrease of the dipolar 
character after transfer of charge (29). 

Another characteristic yet rarely obvious kind of transition in anion 
radical complexes is the ligand-to-ligand charge transfer (LLCT) between 
coordinated ligands of different oxidation state, e.g., between an anion 
radical, A 5, and another reducible ligand, B [158] 

In the case of little interacting identical ligands (30, A = B), the inter-valence 
transitions of such mixed-valence ligand complexes [66a,233] can be shifted 
far out into the infrared region of the spectrum as has been observed for 
[Ru(bPY),(bPY’)l+ 12461. 

Assignments of transitions in anion radical complexes are not always 
unambiguous and should preferably be based on a number of related 
systems such as in the studies on metal phthalocyanine anion radicals [129] 
or reduced ruthenium(II) complexes with a-diimine [246] and 1,2-quinone- 
type ligands [158]. Although the number of such investigations is still 
limited, they may offer quite detailed insight into the electronic structure of 
coordination compounds. 

(iv) Structural studies and vibrational spectroscopy 

Radical ion formation is usually accompanied by structural changes 
which can be quite severe [247] and which are often indicative of the 
oxidation states involved. Typical such changes on anion radical formation 
of some common reducible ligands are the lengthening of multiple bonds in 
0, [138], TCNE (C=C and C=N) [132], or quinones (C=C, C=O) [22], and 
the shortening of some single bonds such as the one connecting the two 
aromatic rings in bpy [39,89,248] upon reduction. These effects illustrate the 
intermediate position of anion radicals between the neutral oxidized forms 
and the fully reduced dianionic forms with their different localized valence 
electron formulae (6,31-33) and can be reproduced by bond order changes 
as calculated by simple MO methods [43]. 

o=o + 0*5 + -o-o- (31) 
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Structural data have been used in many instances to identify ligands as 
anion radicals when other methods gave less clear-cut answers [22], e.g. for 
complexes M4(SQ)X, M = Mn, Co, Ni [175] or 88 [229]. 

The above considerations may also apply to results obtained from vibra- 
tional spectroscopy (IR, Raman), lengthening of multiple bonds being 
correlated to a reduction in their stretching frequency [22,66b,132,138]. 
Again, small species such as 0~/P,‘2~ [138] and TCNE”/~~“~ [66b,132,133] 
but also the larger 1,2-semiquinone [22] and bpy systems [88] have been 
identified and characterized in different oxidation states as coordinated 
ligands by vibrational spectroscopy. A very useful experimental extension of 
this correlation is the Time Resolved Resonance Raman Spectroscopy (TR”) 
[249] which has allowed the anion radical ligands formed in MLCT excited 
states (3) [250] to be characterized. 

Infrared spectra and structural data also demonstrate characteristic 
changes within the coordinated metal fragment and can thus provide val- 
uable clues concerning the changed reactivity of these moieties. For instance, 
anion radical complexes of metal carbonyls were shown to exhibit a signifi- 
cant reduction of CO stretching frequency [103] due to diminished back 
bonding. While the u bonding from anion radicals is greatly enhanced 
because of the increase in ligand nucleophilicity (Section C). the 7r back 
donation is reduced as the ligand 71 acceptor level is no longer empty but 
half occupied so that the balance between both synergistic bonding contri- 
butions is perturbed [19,56,219]. Accordingly, the destabilized metal carbonyl 
bond offers the opportunity for enhanced substitutional reactivity which 
may even take a catalytic path with respect to electron transfer activation (4) 
[18,19]. Yet, in discussing structural and vibrational data of anion radical 
complexes, the effect of charge alone must always be considered because 
charge distribution and spin density are not necessarily closely related [5]. 

G. REACTIVITY OF ANION RADICAL COMPLEXES 

Anion radical complexes of main group or transition metal fragments 
may show the typical reactivity of anion radical ligands [242], viz.. intra- or 
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intermolecular electron transfer in the ground state (1) or in electronically 
excited states (29), reductive addition of electrophiles to centers of high 
charge density (cf. the mechanism of the Birch reduction), or substitution 
reactions. The participation of only the anion radical oxidation state in 
substitution or addition reactions is often difficult to establish. Neighbour- 
ing oxidation states are present to an extent given by the redox equilibrium 
(7) and may be rate-determining. Electron transfer reactivity can be favoured 
above addition and substitution reactions by introduction of bulky sub- 
stituents (steric hindrance) such as in 3,5-di’butyl-1,2-semiquinone 63 and 
its coordination compounds [22,28,36]. 

Apart from these well-established reactions patterns and excluding the 
important role of transition metal/anion radical complexes as transition 
states or intermediates in inner-sphere electron transfer processes [7,9] and 
excited state-reactions [8], there are reaction pathways which are available 
only to coordination compounds of anion radicals and which generally 
involve the activation of coordinated ligands as brought about by the 
presence of the anion radical ligand. It is not unexpected, for example, that 
bound chloride centers become labilized upon reduction of a coordinated 
co-ligand, as has been demonstrated for a number of ruthenium(H) and 
osmium(I1) chloride complexes which contain the non-innocent ligand bpy 
12511: 

[M(bpy),(L)Cl] + +3- [M(bpy7),(L)Cl] ~ _z_ [Mtbpy;),(L)S] 

M = Ru, OS; S = substrate 

Less obvious is the already discussed substitutional labilization of carbon 
monoxide in compounds such as 81 or 82 by hyperconjugative spin transfer 
from the singly reduced ligand to the metal-carbon u bond (22). Although 
the rates of substitution are not as high as in corresponding 17-electron 
metal systems [252], this often catalytic (4) electron transfer activation is a 
potentially useful alternative in those instances when neither thermal nor 
photochemical activation can be employed [19]. Group 6 and 7 metal 
carbonyl complexes of anion radicals have been shown to undergo this 
substitution [18,136,155,219] although preparative applications are still rare. 
Most of the CO/PR, exchange reactions catalyzed by anion radical forma- 
tion lead exclusively to products which are singly substituted at each metal 
center; EPR spectroscopy suggests that after the first substitution, hypercon- 
jugative spin transfer is almost completely directed to the phosphorus 
ligands 12191 (82) with their low lying acceptor levels [218] so that little or no 
activation of further CO ligands remains. 

Another attractive possibility within this concept is the reaction between 
two coordinated ligands at a metal center, one ligand (or both) being 
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activated by reduction to the anion radical state(s). Such an electron transfer 
variety of the catalytically important “reactions of coordinated ligands” 
[253] operates in many reductions of electron-poor organic substrates by 
main group organometallics [36]; it may, however, occur also in the transi- 
tion metal series, in particular with small, 7~ coordinated unsaturated ligands, 
which frequently require stepwise coordination and one-electron redox 
processes for activation. 

electron 

(A) traZfer [(R-L,,M)~(A;)] es?Pe~+(~,,~+)(~;) (35) 

For instance, Fenske and coworkers have repeatedly reported anion radical 
intermediates of the type 77 in the C-C bond-forming reactions (36) 
involving ally1 [196,197] or cyclopentadienyl transfer [195]: 

x = 0,s or NR 

+ (C015Mn(q-C3H5) w 

0 

Ph2P x I X 
PhZP 

0 

3 3 
Pd(il -C3H5)2 ____) (n 

f CpPdh3-C3H5) __c_+ 

0 

(36) 

It was further reported that the reduction of O,, CO or N, can be 
catalyzed by systems which readily form metal/l,2-semiquinone complexes 
[254,255] and mechanisms for the conversion of 0, have been presented (37) 
[254]; a similar model was suggested recently for the reduction of CO, using 
bpy ; containing complexes of ruthenium( II) [251]. 

[VO(SQ)(Cat)],‘TVZ05 
-4Q 

12Hf, 6Cat.0.50, 

-6H,O 

(37) 

As concerns uphill processes, a catalytic scheme involving 1,2-semiquinone 
complexes of manganese was proposed for the light-driven production of 0, 
from water (38) [175]. 
Examples such as (4), (37) or (38) illustrate how the growing recognition of 
anion radical complexes in transition metal chemistry does not only stimu- 
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0, + 4 H+ + 4 1,4-m 

[MZ(H~~P)(SO )J 
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Ic 

2 H+ 

2 Hz0 + 4 54-a hV, 

4 I$-SO 
4 1.4-Q z9 
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“‘7 
t 

(38) 

*[ M”nO(SQ,2]24-- 

late the synthesis of new materials and contribute to the understanding of 
bonding in coordination compounds of non-innocent partners, it also sug- 
gests the use of such species as defined intermediates in electron transfer 
and photoelectron transfer catalytic [256] processes. 
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