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Complex electron transfer reactions have been characterized whereby
in addition to electron transfer, subsequent electrochemical, chemical
and even in some cases biological consequences occur. These include a
secondary electron transfer that leads to a major rearrangement of the
electronic structure, such that an initial oxidation leads to a reduction
(or an initial reduction leads to an oxidation) for these valence

ambiguous compounds. Mixed valency and valence-tautomeric
behaviors can additionally result from these complex electron-transfer-

induced reactions.

1. Introduction

Electron transfer reactions are a crucial realm of chemis-
try with important ramifications in biology, physics, and
materials. The number of such reactions are so voluminous
that reviews are inadequate, and compendiums and encyclo-
pedia are required."! Addition of an electron constitutes
reduction, while loss of an electron is oxidation. To conserve
electrons these events occur in tandem and are referred to as
reduction—oxidation, or redox, reactions. The study of the
rates and/or consequences of these reactions has been an
important aspect of chemistry for a long time and continues to
be at the forefront of contemporary research with a multitude
of important fundamental, interdisciplinary, and technolog-
ical implications.

Recently we uncovered a reaction whereby a one-electron
oxidation led to a one-electron reduction occurring. While
this would appear to be a play on words, a semantic expose,
hype, or an oxymoron, the reality is sound science arising
from complex multi-electron transfers whereby oxidation
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leads to reduction. In fact, other ex-
amples of redox-induced electron
transfer (RIET) reactions, as well as
related phenomena, have been docu-
mented, and collectively are the basis
of this Minireview.

Complexes that exhibit RIET possess one or more redox-
active ligands that can be isolated in several oxidation states.
Such redox-active ligands are frequently referred to as being
non-innocent.”! A common example is a tetraoxolene dianion
(or anilate) 1y, and its different redox forms 13"~ (n=0, 1, 2,
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3, 4) are described in Scheme 1. Dianion 1y can bridge two
redox-active metal ions, that is, form a dinuclear metal
complex, as schematically illustrated as 2. RIET also has been
recently established for a mononuclear metal complex with
more than one chelating non-innocent ligand, as schemati-
cally illustrated as 3. Note, that as illustrated for a chromium-
based mononuclear metal complex discussed in Section 4, the
characterization of RIET occurring can be fraught with
challenges.

The most studied system has the generic composition of
[LM1gML]"", 4, where M is typically Cr, Fe, or Co bridged by
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Scheme 1.

13", and L is a tetradentate (or two bidentate) capping
ancillary ligand.

2. Dinuclear Tetraoxolate Complexes

Several dinuclear metal complexes possessing the bridg-
ing tetraoxolate ligands, typified by 1,4-dichlorotetraoxolate,
or more commonly chloranilate (1z>"; R=Cl), 4, support
complex electron-transfer chemistry that involves reduction
of the ligand in addition to oxidation of the metal sites. In
addition to valence tautomers and mixed-valent materials,
transitions from valence RIET-induced tautomers to mixed-
valent materials have been observed.

2.1. Dinuclear Cobalt Complexes

With the objective making the mixed valent Co™1> Co™-
containing species, oxidation of [TPyACo"(14°)Co"TPyA]-
(BF,), [TPyA =tris(2-pyridylmethyl)amine] (5*") by the
ferrocenium ion formed 5°*, but its electronic structure and
magnetic behavior were inconsistent with the targeted mixed-
valent [TPyACo™(1¢* )Co"TPyA "« [TPyACo" (14 ")-
Co"'TPyAJ** (5°), which should possess one S=3/2 Co"
site.®) The magnetic behavior instead was characteristic of
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an S=1/2 system and 5°" was described as [TPyACo™-
(1¢”")Co™TPyA*". This was confirmed from its EPR
spectrum and a detailed analysis of the vy IR absorptions
as well as Co—O, C—O, and C—C bond lengths. Further
oxidation formed diamagnetic (S=0) [TPyACo™-
(1¢>)Co™TPyA](BF,), (5*) due to oxidation of 15~ to
1¢>". Formation of the 14~ radical was also achieved via
reduction of [TPyACo"(14°7)Co"TPyA](BF,), (5*") to
[TPyACo" (157 )Co"TPyA](BF,) (5%) with [Co(CsHs),].P!
5% is an example of a valence ambiguous compound, as
several reasonable formulations for its electronic structure
exist, but the correct formulation is not obvious.

The temperature-dependent magnetic moment, pu.(7),
for 5" (n=1, 2, 3) is presented in Figure 1. 5** possesses the
Co"(1¢>7)Co" core with S = 3/2 Co"" sites separated by 7.45 A
via a diamagnetic 1¢°"; hence, only weak antiferromagnetic
coupling between the Co™ sites is expected and is observed [J/
ky=—-0.65K (—0.45cm™);® k,=Boltzmann’s constant].
Reduction of 5" to 5" forms the Co"(1¢°")Co" core that
has a two orders of magnitude enhanced antiferromagnetic
coupling [J/ky=—-75K (—=52cm™)] due to the direct ex-
change coupling between the S = 3/2 Co" sites and the S =1/2
1 that links them. In contrast, oxidation of 5*" to 5°" leads
to a substantially reduced temperature-independent u.(7) of
1.75 g that is consistent with one spin per 5°" (Figure 1). In
addition, the EPR spectrum of 5°" reveals a Landé g value of
2.0027 that is inconsistent with about 4.3 expected for Co',P!
but characteristic of an organic free radical, that is, 1¢~~
Thus, the 5°" is assigned the Co™(1¢>")Co™ core. If 5°" had
the Co"(1¢*")Co™ electronic structure, it would be expected
to have a u.(7T) magnetic behavior characteristic of an S =3/
2, g~4.3 system, that is, u(7T)=>5.68 us, which is not
observed.
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Figure 1. Temperature dependencies of the magnetic moment, u.x(T),
for 5" (n=1, 2, 3) (5*" is diamagnetic). Note that the increase in
Uer(T) with decreasing temperature below 120 K for 57 is suggestive of
ferromagnetic coupling. However, as modeled (see text), this is solely
due to antiferromagnetic coupling, and several other examples where
antiferromagnetic coupling leads to an increase in u.q(T) with decreas-
ing temperature have been reported.

Infrared spectra also provide information as to the
electronic structure of these compounds. The very strong
peak at 1526 cm™! is characteristic of the 1¢”~ dianion being
present in 5**. This frequency shifts to 1442 and 1421 cm™!
upon either mono-reduction to 5" or mono-oxidation to 5°*
(Figure 2). This indicates that the 1¢* in 5° is reduced to

1560 1520 1480 1440 1400 1360

«— p/em™!

Figure 2. IR spectra for 5" (n=1, 2, 3, 4).

1 for both 5" and 5°*. For 5**, the strong peak at 1513 cm™
is similar to that observed for 5*" in accord with oxidation of
both Co ions and presence of the 1¢*~ dianion. This circa
90 cm ™' shift to lower energy is due to the decreased electron
density of the C—O bond, as noted from the two resonance
structures for 1¢°~ (Scheme 1).

Although the molecular orbitals of 5™ have not been
calculated, insight can be gleaned from the dinuclear ruthe-
nium-based analogue [(bipy),Ru (1> )Ru*(bipy),]*" (bipy =
2,2'-bipyridine). Its HOMO is delocalized over the Ru'-
(15%)Ru" core with major contributions from both the metal-
centered d,, orbitals and & orbitals of the bridging ligand, with
20% of the electron density per ruthenium atom, and the
remaining 60% on the bridging 1>~ ligand (Figure 3).7 In
contrast, its LUMO is primarily located (94%) on the 14~
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Figure 3. HOMO and LUMO of the Ru"1,>"Ru" core of [(bipy),Ru'-
(14*")Ru" (bipy),]**. Adapted from reference [7].
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ligand mv* orbital with very small contributions (3%) from
each metal d,, orbital. This is in agreement with the EPR data
that reveals that the ligand-centered reduced radical is only
slightly delocalized onto the metals.”” Mono-oxidation for-
mally forms a metal-centered Ru"/Ru™ couple, although it
has substantial ligand-based character. There is also a
reversible one-electron reduction [E;,=—0.63 V (vs. SCE)]
that is predominantly ligand-centered. Thus, [(bipy),Ru"-
(15°")Ru"(bipy),]" like [TPyACo"(1¢~ )Co"TPyA]" (57)
can be easily formed upon reduction of its dication.

In accord with valence bond resonance (Scheme 1) and
MO analyses, the OC—CO bond has less double-bond
character for 1>~ with respect to 17", and is 0.05+£0.02 A
longer than that observed for 1¢~~ (Figure 4a). In contrast, as
noted from the analysis of the IR data above, the C—O bond
weakens and is 0.0540.02 A longer for 1~ with respect to
1% (Figure 4b).

Hence, the one-electron oxidation of dinuclear complex
5% leads to a double oxidation and a mono-reduction of the
bridging ligand, and is a clear example of a RIET reaction.
Crucial is a change in the reduction potential of 1>~ bound to
two Co" ions upon oxidation of the Co" ions. For 5§,
reduction of 1¢*” to 1g”  requires —0.619V vs. SCE;
however, the 15°~ to 1¢”~ reduction occurs in conjunction
with the oxidation of Co" going to Co™ at +0.094 V.
Furthermore, the 1~ to 1%~ oxidation reversibly occurs at
+0.619 V for 54,

2.2. Dinuclear Iron and Chromium Tetraoxolene Complexes

Albeit the best characterized, the aforementioned dico-
balt complex was not the first reported example of a RIET
reaction. Oxidation of [(cth)Fe" (1% )Fe"(cth)](ClO,), (cth =
dl-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetrade-
cane) (6°7) with AgClO, forms [(cth)Fe"(17")Fe"(cth)]-

2+ 3+
o}

— A _0 O
(cthyFe!_ Fe'(cth) (cth)Fe!" /]:/3[
o o ™0 o

62+ 63+

Fe'(cth)

(C10,), (6°") via a RIET double oxidation—mono-reduction
reaction.’! The 6** core can be formulated as Fe''(1,2)Fe'",
Fe'(1;7°7)Fe, or Fel'(1,;7)Fe'’. Its IR and *’Fe Mossbauer
spectra, however, indicate that Fe™(1,;°)Fe is present, as
these spectra are clearly different from that observed for 6**,
and are characteristic of Fe'", whereas evidence for Fe'' is not

observed. Direct evidence for the presence of 15", however,

Angew. Chem. Int. Ed. 2009, 48, 262272
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Figure 4. a) OC-CO and b) C-O bond distances for 1¢*~ and 14>~ present in 5" (n=1, 2, 3, 4) and [TPyAFe"1* Fe'"TPyA|(BF,),.”! Error bars

represent three estimated standard deviations.

was not presented, and 6** slowly decomposes to mononu-
clear [Fe(cth)1y4]".

For 6*', the magnetic moment of 7.9 g is in accord with
two uncoupled high-spin iron(IT) ions. In contrast, the mo-
ment of 6°* is 9.1 uy at room temperature, and increases with
decreasing temperature. These data suggest an S = 9/2 ground
state.®! The wu.(T) data were fit with J/ky=-535K
(=372 cm™) and g=1.98, indicating a very strong antiferro-
magnetic interaction between the Fe'! ions and 1,°~, and a
surprisingly low g value.

Similar to 5** and 5%, iron(II) dinuclear complexes, that is,
[TPyAFe" (1> )Fe"TPyA]*" and its mono-reduced form
[TPyAFe (1 )Fe"TPyA]", have been obtained. The very
strong peaks at 1524 and 1452cm™ for [TPyAFe'-
(1¢>)Fe"TPyA]*" and [TPyAFe"(1¢° )Fe"TPyA]" indicate
the presence of 1>~ and reduced 14, respectively.”! Thus,
1o is reduced to 17~ without reduction of the Fe' jon.
Reduction of [TPyAFe"(1¢> )Fe"TPyA]*" occurs at 0.535 V
vs. SCE in reasonable agreement to that observed for 5°*
(0.619 V).

Unusual magnetic behaviors are also observed for
[TPyAFe"(1¢>)Fe"TPyA]** and [TPyAFe"(1¢°")Fe'-
TPyA]". Like §*" the former exhibits weak ferromagnetic
coupling between the Fe' ions [g=2.08, J/kz=1.0K
(0.70 cm™")], while like 5 the latter exhibits a significant
ferromagnetic interaction between the Fe" ions and the
bridging 1¢°" radical [J/kz =28 K (19.5 cm™), g=2.03].B4

Additionally, the chromium analogue of 6**, [(cth)Cr™-
1y Cr™(cth)]** (7°"), was formed via the reaction of
Cr'!(cth)Cl, with H,1,."! As its IR spectrum is very similar
to that of 6°", it was proposed to have the same electronic
structure. This was supported by a very strong antiferromag-

3+

/.o\
/0/

_0
(cthycrl o Cr''(cth)

73+
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netic interaction [J/kg=—393 K (—273 cm™")] between the
Cr'ions and the 1, radical, indicative of the S = 5/2 ground
state for 7°*. This is at variance to the weak antiferromagnetic
coupling expected for the S = 2-0-3/2 mixed-valent [(cth)Cr'-
(14°7)Cr™(cth)]*" description, contrary to the spins of the
metal ions in 3/2-1/2-3/2 system. 7*" was not isolated in the
synthesis.

2.3. RIET Accompanied by a Valence-Tautomeric Transition
In addition to iron- and chromium-based complexes 6**

and 7°*, the cobalt analogue [(cth)Co(1y)Co(cth)](PF);"”
(8%") was formed from the reaction of AgNO; and [(cth)Co"-

2+
O 0
oo I T >co(cth)
O (o)
82+
_ 3+ 3+
_ o] _0 0
~ AN
(cthyCo" Co"(cth) | =—— (cth)Co" Ca"(cth
\O O/ \O = O/ (cth)

8a3+ 8b3*

(1477)Co"'(cth)](PFy), (8°"). 8** can be formulated as having
a) Co"yCo",  b)mixed-valent  Co™z*Co",  or
¢) Co™1,* Co™ cores. The temperature-dependent magnetic
susceptibility confirms formulation (c) as the ground state for
8a’", but a transition to a higher-moment state occurs at
175 K without thermal hysteresis (Figure 5). This thermally
populated excited state is assigned as having the mixed-
valence Co™(1,#")Co" (8b*") dinuclear core (formulation b).
Hence, 8a*" undergoes a so-called valence tautomeric spin
transition at 175K from the [(cth)Co™(1y”")Co™(cth)]*"
(82*") ground state to the [(cth)Co™(1,*")Co"(cth)]**
(8b*") excited state, as verified by IR, EPR, and magnetic
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Figure 5. u.q(T) of 8 measured before (A) irradiation at 647 nm. The
crosses indicate the increase of the pq(T) with time upon irradiation
of the sample. Adapted from reference [9].

studies. Hence, unlike 5°* the product of the RIET reaction is
itself thermally excited to form the initially anticipated
mixed-valent product.

8** also exhibits photomagnetic effects.” Trradiation of
8> with 647 nm light leads to an immediate increase of . to
circa 3.1 ug (Figure 5). After switching off the light, u.(7)
decreases smoothly and at about 60 K . exhibits the initial
value obtained prior to irradiation. This light-induced phe-
nomenon is reversible. The level of photoexcitation is circa
40% due to the opacity of the sample.

Similar to 8", [TPyACo™(1;4°)Co™TPyA](PFy); (9°1)
undergoes a transition to the mixed-valent state, but at higher
temperature and with thermal hysteresis.'”) This dicobalt
complex exhibits a RIET-related valence tautomeric behav-

2+
OO
(TPyA)Ca!'_ Jf;[ Co'(TPyA)
o0
92+
3+ 3+
PRONP 0] 0. 0.
(TPyA)Co[O, o[ co"(TPyA) | —= (TPyA)Co{O/j@\O>Co“(TPyA)
93-(-

ior, that is, Co™(1;°")Co™—Co"(1;*)Co", slightly above
room temperature with the transition upon heating occurring
at 310 K, and at 297 K upon cooling. Based upon analysis of
the magnetic and IR data below 297 K, the dinuclear core of
9% has the Co™(1,°7)Co™ electronic structure, and above it
is a mixture of Co™(1;"")Co™ and Co"(1,*")Co™ states.
Hence, it has a hysteresis loop that is 13 K wide (Figure 6).

When the 9*" was irradiated with visible light at 5 K for
30 minutes, u.; increased and reached a saturation value of
2.6 up (Figure 6, inset).'") The low efficiency of this photo-
excitation is ascribed to the opacity, as reported for 8*.
Reduction of 9*" to 9" was confirmed by IR spectroscopy, as
the peaks at 1530 and 1550 cm™! for 1,7~ increased, while the
peak at 1210 cm™' characteristic of 1y~ decreased. u.u(7)
slowly decreased with increasing temperature and at 38 K it
reached its initial value. Like 8", this light-induced reaction is
reversible.
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Figure 6. p.q(T) of 9" and photoinduced changes after irradiation at
532 nm (inset). Adapted from reference [10].

Similar to both 8" and 9*", [TPyACo"-
(1,,°")Co™TPyA](BF,); (10*") exhibits a transition around

3+ 3+

O~ I m'/o AN Il
oG TPyA) |=— (TPyA)Co\O,H/LO >co'(TPyA)

10>

III/O
(TPyA) Co\o,

room temperature, but without thermal hysteresis.'!! 10**
exhibits a RIET-related valence tautomeric transition, that
is, Co"'(1,5,°")Co™—Co™(1,5,>)Co", above room temper-
ature. Based upon the analysis of the magnetic, EPR, and IR
data, below 300 K the dinuclear core of 10°* has the Co'-
(1,3,°7)Co™ electronic structure, but at higher temperature it
is a mixture of Co™(1,5,°7)Co™ and Co™(1,,%")Co" states
similar to 9°*.

It should be noted that several related compounds exhibit
spin-crossover behavior.!'? Spin-crossover behavior arises
from thermal population of a metal ion’s high-spin electronic
structure, and not from a change in the oxidation state of a
metal ion, as occurs for valence-tautomeric behavior.''*! Both
behaviors are driven in part by spin entropy, and exhibit an
increase, with different degrees of abruptness, in u.(7) with
increasing temperature. This is observed for [TPyAFe!-
(1> )Fe"TPYyAT*" (11°") for which the spin-crossover tran-
sition occurs around room temperature (Figure 7).

2+

_0
(TPyA) Fe"\o/ P

0
T>FeN(TPYA)
o

112+

2.4. Mixed-Valence Complexes

Valence-ambiguous dinuclear cobalt complexes of the
composition [(triphos)Co(1g)Co(triphos)]"* (R=H, Cl, Br, I,
NO,, Me, iPr, Ph) [n=1 (12), 2 (12**); triphos=1,1,1-

Angew. Chem. Int. Ed. 2009, 48, 262272
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tris(diphenylphosphanomethyl)ethane, MeC(CH,PPh,);]
were reported.'”! Based upon UV/Vis, cyclic voltammetry,
NMR, and their structures, 12° is formulated as
[(triphos)Co™(1x*)Co™(triphos)|**, with low-spin Co™ ions
bridged by the diamagnetic tetraanion, 1z*". 12" exhibits two
one-electron reduction steps with the separation between
reduction waves exceeding 1V, corresponding to a compro-
portionation constant for Co™/Co™ + Co"/Co" =2 Co™/Co"
(ie. 122°4+12=212") cores of about 10®[I
[(triphos)Co(1g)Co(triphos)]" monocations (12*; R=H, Cl,
Br, I, Me) form from the reduction of 12*" with cobalto-
cene,'® but cannot be isolated due to decomposition upon
loss of the solvent and sensitivity to oxygen. Fortunately,
[(triphos)Co™(1¢*")Co"(triphos)],[CoCl,] ([127],[CoCL]) is
obtained from the reaction of (triphos)CoCl and H,1¢ in
THEF, and the crystal structure has been solved.'! All of the
mono-reduced monocationic complexes show EPR spectra
with g~2.11 at 298 K (at 100 K, g =2.10). These g values and
the width of the signals indicate a significant unpaired
electron density located on the cobalt ions, not on the
bridging ligand. The EPR pattern also shows that the electron
spin interacts with both cobalt ions; thus, the unpaired
electron spin is delocalized over both metal centers on the
EPR time scale (1077 s).

Based on cyclic voltammetry, EPR, and UV/Vis data, 12*
is formulated as mixed-valent [(triphos)Co™(1x*")Co™
(triphos)]* (R=H, Cl, Br, I, Me). It exhibits complete
electron delocalization indicating that it belongs to Class II1I
of the Robin-Day classification for mixed-valent materials.”
With respect to 12°" significant changes in bond length are
observed for the Co—O and Co—P bonds for 12%, but the bond
lengths of 1¢*~ ligand remain the same. From analyses of the
bond lengths upon mono-reduction of [(triphos)Co™(1x*")-

Angew. Chem. Int. Ed. 2009, 48, 262—272
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Co™(triphos)]*", one of two cobalt(IIl) ions is reduced to
[(triphos)Co™(1*)Co"(triphos)]*, not the bridging ligand.
Thus, the bridging ligand is not involved in the redox reaction.
Magnetic data, however, were not reported to further
characterize the system.

The RIET reaction product observed for the tetraoxolate-
based 5°*, 6°*, 7°, 8+, 93", and 10°*, however, is not observed
for the structurally related compounds based on second- and
third-row transition metal ions. The one-electron electro-
chemical ~oxidation of [(bipy),0s"(1¢>")Os" (bipy),]-
(C10,),,""1 [(PPhy),(pap)Os' (1) Os" (PPhs),(pap)](ClO,),
[pap = 2-(phenylazo)pyridine] (13**),"® [(PPh;),(CO),0s"-

2+
PPh i OO I
( 3)2(Pap)05\0/ - O/OS (PPha)(pap)

132+
cl 3+
PPh T T2 ogtepn
( 3)2(P3P)OS\O,, ’7\0'/08( 3)2(Pap)
Cl

133+

(1¢*)Os"(PPhy),(CO),],"*  and  [(bipy),Ru" (14" )Ru'-
(bipy),](PFy), (14°%)" form cations that only exhibit mixed-
valent behavior that is attributed to the M"(15")M™ core
without formation of a radical-bridging tetroxolene ligand. It
should be noted that the reduced tetraoxolate can be formed
upon reduction of 14** to [(bipy),Ru" (15 )Ru"(bipy),](PFs)
(14"), in accord with that observed for 5*.

3. Dinuclear Tetraazalene Complexes

In addition to oxygen-donor tetraoxolene bridging li-
gands, tetraaza-substituted analogues can also exhibit va-
lence-ambiguous behavior. The compound [(acac)Ni'-
(Lg*)Ni"(acac)] (15)  [acac =acetylacetonate; L=

(acac)Ni'\ I:[ /NI" acac) {acac)Nl' j::[ /Nl'(acac)]

15 R = CH,fBu 15

N,N',N",N'""-tetraneopentyl-2,5-diamino-1,4-benzoquinonedi-
imine] has been characterized to be diamagnetic."” The 4 K
EPR spectrum of the one-electron oxidation species (15") has
two broad signals corresponding to g;=2.13 and g, =4.16 in
the presence of a drop of anhydrous pyridine. These values
are characteristic of an S =3/2 system in which S = 1/2 Ni'"" is
ferromagnetically coupled to S =1 Ni". However, at 100K a
g~ 2 signal was observed indicating another coupling mech-
anism. In the absence of pyridine, a signal at g=2.028 was
observed at 4 and 100 K suggesting a strong non-innocent
ligand behavior of the bridging ligand, perhaps indicating the
presence of (RN),CsH,*~
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In contrast to the metal-centered oxidation observed for
15, ligand-centered  oxidations occur for  [N-
(nBu),],[(NC),Co™(tbpb)Co™(CN),] (16*) and

R R 2- -

ey "

(NC), CO“‘ f o (CN), (NC), C/o'” C[ /Co‘”(CN)

iro O;\Q [ O O ]

R=H, Bu

Na,[(NC),Co™(tpb)Co™(CN),] [H,tpb =1,2,4,5-tetrakis(2-
pyridinecarboxamido)benzene; H,tbpb =1,2.4,5-tetrakis(4-
tert-butyl-2-pyridinecarboxamido)benzene].?”! In the case of
[(NC),Co"(tbpb)Co™(CN),]>~ (16°7) the mono-oxidized
[(NC),Co™(tbpb)Co™(CN),]~ (16") species was character-
ized by coulometry, and its EPR spectrum exhibits a 15-line
S=1/2 signal (g=2.002; A, =15.2G) indicative that a
bridging radical ligand is present.

The reaction of 3,6-diaryl-1,2,4,5-tetrazine (17) and [Ru-
(acac),(NCMe),] results in a reductive tetrazine ring opening
to yield [(acac),Ru™(dih-R*")Ru™(acac),] (18) [dih-R*™ =
HNC(R)NNC(R)NH?*"; R=Ph, 2-furyl, 2-thienyl] with a

N N
R‘\\ />7R
17
R\///,N N R /I’\l—|
Ru"(acac), \r Ru'(acac),
N\e/ NE) 2
( )R”'/@ N ( )R"/. N
acac),Ru acac),Ru
\ N \N//J\
N H
18 18-

non-innocent 1,2-diiminohydrazido(2—) ligand bridging two
ruthenium centers.”!! The coulometric reduction of 18 forms
18 that is described as [(acac),Ru"(dih-R*")Ru"(acac),]”
from an analysis of its EPR spectrum and is in accord with
the disappearance of the LMCT band indicating that Ru™ is
not present. Note that an intense, broad, near-IR absorption
at circa 1400 nm can be attributed to an intervalence charge-
transfer transition for a mixed-valent [(acac),Ru"(dih-
R?*)Ru™(acac),] species, and suggests that the mixed-valent
configuration is a thermally populated low-lying excited state.
Thus, this is an example where a one-electron reduction leads
to an oxidation, via two one-electron reductions of two Ru™
sites and oxidation of the ligand.

4. Mononuclear Dioxolene Complexes
[Cr(o-tBu,catecholato);] ™ (197) was formulated to possess
[Cr¥(o-tBu,catecholato?);]”, and its one-electron oxidation

product was formulated as [Cr'(o-fBu,semiquinonato™);]
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(19).”721  Hence, oxidation was -

tBu
thought to lead to reduction of the . °
Cr¥ to Cr'™ and oxidation of the !
L . o]
three dianionic catecholate ligands
to their monoanionic semiquinone Bu 3
radical forms. The formal oxidation- 19°

state assignment for 19~, however,
was reassessed to be [Cr'(o-
Bu,semiquinonato™),(o-fBu,catecholato®™)]"."¥ Thus, oxi-
dation leads only to ligand-based oxidations. Cobalt ana-
logues frequently exhibit valence-tautomeric behavior in
accord with this observation.!"

Reduction of [Ni"(3,6-dbsq),] (dbsq= 3,6-di-tert-butyl-
1,2-benzosemiquinonate) (20) with cobaltocene forms

xR XY

20714 20~ exhibits an anisotropic EPR spectrum typical of

Ni"™ with g, =1.998, g, =2.015, and g;=2.121. Hence, 20~ is
descrlbed as (CoCp,)[Ni"™(3,6-DBCat),], and, thus, results
from a RIET reaction whereby two one-electron reductions a
metal-centered oxidation occurs.

5. Mononuclear Tetraazalene Complexes

Very recently [Ni"(L"),] [L = 2-phenyl-1,4-bis(isopropyl)-
1,4-diazabutadiene] (21) was prepared and formulated to

\I/
e
)\

»Q«
A
N/

/ N\
>_/

possess a tetrahedrally coordinated Ni'' with two chelating
radical anionic ligands.” The one-electron oxidation of 21
with ferrocenium forms 21°, which has a tetrahedral one-
electron-reduced Ni' central ion, and one-electron oxidations
of both L' to L. Hence, oxidation leads to reduction of Ni'* to
Ni' with the concomitant oxidation of the ligand.

The coulometric reduction product of [Ni'(L*9),] (L* =
2,4-di-tert-butyl-6-iminothionebenzosemiquinonate) (22) can
be formulated as either [Ni'(L*9),]-, [Ni"(L**-H)(L*%)]
[Ni"(L*-H),]-  (L* =2,4-di-tert-butyl-6-aminothiopheno-
late),” with the latter formulation being a consequence of
a RIETreaction. Although 22~ has not been isolated as a pure
solid, its EPR (g, =2.0055, g,=2.0282, and g;=2.1147) and
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® §
N /\/
/\/

tBu 22

tBu

ZT

Bu S

\/

/\/

Bu

UV/Vis spectra and DFT calculations led to the assignment of
22" as [Ni'(L*-H)(L*)]"; hence, this is not a RIET reaction.
Nonetheless, 227 is comparable to 20~ where a RIET reaction
is evident (for example, comparable EPR spectra). Unfortu-
nately, crystallographic data to confirm this assignment has
not been presented, and a more detailed analysis of 22” and
20" is warranted to confirm their respective electronic
structures.

6. Chemical Reactions

The one-electron chemical oxidation of [Co(NHj;)s(1,4-
NC;H,CH,OH)]*" (23) with, for example, Ce" or S,04,

— 3+
HOHﬁA@N—Co”(NHE
[N
23 —

3+

HOHC \ /N—Co'”(NH;I
25 (e] — 2+
N*Co"(NHg

/Ny

24

forms products consistent with the formation of labile 24,
indicative of an oxidation-induced electron-transfer reaction.
The initial one-electron oxidation was proposed to oxidize the
-CH,OH group to the --CHOH (25) radical that, via an
internal electron rearrangement, is further oxidized to an
aldehyde while the Co"! site is reduced to Co" (24).”” Hence,
oxidation leads to reduction of the metal ion.

RIET reactions have also been established to occur for
several examples of metal complexes with S-based ligands
whereby both a) oxidation leading to reduction of the metal
site and oxidation of the S-based ligand, and b) reduction
leading to oxidation of the metal site and reduction of the S-
based ligand can occur.?®! Note that these reactions differ
from that reported for 5°'~10°", as RIET is a net effect from
the overall chemical reaction, which frequently have other
reactants or products. The detailed mechanistic pathways for
these complex redox reactions are unknown. In contrast, 5°"—
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10°" involve the consequences of a single loss of an electron
per molecule.

Examples of this class of reactions include the iodine
oxidation of [WY'OS,]*" to [WY,0,S¢*", which is best
described as [WY,0,(11-8)(S,),]*” [Eq. (1)].*

2[WYOS 41, = 217 + [WY,0,(p-8),(S,)o) (1)

Further examples are given in Equations (2) and (3),
where the structure [Mo'VS,]*~ in Equation (2) is really [S=
Mo"(S,),]* (26).
[Mo“'S,]>" + RS;R — [Mo"V Sy~

(26) + RS- )

2[Mov'S,J*" + RSTS TR — [MoV,Sg]*" + 2 [RS 1]~ 3)

Assignment of the local oxidation states required the
determination of the structure of [Mo",Sg]*", which reveals
the dianion to be [MoY,(-S%7),(S7)»(S,>7),]*~ (27).! Hence,

[l \\/ \//
/SI, ‘Mo ]V\S S /Mo M°~S
s-s7 \/ g \/

26

27

for 27 oxidation leads to S*"-oxidation to S,*~ in addition to
reduction of Mo"" to Mo". Similarly, the RIET reactions of
[MY'S,]*> (M =Mo, W) and bis(trifluoromethyl)-1,2-dithiete
forms [M{S,C,(CF;),};]*",*? and [VYS,*” and [fBuNCS,],
forms [V™Y,(u-S,>7)(S,;NBu,),] ¥ Likewise, the reaction of
[Re'"S,]” and a)[Me,NC(S)S], forms [Re",(u-S),-
(S;CNMe,),] (28),1 b) [PhCS,], forms [Re"l,(S,CPh)-
(S;CPh),],”T  and c¢) [nBuOCS,], forms [Re",(u-S),-
(S,COnBuw,);]".BY In contrast, LiBEt;H reduction of
[Re™,(p-SS,CNMe,),(S,CNMe,);]™ (29) also forms [Re™,(p-
S),(S,CNMe,),] (28).°" Thus, reduction of 29 leads to
SS,NMe, ™ reduction, and oxidation of Re™ to Re™.

MeyN

7. Biological Systems

RIET has been noted to occur in a few, but important,
biological reactions, namely the reduction of cytochrome b
upon aerial oxygen, and with Ni-Fe hydrogenase. The
reduction of cytochrome b upon addition of oxygen has been
discussed by Chance®! and Wilson et al.® The midpoint
potential of cytochrome bsq was raised by about 0.275 V after
the addition of ATP. Hence, this required activation of
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electron transport through cytochrome c¢;, and an energy-
dependent change in the midpoint-potential of cytochrome
bses, 1s a consequence of activation of the electron transfer.
The rapid reducibility of cytochrome bsq observed in the
presence of antimycin A was ascribed to an increase in the
midpoint potential of the cytochrome, and the aerobic
reduction of cytochrome bsss depends on the oxidation of
cytochrome c, as well as donation of another electron donor
to cytochrome bsgg.

In Ni-Fe hydrogenase the detailed reaction mechanism is
still controversial due to the ambiguity of the redox states
involved in the one-electron reduction of the active site via a
two-electron redox process.*”! Aerobic Ni-Fe hydrogenase
has two catalytically inactive forms, as identified from differ-
ent EPR signals: Form A [Ni-A unready form, Ni"",-Fe" (g =
2.31,2.23, and 2.02)] and Form B [Ni-B ready form, Ni""-Fe"
(g=2.33, 2.16, and 2.01)]. Form B (Ni-B) is rapidly reduced
by H,, whereas Form A (Ni-A) is only activated by hydrogen
over several hours. The reduction of Forms A and B are
accompanied by the uptake of one electron, and simulta-
neously the EPR signal disappears, giving rise to an EPR-
silent intermediate redox level, SI. Form SI, is in redox
equilibrium with Form A, while Form SI, is in redox
equilibrium with Form B, and Form SI, is in redox equilibrium
with Form C. Each reduction process is associated with the
uptake of one electron and one proton by the enzyme. Form
SI, is in equilibrium with Form SI,, which is the SI state
through which the more reduced forms of the enzyme are
accessed. These reduced forms include the EPR-active Form
C and the EPR-silent fully reduced Form R. The one-electron
reduction of SI produces Form C. The nickel center in Form C
can be formulated as either d’ Ni' or d’ Ni".,

In the case of d° Ni', the redox chemistry associated with
the reductive activation of the enzyme is Ni'! —Ni' —Ni!
suggestive of a major structural change in the active site, as
the Ni"™™ and Ni' redox couples are more than 2 V apart in
model systems, but are assigned to a difference of less than
0.2V in the enzyme. Alternatively, a redox oscillation
mechanism involving Ni'™™ —Ni" —Ni"™ redox states consistent
with the EPR spectra may occur. In this scheme, all of the
EPR-active species would be formally low-spin d’ Ni™
species.”*! Recent studies of the redox chemistry of Form
C indicate a redox oscillation mechanism is most consistent
with the data.*”! Thus, the nickel center in Form C can be
considered as Ni'™. In the reaction step, an electron is added
to the SI, form [that is, Ni"-Fe'"] of the enzyme leading to an
oxidized Ni"™-Fe form. That is, the reduction of the enzyme
induces the oxidation of the nickel center of the active site.
This unusual reaction is involved in an addition of proton of
enzyme to give rise to hydride.

8. Theoretical Considerations

The theoretical basis for RIET reactions is far from
established. Recently, a paper with the provocative title “Can
one oxidize an atom by reducing the molecule that contains
it 274 was brought to our attention.”™ In this paper Ayers
identifies mathematical conditions necessary for the title to be
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valid; namely, that three redox active sites must be present (as
occurs for 4°°—10°"), and that the system must be described by
a negative condensed Fukui function. The condensed Fukui
function measures how many electrons within an atom-in-a-
molecule are gained (or lost) upon reduction (or oxidation)
and is typically positive. The negative value required for a
RIET reaction to occur is a consequence of an orbital
relaxation effect.**® More detailed theoretical insight is
essential to understand the conditions and requirements to
utilize and design new materials that undergo either reduction
upon oxidation, or oxidation upon reduction, and further
studies are essential to elucidate the mechanism, and under-
stand the nuances and limitations of these complex redox
reactions.

9. Summary and Outlook

RIET examples have been characterized whereby an
oxidation leads to a reduction (as well as a reduction that
leads to an oxidation). In reality, these reactions are
respectively two one-electron oxidations and a one-electron
reduction (or two one-electron reductions and a one-electron
oxidation). These are summarized via the generalized for-
mulas (4) and (5) for oxidation leading to reduction of Type 2
and 3 species, respectively, and (6) and (7) for reduction
leading to oxidation of Type 2 and 3 species, respectively.

[M*-Lyg?-M*]9 =S [M* L LMo (4)
[LX_My_Lx]q;e;)[Lx+l_My—l_Lx+l]q+l (5)
[M*-Ly-MJ7 = [M* Lyt -M e (6)
[L,Y_My_Lx]qi)[Lx—l_Merl_Lx—l]q—l (7)

This RIET reaction can lead to complex chemical
processes that impact chemical synthesis as well as biological
and physical processes, and may well play a role in catalysis,
and future electronic display devices etc. The best-charac-
terized materials are based upon dinuclear metal complexes
with bridging tetraoxolate ligands, 2 and 4, and are the focal
point of this Minireview, although examples of a single metal
ion possessing two non-innocent chelating ligands (3) have
been reported. Hence, the presence of three redox-active sites
appears essential, but is insufficient, in accord with a
theoretical perspective.” Further examples as well as
extension of these structural types undoubtedly will be
rewarded with exotic materials and phenomena.

Dinuclear structures (2 and 4) possessing the [M1gM]"*
core are valence ambiguous and can possess several electronic
states (Scheme 2), which in some cases can be thermally (and
photochemically) altered. The electronic structure for n =2 is
typically [M™1> M"]**, as observed for M = Co, Fe, Ru, Os;
however, [M™1*"M™]*" occurs for M = Co with strong-field
triarylphosphine-based ancillary ligands. Spin-crossover be-
havior has been observed for M = Fe. Oxidation to [M1gM]**
can form the mixed-valent [M"1z>"M™** electronic struc-
ture, as reported for M=Ru. For M=Co, Cr, and Fe,
however, this mixed-valent formulation is not the ground
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or

[MII\(1R4_)MII[]2+ [MII(1R2,)MII]2+
5002+

6F52+

8c,>"

9002Jr
112" (SC)
13052"
1452

[MII(1R4,)MIII]+ [MII(,IR'S,)MII]-*

12¢,° 1207

Scheme 2.

state. Instead, the RIET [M™15*"M™]** electronic structure
frequently has the lowest energy. For some dinuclear cobalt
complexes the mixed-valent [M"1g> M™]** electronic state
can be thermally populated with depopulation of the RIET
product [M™1*"M™]** ground electronic state. Further
oxidation to n=4 leads to the [M™1z* M™]** electronic
structure. Reduction of [M1zxM]*" forms either [M™1x* M"]"
when it possesses the [M™z>"M"]*" electronic structure, or
[M"1.*M"™]* when it possesses the [MM1* M™]** electronic
structure. These RIET reactions are limited to the first-row
transition metals chromium, iron, and cobalt; however, with a
different non-innocent bridging ligand it has been observed
for second-row ruthenium. Thus, RIET reactions strongly
depend on the bridging and/or peripheral ligands, and are not
restricted to a few elements.

Examples of mononuclear materials possessing two redox
active (non-innocent) ligands (20~ and 21%) such that the
RIETTreaction occurs has been clearly established, but several
others have been challenging to characterize unambiguously.
[Cr(o-tBu,catecholato);]™ (197) is best described as the non-
RIET [Cr'™(o-tBu,semiquinonato™),(o-tBu,catecholato* )],
although it was initially formulated as a RIET product.
Clearly anticipating of electron transfer related to RIET
reactions, as well as their detailed characterization, is
challenging, and more examples displaying a RIET are
required.

With the identification of model compounds exhibiting
RIET, more detailed theoretical insights are anticipated in the
future. These insights should lead to new families of materials,
which may have applications in sensors, devices, and actuators
of the future. Undoubtedly RIET reactions may be more
common in larger polynuclear cluster and biological systems,
and further studies of biologically important reactions should
provide insight into the importance of RIET in biologically
important processes. Furthermore, new materials extending
the range of properties, ideally to include the presence of spin
crossover behavior in addition to valence tautomeric behavior
are anticipated in the future.
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