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Anionic redox-active ligands such as o-amidophenolates, catecholates, dithiolenes, 1,2-benzendithio-
lates, 2-amidobenzenethiolates, reduced a-diimines, ferrocenyl and porphyrinates are capable of revers-
ible oxidation and thus have the ability to act as sources of electrons for metal centres. These and other
non-innocent ligands have been employed in coordination complexes of base transition metals to
influence their redox chemistry and afford compounds with useful catalytic, optical, magnetic and con-
ducting properties. Despite the focus in contemporary main group chemistry on designing reactive com-
pounds with potential catalytic activity, comparatively few studies exploring the chemistry of main group
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metal complexes incorporating redox-active ligands have been reported. This article highlights relevant
chemical reactivity and electrochemical studies that probe the oxidation/reduction of main group metal
compounds possessing redox-active ligands and comments on the prospects for this relatively untapped
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Introduction

A current focus of main group chemistry is the mimicry of the
catalytic behavior of organometallic complexes of precious
transition metals for organic transformations important to the
fine chemicals and pharmaceuticals industries."™ Specifically,
these metals are particularly suited for catalyzing coupling
reactions as they often favour two-electron redox changes thus
allowing for “oxidative addition” of substrates, rearrangement
of ligands and subsequent “reductive elimination” of products.
Heavy main group metals such as indium and bismuth are
desirable alternatives to these due to their lower toxicity com-
pared to these precious transition metals and other heavy
main metals (e.g. Tl, Sn, Pb, Sb), lower cost and high Lewis
acidity due to their large atomic radii. However, these metals
are predominantly stable in one oxidation state and do not
typically undergo reversible oxidation reactions. Indium is
most stable in the +3 oxidation state, though mononuclear
indium(i) species which feature a reactive valence lone pair of
electrons may be isolated. Chemical oxidation of these com-
pounds to indium(m) has been demonstrated, but the corres-
ponding reduction reactions have not. Bismuth is also predo-
minantly stable in the +3 state but possesses a lone pair of
valence electrons that is relatively non-reactive due to the inert
pair effect. Bismuth(v) compounds may be isolated with the
appropriate choice of ligand and, more recently, Cornella et al.
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have employed a ligand framework that permits chemical oxi-
dation of bismuth(u) to bismuth(v) species, followed by sub-
sequent reductive elimination of products. This demonstrates
the use of an organobismuth compound capable of a mi/v
redox couple in a catalytic cycle.>”

An alternative approach to designing heavy main group
metal compounds capable of redox chemistry is through use
of non-innocent “redox-active” ligands.® Anionic ligands such
as o-amidophenolates (AP), catecholates (Cat), dithiolenes
(mnt), 1,2-benzenedithiolates (tdt), 2-amidothiophenolates
(abt), reduced o-diimides (DAB, BIAN) and ferrocenyl ligands
(Fc) are capable of reversible one-electron oxidation, while por-
phyrins (Por) are capable of two-electron processes (Fig. 1).
Therefore, complexation with these ligands allows for poten-
tially reversible oxidation of organometallic complexes posses-
sing metal centres with inaccessible or no valence electrons.
These ligands have found use in the synthesis of base tran-
sition metal complexes with useful catalytic properties by sup-
pressing favourable one-electron redox processes and facilitat-
ing two-electron processes.”® They have also been employed
in preparing complexes with a variety of interesting optical,
magnetic and conducting properties and applications in new
generations of optoelectronic devices.®

Chemical reactivity and electrochemistry

Heavy main group metal complexes of these redox-active
ligands have been known for more than 50 years.'”'® Of the
comparatively few reports of these complexes versus those of
base transition metals, the majority are limited to synthetic or
structural studies. As an illustration of the current state of the
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Fig. 1 Redox couples of redox-active ligands capable of acting as electron reservoirs: o-amidophenolate (AP)/o-iminosemiquinone (ISQ), catecho-
late (Cat)/o-semiquinone (SQ), maleoniriledithiolate (mnt), 3,4-toluenedithiolate (tdt), 2-amidobenzenethiolate (abt), ferrocenyl (Fc), 1,4-diaza-1,3-

butabiene (DAB), 1,2-bis(imino)acenaphthene (BIAN) and porphyrinato (Por).

field, the following highlights relevant chemical reactivity or
electrochemical studies that report oxidation/reduction of
main group metal compounds.

o-Amidophenolates (AP)

Structural drawings of select main group metal o-amidopheno-
late complexes are found in Fig. 2. Group 13 complexes of
o-amidophenolate have been studied extensively by Piskunov
and have been recently reviewed.'® The reaction of the hetero-
leptic complexes (""PPAP)GaX (X = Me, I) (Dipp = 2,6-diiso-
propylphenyl) with single-electron oxidants (I,, O,, HgCl,,
HgBr,, TMUDS = tetramethylthiuram disulfide) results in oxi-
dation of the [P"PPAP]*~ ligand and formation of a monoradical
species, as confirmed by EPR studies, which spontaneously
symmetrize to a paramagnetic neutral biradical species
(P'PPISQ7),Gax/Y.?* Attempted synthesis of (P'PPAP)InI via
metathesis reaction resulted in oxidation of the (“PPAP)*~
ligand and formation of the diradical species (*PPISQ"),InI.**
However, the reduced ligand complex ("'PPAP)InI(tmeda) (1)
(tmeda = N,N,N',N'-tetramethylethylenediamine) could be iso-
lated in the presence of the coordinating tmeda ligand.”?
Reaction of 1 with oxidizing agents I, or HgCl, resulted in
single oxidation of the ("PPAP)*~ ligand and isolation of
(P'PPISQ")InX,(tmeda) (X = I or Cl, respectively).”® The stability
of these complexes versus the corresponding gallium com-

This journal is © The Royal Society of Chemistry 2023

plexes is attributed to the coordination of the tmeda ligand to
the metal centre. Alternatively, reaction of 1 with O, or
TMTUDS (tetramethylthiuramedisulfide) led to disproportio-
nation and formation of the bis-ligand species (°PPISQ"),InX
(X = I or S,CNMe,, respectively), the latter of which proceeds
through the expected (°'PPISQ’)InI(S,CNMe,)(tmeda) inter-
mediate as determined by EPR spectroscopy. Similar reactivity
was observed for [(°'PPAP)InEt],. Oxidation of the homoleptic
monoanion of [(DME);Na]'[(*"PPAP),In]~ (2) (DME = di-
methoxyethane) with Hg,X, (X = Cl, Br) gives the corres-
ponding 2-electron oxidized products (PPPISQ7),InX.*
Attempted activation of RI (R = Me, Et) with 2 in thf proceeds
slowly at room temperature and more quickly at reflux temp-
eratures to give diamagnetic 3.>> The reaction results in the
formal addition of the alkyl cation group to the (®PPAP)*~
ligand to give (°'PPRAP)~ and addition of the iodide anion to
the indium centre. Activation of allyl halides (AllX, X = Cl, Br,
1) with [(thf),Na(®"PPAP),Ga] yields analogous products to 3,
with the reaction of Alll completed in a few hours and that
with AlICI requiring more than two weeks.”® Attempts to
isolate (P™*1SQ");Ga (H,"™Ap = 2-(3,5-dimethoxyanilino)-4,6-
di-tert-butylphenol) from the reaction of GaCl; and H,”™Ap
in the presence of Et;N resulted in the formation of 4, which
features C-H bond activation of the (°™?AP?" ligand and the
formation of new C-N bonds, presumably as a result of the
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Fig. 2 Structural drawings of select main group metal o-amidophenolate (AP) compounds and ligands.

absence of ortho-substituents
group.”’

(Phenoxpp)Ge!! (Pheno*Ap = 24,6 8-tetra-tert-butylphenoxazin-
1-one) reacts with the one-electron oxidant 3,6-di-tert-butyl-2-
methoxyphenoxyl radical (RO") to afford (""*"°*ISQ")Ge"(OR)
(5), in which the (""*"°*AP)*~ ligand versus the Ge" centre is
oxidized.”® Cyclic voltammetry (CV) studies of (RAP)Ge" (R =
Ad (6a), Ph (6b), tBu (6¢)) show a single irreversible oxidation
wave for 6a and 6¢c and a single quasi-reversible wave for 6b.
Chemical oxidation of 6a-c with the 3,6-di-tert-butyl-2-ethoxy-
phenoxy radical allowed for detection of the 6a™" radical only
by EPR spectroscopy.”® Oxidation of (RAP)Sn" (R = Ad, tBu)
with TMTDS results in oxidation of Sn" and formation of (*AP)
sn"(S,CNMe,),.*°

The homoleptic compound (**"AP),Sn" has been shown to
display redox isomerism with the tin(u) electromeric form
(*®"1SQ"),Sn" in non-polar solvents, as determined by magne-
tochemistry, EPR, UV-visible spectroscopy and Mossbauer
spectroscopy.®! The interconversion can be quenched through

in the N-[3,5-(MeO),C¢Hs]
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addition of a strong donor solvent such as pyridine, resulting
in the octahedral compound (**“AP),Sn"(py),. Reaction of the
six-coordinate complex (P'PPAP)(®PPISQ"),Sn" with air oxygen
produces [(°'PPAP)(P'PPISQ')sn],0 and (°'PPISQ7),Sn(OH), con-
taining p-oxo- and hydroxo- ligands, respectively.>” Oxidation
of [(®PPAP)Pb"], with Hg,Br, affords the radical species
[(P"PPISQ")Pb"Br] as detected by EPR spectroscopy.*

Reaction of ("PPAP)Sn'Ph, with dioxygen yields the ligand
oxidized species ("'PPISQ’),Sn'YPh, and Ph,SnO, while oxi-
dation with sulfur yields (°PPAP)(®"PPISQ7)SnPh and (Ph,Sn)
S.>* Alternatively, reaction of [(°'PPAP)Sn'VEt,(thf)] with dioxy-
gen or sulfur yields (®"PPISQ’),Sn'VEt,, which spontaneously
undergoes alkyl elimination to give (°'PPAP)(®'PPISQ")Sn'VEt,
(P'PPAP)(PPPEtAp)SN'VEL (7) and Et,SnE (E = O, S). Reaction of
(P'PPAP)Sn™VtBu, with allylhalides AlIX (X = Cl, Br, I) results in
alkyl transfer to the ring carbon and a C-C bond formation
similar to that observed for 7. Alternatively, reaction of (°'PPAP)
Sn' with AlIX results in oxidation of the tin centre and for-
mation of (P'PPAP)Sn(All)X followed by disproportionation to

This journal is © The Royal Society of Chemistry 2023
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(P'PPAP),Sn and a similar alkyl transfer to the ring carbon
atoms.>® (P'PPAP)Sn" reacts with TMTD (tetramethylthiuram
disulfide) to give oxidation at tin and isolation of ("PPAP)
Sn"™(S,CNMe,),, while reaction with ethoxy-3,6-di-tert-butyl-
phenoxy radical (OR’) results in formation of (PPPISQ")
Sn"(OR), as determined by EPR spectroscopy at low
temperature.®®

A series of tin(iv) complexes ("PPAP)Sn'(IPFc), (IPFc =
2-(ferrocenylmethyleneamino)phenolate) (8a-c) containing both
o-amidophenolate and ferrocenyl ligands have been studied by
CV.*” Generally, these complexes show four quasi-reversible
oxidations assigned to oxidation of (®PPAP)*~ to ("PPISQ")” to
neutral o-iminoquinone at lower potentials followed by the
separate oxidation of each (IPFc) to (IPFc') at higher poten-
tials. Chemical oxidation of 8b and 8c with silver triflate and
characterization of the resulting products by EPR supported
the assignment of the first oxidation and the formation of
[(®PPISQ")Sn™(IP-Fc),]" (8b™" and 8c™).

The antimony compounds ("AP)Sb'R; (R = Dmp, Dipp; R’ =
Et, Ph), which are prepared from the oxidative addition of
neutral o-iminobenzoquinone and R’;Sb™, have been shown
to reversibly bond dioxygen.** ** The compounds are air stable
but bind molecular oxygen in solution to yield (*AP)(O,)SbR’;
(9), which features a trioxastibolane ring as determined by
X-ray crystallography. Moderate heating of solutions of 9 lead
to elimination of O, and isolation of ("AP)SbR';. The proposed
mechanism involves oxidation of the (*AP)*~ ligand and for-
mation of a [(*ISQ")SbYR';]'[0,’] ion pair as an initial step.

3,5-di-tert-Butyl-1,2-quinone-1-(2-hydroxy-3,5-di-tert-butyl-
phenyl)imine (ONO) ligands can exist in three anionic oxi-
dation states (Fig. 2).*> The complexes (ONO%)Al(AcacPh,)Cl
(AcacPh,” = diphenylacetylacetonate) and (ONO9)Al(QuinO)Cl
(QuinO™ = 8-oxyquinoline) were reduced with KCg to undergo a
single-electron reduction in the presence of pyridine to give
[(ONO®**)Al(AcacPh,)(py)]” and  [(ONO*I)Al(QuinO)(py)]”
monoradicals.** Alternatively, oxidation of (HONO®“9AICI
(OEt,) with tetrachloro-1,2-quinone (0-O,C¢Cly), 9,10-phenan-
threnequinone (0-O,C;,Hg) or pyrene-4,5-dione (0-O,C;6Hg) in

View Article Online
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the presence of pyridine results in expulsion of HCI and the
formation of (ONO®*¥)Al(0-0,CeCly’)(py), (ONO®*3)Al(o-
0,C1,Hg )(py) and (ONO®%)Al(0-0,C,6Hs)(py), respectively,
which possess two redox-active ligands. The assignment of the
radical semiquinone redox state of the ligands was determined
using X-ray crystallography, UV-vis-NIR spectroscopy and mag-
netic measurements. The [N(nBu),]" salt of the binuclear di-
anionic gallium complex [(bbpo)(GaCl,),]*~ (10) (H,bbpo = 1,2-
bis(3,5-di-tert-butyl-2-hydroxyphenylJoxamine) ~ has  been
studied by CV and exhibits two ligand-centred reversible one-
electron oxidation waves.'> Magnetic measurements show two
uncoupled (o-iminobenzosemiquinonate)gallium(m) units at
room temperature.

Catecholates (Cat)

Structural drawings of select main group metal catecholate
complexes are found in Fig. 3. The reaction of [(*®*“Cat)InI
(thf)], (11) and [(*®*"Cat)InMe]; (12) and with oxidizing agents
was studied by EPR spectroscopy.’® Reaction of 11 with one
equivalent of I in thf gave (*®"SQ")InI,(thf) (13), which features
the monooxidized (*"$Q")™ ligand. Dissolution of 13 in diethyl
ether lead to spontaneously disproportionation to (*"SQ"),InI
and InlI;. Alternatively, dissolution of 13 in non-coordinating
toluene or hexane solvent resulted in formation of the homo-
leptic triradical (®*“SQ");In (14). This compound undergoes
ligand exchange with tmeda to eliminate neutral o-benzo-
quinone and form (*®“Cat)("®"$Q")In(tmeda) via intramolecular
electron transfer between (®“SQ")” ligands. Reaction of
[(®*UCat)InMe]; (12) with 1.5 equivalents of I, gave (**“SQ")
InMel, which spontaneously disproportionates to (**“SQ");In
(14), Melnl, and Me,Inl. This is presumably due to the weak
coordination of thf in (®“SQ")InMel versus (*"SQ’)InI,(thf)
(13). Similar reactivity is observed for 11 with TMTUDS to give
the radical species (®*"SQ")InI(TMTUDS), which is stable in thf
but further reacts in non-coordinating solvent to give
(*®USQ");In (14). An analogous result is observed for the corres-
ponding reaction of 12 and TMTUDS, though the product
(*®USQ")InMe(TMTUDS) slowly disproportionates in thf to

R1 tBu
tBu tBu o 0 /O R'
R1 o) R1 O\O ,Sn
\ + 02 \’ g \O "
SbPhy- ——==  ShPhy Ry |72 R
Ry o) -0 Ry o tBu
tBu tBu
Fe
15a,R;, R, =H 16b, R, = OMe, R, = H

15b, R, = OMe, R, = H
15c, Ry, R, = OMe

16¢, R,, R, = OMe

17a, R, =R, =tBu, R, R" = H
17b, R, =R,=H, R, R" = H

17¢, R, =R,=1Bu,R'=H,R" = Cl
17d, R, =R,=H,R'=H,R" = Cl
17e, R, =R, =By, R, R" =Cl
17f, Ry =R, =H, R, R"=Cl

Fig. 3 Structural drawings of select main group metal catecholate (Cat) compounds and reaction schemes.
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(®"SQ"),InMe. The products of these reactions depend on the
reaction conditions, notably the solvent.

As with (PPPAP)Sn", (*UCat)Sn" also reacts with TMTD to
give oxidation at Sn™ and isolation of ("®"Cat)Sn""(S,CNMe,),,
while reaction with ethoxy-3,6-di-tert-butylphenoxy radical
(OR’) results in oxidation of the catecholate ligand and for-
mation of ("SQ")Sn"(OR), as determined by EPR spectroscopy
at low temperature.®®

Analogous to (*"AP)SbYR’; (R = Dmp, Dipp; R’ =
series of antimony catecholate compounds (*Cat)Sb'R’s (R
Et, Ph) (15) is prepared from the oxidative addition of neutral
o-benzoquinone and R’;Sb™ and reversibly bonds dioxygen to
give (®Cat)(0,)SbR’; (16).>**>*”7%% In addition to compu-
tational studies on the effect of the electronic and steric pro-
perties of the catecholate or o-amidophenolate ligand on reac-
tivity, it has been demonstrated experimentally that the redox
potential of the ligand is crucial in allowing or forbidding the
binding process. For example, (4,5-(MeO),-*"Cat)SbPh; (15b)
(4,5-(Me0),-"Cat = 4,5-dimethoxy-3,6-di-tert-butyl-catecho-
lato) and (4-MeO-®"Cat)SbPh; (15¢) (4-MeO-®"Cat =
4-methoxy-3,6-di-tert-butyl-catecholato) undergo reversible
addition of dioxygen while (*®*"Cat)SbPh; (15a) does not. This
is a result of the electron donor ability of the methoxy group,
which allows the catechol ligand to be more easily oxidized.
(4,5-Cat)SbR’; (4,5-Cat 4,5-(1,1,4,4-tetramethyl-butane-1,4-
diyl)-catecholato; R’ = Et, Ph) and [Ph,Sb]"[(4,5-Cat),SbPh,]~
have been studied by CV. (4,5-Cat)SbPh; undergoes one revers-
ible one-electron ligand oxidation to give [(4,5-SQ")SbPh;]" and
a second irreversible one-electron ligand oxidation as a result
of dissociation of neutral o-benzoquinone. Alternatively, (4,5-

Et, Ph), a

r—
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while [(4,5-Cat),SbPh,]” undergoes two reversible one-electron
ligand oxidations to give [(4,5-Cat)(4,5-SQ")SbPh,] and [(4,5-
SQ"),SbPh,]".*®

Similar to the o-amidophenolate (AP)Sn"™(IP-Fc), com-
pounds 8a-c, a series of tin(iv) complexes (Cat)Sn"(IPFc),
(17a-f) containing both catecholate and ferrocenyl ligands
have been studied by CV.*” The first two oxidations of 17a-f
are similar, with oxidation of the catecholate ligand to give
[(SQ")Sn™(1P-Fc),], followed by oxidation of the IPFc ligand to
give [(SQ")Sn"(IPFc)(IPFc*),]*". Compounds 17a, 17¢ and 17d
then undergo an intramolecular electron transfer to give [(Q)
Sn™(IPFc),]** (Q = o-benzoquinone) followed by spontaneous
decoordination of the neutral o-benzoquinone ligand to give
[Sn™(IPFc),]*". For compound 17b and 17e, a third oxidation
wave is assigned to further oxidation of the (SQ°)” ligand,
which is followed by decoordination of the neutral o-benzo-
quinone ligand to give [Sn"™(IPFc)(IPFc*)]**. Chemical oxi-
dation of 17a and 17d with silver triflate and characterization
of the resulting products by EPR supported the assignment of
the first oxidation and the formation of [(SQ")Sn(IPFc),]".

a-Diimines - 1,4-diaza-1,3-butabienes (DAB) and 1,2-bis
(imino)acenaphthenes (BIAN)

Structural drawings of select main group metal complexes with
reduced a-diimine ligands are found in Fig. 4. The reactivity of
(R*DABY)M"-M"(RDABY®) and (*BIAN)M"-M"(®BIAN) (M = Al,
Ga) complexes has been studied and exhibit insertion reac-
tions into the M-M bond to afford M™ species. For example
(PPPDABMO)AIM-AI"(PPPDABM®) (18) reacts with symmetric and
asymmetric azo compounds to form (PPPDAB™®")AI"(,-NPh)

Cat)SbEt; undergoes two irreversible one-electron oxidations, (p,-NAr)AI"'(®PPDABM®") (19a-¢) (Ar = Ph, p-MeOCgH,,
Ripp  Dipp DlppNPh Dipp
N [hf N Me  PhN=NAr
I Al- Al _ :[C AL A ND:[
N thf N Me
Dlpp Dlpp anpNAr Dlpp
18 19a, Ar = Ph

IIDipp IIDiPp

\ /

Ga-Ga |
/ \

O YN O

Dipp Dipp

20

19b, Ar = p-MeOCgH,
19¢, Ar = p-Me,NC¢H,

R = Dipp

22a,Ry,R,=H

22b,R; =Ph,R,=H

22¢, R, = Me, R, = CO,Me
22d, R; = Me, R, = CO,Et

Fig. 4 Structural drawings of select reduced a-diimine (DAB, BIAN) ligand main group metal compounds and reaction schemes.
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Pp-Me,NCgH,) via oxidation of 18 and reduction of the N=N
bond.*® Further, compound 19a-c could be reduced with Na
give to the dianionic ligand complex [(*PPDAB™¢)AI"(1,-NPh)
(n2-NAr)AI"™(PPPDABME) >, (P'PPBIAN)Ga"-Ga"(P'PPBIAN) (20)
reacts with oxidizing agents (SCH,Ph),, Me,N(S)CS-SC(S)NMe,
and I, to afford ("PPBIAN’)Ga"(SCH,Ph),, ("'PPBIAN)
Ga"(S,CNMe,) and ("PPBIAN’)Ga™-Ga™("PPBIAN") (21),
respectively.”’*> Compound 21 reversibly dissociates in pyri-
dine solution to give (“PPBIAN)Ga™I(py). The reversible
addition of alkynes to 20, which involves direct bonding of the
DIPPBIAN ligand with the substrate (22a-d), was exploited to
facilitate the catalytic hydroamination and hydroarylation of
phenylacetylene with anilines.”*"*

Reaction of M*“DAB™® (Mes = 2,4,6-trimethylphenyl) with
In'OTf lead to formation of the adduct (M**DAB™)In'(OTf),
while a similar reaction with less-electron-rich “**DAB"
resulted in formation of the reduced ligand diindane species
[(V**DAB™)In"(OTf)], (23).>® Compound 23 displays C-C coup-
ling of the radical [M*°DAB™]  ligands in the solid-state.
Similarly, the 3:2 reaction of »PPDAB" and In'Cl resulted in
formation of the paramagnetic diindane [(°'PPDAB™")In"Cl],
(24).>° Solution EPR data confirms the presence of a ligand
based radical in both 23 and 24. (°PPDAB™")In"'Cl,(thf) is
formed in low yield from a disproportionation reaction of
(P'PPDAB™)Li, and In'Cl, which also affords indium metal and
neutral PPPDAB™ as byproducts.’” Reactions of "DAB™ (R = (S)
methylbenzyl, (R) 1-chlorobutan-2"-yl, (S,S) 1’-chloro-1'-phenyl-
propan-2'-yl or di-tert-butyl) with MCl; (M = Al, In) in aceto-
nitrile afford ("DAB”)MCI; adducts. The ("DAB™)InCl; adducts
slowly decompose to 1,3-dialkyl-imidazolium and alkylammo-
nium tetrachloroindate in thf solution.® CV scans of the
adduct (’P’BIAN)InCl; (pBP = p-bromophenyl) shows two
quasi-reversible reduction waves assigned to reduction of the
In™ centre to In', with subsequent reduction waves assigned to
reduction of the #PPBIAN ligand.”® The adducts ("BIAN)InCl,
(R = 2,6-diisopropylphenyl (25), 2,6-dimethylphenyl and
p-nitrophenyl) showed four irreversible reduction waves, likely
due to the loss of Cl” ligands during reduction of the
complex.®® Data suggested that mild reducing agents with
potentials between —1.0 and —2.0 V can be used to reduce
these complexes. Reduction of 25 with magnesium anthracene
resulted in formation of reduced ("PPBIAN)H, and indium
metal, while reduction of (P"-BIAN),InCl,[InCl,] (pMP =

a) b)

N Ph
OO

[PYBIAN]

N
I |
©:N N I j
OMe MeO

View Article Online

Frontier

p-methoxyphenyl) with Cp,Co also resulted in formation of
reduced (P™P-BIAN)H, ligand.

SnCl, may be reacted with P'PPBIAN to afford the adduct
(P'PPBIAN)Sn"'Cl,, while the monoanionic ligand complex
(P'PPBIAN")Sn"'Cl may be prepared from PPPBIAN and a five-
fold excess of SnCl, and KCg.®! Reaction of P'PPBIAN with one
equivalents of SnCl, and two equivalents of KCg in the pres-
ence of one equivalent of [CpFe(CO),], gives the dianionic
ligand complex (""PPBIAN)Sn".

It has been shown that the reaction of Pn'Cl (Pn = P, As),
generated in situ from PnCl; and SnCl, as reductant, with
PIPPBIAN results in formation of N-heterocyclicphosphinium
and -arsinium cations [(*PPBIAN)Pn""][SnCl;-thf].°> The Pn™
oxidation state was confirmed by *'P NMR and bond distances
and angles elucidated from X-ray crystal structures. Similarly,
reaction of P'Br, generated in situ from PBr; and cyclohexene,
with (*"DABY) (R = Mes, Dipp) or (*BIAN) (R = Mes, Dipp) affords
(*DAB™)PBr or (*BIAN)PBr products, respectively.®® Alternatively,
the redox reaction of PI; and "DAB® gives [(*DAB®)P|[I;] (R =
tBu, Dipp, Mes or cHex, R’ = H; R = p-tolyl, R’ = Me).** While it
has been shown that in situ generated “clamshell” ligand
(*YBIAN) (Fig. 5a) adducts ("BIAN)Pn"'Cl; (Pn = P, As) may be
reduced with cobaltocene to the corresponding N-heterocyclic
chloropnictogens (*YBIAN)Pn'Cl, similar reactions with Pn = Sb
and Bi species afforded black material, "BIAN and [Cp,Co]CL°®

The reactivity and electrochemistry of iminopyridine com-
plexes of Al and Ga have been studied by Berben et al.°®*° and
have been reviewed elsewhere.”” It has been shown that a
series of octahedral group 13 complexes of 2,6-bis{1-[(2-meth-
oxyphenyl)imino]-benzyl}pyridine (I,P, Fig. 5b) may be pre-
pared that possess multiple ligand charge states: [(I,P°)(I,P")
MP*, [(LP)M]Y, (LP)(LP*)M, [(ILP*),M]", and [(I,P*")
(LP*)MJ*", and [(I,P*"),AI’” (M = Al, Ga, In).”" This is
achieved through chemical oxidation or reduction of the
various complexes with Fc(PFg) or Na, respectively. Further,
cyclic voltammograms of (I,P7)(I,P>")M display reversible
redox events that span ligand-based charge states from [(I,P°)
(LPM]*" up to [(I,P*7),M] ™. CV scans of (L"V°)TIMe, (L"N° =
2,4-di-tert-butyl-6-(3-(2,6-di-iso-propylphenylimino)butan-2-
ylidene)amino phenolato; Fig. 5c) showed an irreversible
reduction wave which was assigned to reduction of the ligand
and accompanied by with strong adsorption of the product to
the electrode surface.””

=z | c)
X Ph Me, Me tBu
7\
Dipp—N N
0 tBu
[1,P] [LNNOJ-

Fig. 5 Structural drawings of a-diimine ligands: (a) [YBIAN], (b) [I,P] and (c) [LNN°]~.

This journal is © The Royal Society of Chemistry 2023
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Dithiolenes (mnt), 1,2-benzenedithiolates (tdt) and
2-amidobenzenethiolates (abt)

Early polarographic studies of [In(mnt);]*", [In(mnt),]” and
[In(tdt),]” (mnt = maleonitriledithiolate, tdt = 3,4-toluenedithio-
late) complexes showed that these can be reversibly reduced in
the steps In'™ — In" — In" — In° though electrochemical or
chemical oxidation of these species was not studied. A series
of poorly characterized antimony and bismuth-tdt and -mnt
complexes have been studied similarly, with tdt complexes
showing a single reversible reduction wave and mnt complexes
showing two reversible reduction waves.”® Cyclic voltammetry
(CV) investigation of [NMe,],[(bdt),T1}] (H,bdt = 1,2-benzene-
dithiol) showed an irreversible reduction wave due to
reduction of TI" to TI° with deposition of metal on the elec-
trode surface.”* Further, solutions of the compound undergo
colour changes upon exposure to air. CV scans of
[NEt,][(bdt),TI""] show a single irreversible oxidation peak.
More recently, it has been shown via CV that indium com-
pounds (NCN)In(tdt) [NCN = 2,6-bis(dimethylaminomethyl)
phenyl] and dimeric [MeIn(tdt)(py)], undergo irreversible one-
electron and two-electron electrochemical oxidations, respect-
ively.”” Chemical oxidation of both compounds with diiodine
did not give one-electron oxidation radical products (NCN)In
(tdt")I and [Meln(tdt’)(py)],, as observed for indium o-amido-
phenolate (1) and catecholate (11, 12) complexes. Instead, a
spontaneous two-electron oxidation of the tdt ligand and for-
mation of [tdt], disulfide oligomers and RInl, (R = NCN, Me)
was observed, regardless of reaction stoichiometry. CV studies
of the corresponding 2-amidobenzenethiolate (abt) analogues
showed two very weak oxidation peaks for (NCN)In(abt) and
only background current for [Meln(abt)(py)]. Attempts to
chemically oxidize both compounds with diiodine showed no
reactivity. Reaction of [NBuy],[Pb"(mnt),] with organohalides
(RX, where R = 1° and 2° alkyl, X = Br, I) afforded [Pb"(mnt)X]~
and R,mnt, while no reaction was observed when R = 3° alkyl,
aryl or X = C1.”° Alkylation was found to proceed faster than for
Na,(mnt).

Ferrocenyl compounds (Fc)

Structural drawings of select main group metal ferrocenyl com-
plexes are found in Fig. 6. A small number of ferrocenyl group
13 metal compounds have been synthesized and studied for
their electrochemical properties via CV. The triel bridged [1.1]
ferrocenophane complexes (RMFc), (Fc = ferrocenyl; R =
(Me,NCH,)CsH,4 (25); M = Al, Ga and In) exhibit a fully revers-
ible two-electron redox process for M = Al and a conventional
step-wise redox chemistry for M = Ga, In, indicating weak
interaction between the iron centres.””””® A similar two-elec-
tron process was observed for [Me(py)GaFc],,”® while changing
the ancillary ligand to R = C(SiMe;),SiMe,NMe, for the indium
analogue results in a single irreversible oxidation wave.”® The
splitting between the oxidation potentials in bis(ferrocenyl)
compounds Fc,GaR (R = 5-Me;Si-2-(Me,NCH,)Cs¢H; and
(2-CsH4N)Me,SiCH,) was found to be smaller than that in the

[1.1]ferroceneophane complex (RGaFc), (R = 5-Me;Si-2-

17672 | Dalton Trans., 2023, 52, 17666-17678
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(Me,NCH,)CeH3), which is accredited to differences in electro-
static interactions between the two Fe centres in each class of
complex and more effective solvation of the Fe-containing moi-
eties in Fc,GaR.® A trinuclear gallium-bridged ferrocenophane
with a carousel structure [Fc;Ga,(py),] (26) shows three revers-
ible oxidation waves with half wave potentials lower than that
of ferrocene, i.e. it is more easily oxidized than ferrocene.®">
CV of the spirocyclic [1]sila- and germaferrocenophanes
(Fc),M"™ (M = Si (27a), Ge (27b)) shows two one-electron oxi-
dations, indicating Fe-Fe interactions.®® The first oxidation is
reversible in both compounds, while the second is irreversible
for 27a and reversible for 27b at fast scan rates. [1]
Germylferrocenophane compounds 28a-28c show a reversible
one-electron oxidation process with oxidation potentials sig-
nificantly higher than that of ferrocene due to the electron
withdrawing nature of the chloro group.** Compound 28d
exhibits two reversible one electron oxidation processes with
the first redox process assigned to the pendant ferrocene
group and the second to the ferrocenophane moiety. The
bulky bis(ferrocenyl)germane compound (Fc*),Ge™ (Fc* = 2,5-
bis(3,5-di-tert-butylphenyl)-1-ferrocenyl) (29) was shown by CV
to undergo two separate two-electron oxidations.®®
Computations studies support that the first wave involves oxi-
dation of Ge™ to Ge™, followed by facile intramolecular trans-
fer from the Fe atoms in (Fc*),Ge>" to afford (Fc*),Ge: as a
triplet dication. The stability of (Fc*),Ge: is afforded by the
steric bulk of the Fc* ligands. Compound 29 exhibits charac-
teristic reactivity of a germylene with oxidation of Ge" to Ge™.
CV of (FcCO,Me),Sn™ (30) shows two sequential one-elec-
tron processes and one two-electron process.*® This compound
could also be chemically oxidized in a step-wise manner to
30", 30" and 30°" using AgSbF.. CV and DPV (differential
pulse voltammetry) data for a series of (FcCH,NMe,),Sn™ Cl,_,
(n=1, 2, 3 or 4) (31) complexes shows one, two or three single
electron oxidation steps for n = 1, 2 and 3, respectively. One
two-electron oxidation step followed by a two one-electron oxi-
dation steps is observed for n = 4. (FcCH,NMe,),Sn" shows
two one-electron oxidation steps corresponding to oxidation of
the ferrocenyl ligands versus the Sn™ centre.®” CV and square
wave voltammetry (SWV) for a series of multiply-SnMe; substi-
tuted ferrocenes (32a-f) show a reversible one-electron oxi-
dation wave. The oxidation potential shifts to more negative
values for each introduced stannyl group due their strong o-
donor and weak m-acceptor properties.*® CV and DPV studies
of the adamantly-shaped [(FcSn),E¢] (E = S (33a), Se (33b)) and
cyclic [(FeSn);Te,] (34) complexes show a single four- or six-
electron reversible oxidation peak, indicating four or six equi-
valent and independent redox sites, respectively.*> However,
the broad oxidation peak indicates weak interaction among Fe
centres, particularly for 34, as a result of short Fe-Fe distances.
The oxidation potential decreases upon replacing E = S (33a)
with E = Se (33b) due to decreased electron withdrawal from
the Sn centres and an increase in electron density in the ferro-
cenyl ligands. Alternatively, the bridged 1,1-ferrocenyl com-
pound Fc(Sn(SePh)s), (35) decomposes to other products upon
electrochemical oxidation, most likely due to Sn-Se bond clea-

This journal is © The Royal Society of Chemistry 2023
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40a, R = PbPh,Fc,R = H

40b, R = PbPh,Fc, R' = PbPhs

Fig. 6 Structural drawings of select main group metal ferrocenyl (Fc) compounds.

vage.”® CV of 1,1"-bis(stannyl)ferrocenes Fe(Sn"™"Me;_,Cl,), (n =
0, 1, 2) (36) and Fc(Sn"R), (R = 4-t-Bu-2,6-{P(0)(0i-Pr),},CsH,)
(37) show reversible one-electron oxidations,”"** as does 1,1'-
bis(diphenylstibino)ferrocene.®® Polarographic measurements
of the [1.1]stannylferrocenophane ((n-Bu),SnFc), (38) shows
two reversible one-electron oxidation waves.’* Oxidation poten-
tials have also been obtained by CV for ferrocenyl lead com-
pounds PhzPbFe (39a), (PhsPb),Fc (39b), Ph,PbFc, (40a) and
(PhsPb)Fc(Ph,Pb)Fc  (40b) and lead [1.1]ferrocenophane
(Ph,PbFc), (41).°> All compounds show separate one-electron
oxidation wave for each Fc ligand. The first oxidation is at
slightly higher potentials versus ferrocene for all compounds
except for 40a where the first oxidation is at a slightly lower
potential.

The 1,2-bis(ferrocenyl)dibismuthene Fc*M=MFc* (Fc* =
2,5-(3,5-dimethylphenyl)-1-ferrocenyl; M = Sb, Bi) features two

This journal is © The Royal Society of Chemistry 2023

bulky Fc* ligands bridged by a M=M =r-spacer.”® CV shows
three reversible one-electron oxidation couples, corresponding
to oxidation of each of the Fc* ligands followed by the M=M
double bond. This suggests that the trication is stabilized by
the ferrocenyl groups. CV scans of the 1,2-bis(ferrocenyl)diger-
mene (E)-Trip(Fc)Ge=Ge(Fc)Trip (Trip 2,4,6-triisopropyl-
phenyl) show a two-step reversible redox couple, suggesting
coupling of the two ferrocenyl moieties through the Ge=Ge n
bond.®” Although ferrocene may be chemically oxidized to give
the ferrocenium cation,’® no studies involving chemical oxi-
dation of ferrocenyl indium or bismuth compounds have been
reported.

Porphyrinates (Por)

Structural drawings of substituted porphyrinato ligands
5,10,15,20-tetraphenylporphyrinato ~ (TPP),  5,10,15,20-tetra
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(pentafluorophenyl)porphyrinato (TPFP), 5,10,15,20-tetraferro-
cenylporphyrinato  (TFcP), tetrakis[3,5-bis(trifluoromethyl)
phenyl]porphyrinato (TAr"P), 5,10,15,20-tetra-p-tolylporphyri-
nato (TTP), 5,10,15,20-tetramesitylporphyrinato (TMesP),
2,3,7,8,12,13,17,18-octaethylporphyrinato (OEP) and 2,3,12,13-
tetrabromo-5,10,15,20-tetraphenylporphyrinato (Br,TPP) are
found in Fig. 7. CV data has been reported for series of main
group metal porphyrin complexes (TPP)AIR and (OEP)AIR (R =
Me, nBu, Ph, C¢F,H)®® and show one irreversible one-electron
oxidation wave followed by two reversible one-electron oxi-
dation waves. The first corresponds to the formation of [(TPP/
OEP)AIR]™" followed by loss of R’ to give [(TPP/OEP)AI]". The
second and third oxidation peaks correspond to oxidation of
the porphyrin ligand. (TPP)MMe and (OEP)MMe (M = Ga, In)
show similar redox behavior. However, cleavage of the M-Me
does not occur for the M = Tl complexes and only the two
reversible oxidation waves are observed. Al(TPP)CIl and Al(Por)
Cl, react with Na/Hg in THF to yield the stable radicals
[AI(TPP)(THF),]" and [Al(Por)(THF),]", respectively.'®® Both are
monomeric in solution with the unpaired electron delocalized
throughout the ring system.

(TPFP)GaCl (42) was shown to be a highly active and stable
post-transition metal-based electrocatalyst for the hydrogen
evolution reaction (HER).'®' Electrochemical and spectro-
scopic studies in acidic media show that both the first and
second reduction events of 42 are ligand-centered. The two-
electron reduced form then reacts with a proton to give a Ga™-
H species, which subsequently undergoes protonolysis to
produce H,. Photolysis of (TPP)Ga™((CH,),CH=CH,) (43) in
benzene solution results in isomerization to form (TPP)
Ga"(CH,CH(CH,),) as a result of homolytic cleavage of the
Ga-C bond followed by cyclization of the 5-hexenyl radical.*®*
When the photolysis of (TPP)Ga™(C,Hs) is carried out in the
presence of dioxygen, the alky radical is trapped to form a
alkylperoxy radical which recombines with the gallium radical
to produce the peroxide (TPP)Ga™(OOC,Hj;). The formation of
(TPP)Ga™(OO(CH,),CH=CH,) during the photolysis of 43 in
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the presence of dioxygen suggests that reaction with dioxygen
occurs faster that cyclization.

CV, DPV, and SWV studies of (TFcP)InX (X = Cl, OH, Fc)
show reversible oxidation of all four ferrocene substituents,
and an irreversible porphyrin-centred oxidation at high posi-
tive potentials.'"® The X = Fc compound shows a fifth revers-
ible oxidation peak at lower potentials that was assigned to the
axial In-ferrocenyl ligand using characteristic IVTC bands in
the UV-vis-NIR spectra. These compounds were also chemically
oxidized to the corresponding monocations using silver(r) tri-
flate or dichloro-5,6-dicyanobenzoquinone (DDQ). Again, UV-
vis-NIR spectroscopy was used to confirm oxidation of the
axial In-ferrocenyl ligand.

The aromatic complex (TPP)Ge™ (44) is converted to antiaro-
matic (TPP)Ge"(py), (45) in pyridine solution.'®* The reaction
is reversed in benzene solution where pyridine dissociates
from 45 to reform 44. This represents an unusual example of
an oxidation-state change in a metal induced by coordination
of a dative ligand. The complex (TAr"P)Ge", which possesses a
more electron withdrawing ligand, behaves similarly but
favours the antiaromatic  (TAr*P)Ge™(py),  product.
Experimental observations and DFT studies indicate that for-
mation of (TPP)M"(py), from (TPP)M" in pyridine is most
favourable for M = Si, borderline for M = Ge and unfavourable
for M = Sn.

CV and DPV experiments on (TPP)Sn'(Fc), complexes
reveal three reversible oxidation processes and two reversible
reduction processes.'® The first two closely spaced oxidations
were assigned to single-electron ferrocene-centered processes,
while the third oxidation and both reduction couples are por-
phyrin core-centered single-electron processes. Both ferrocene
substituents are oxidized at lower potentials compared to
ferrocene. Chemical oxidation revealed two key processes
associated with consecutive oxidation of the axial ferrocene
substituents. The CV and SWV voltammograms of (TPP)
Sn"(FcCOO), exhibit a single two-electron oxidative wave
corresponding to simultaneous oxidation of the ferrocenecar-

TPP, R = Ph
TPFP, R = CgFs
TFcP, R = Fc

TArfP, R = 3,5-(CF3),CgH3
TTP, R = 4-MeCgH,4
TMesP, R = 2,4,6-MG3CBH2

Fig. 7 Structural drawings of porphyrinato (Por) ligands.
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Fig. 8 (a) Catalytic cycle for the oxidative cleavage of vicinal diols by tin porphyrin complexes; (b) reaction of (TTP)Sn'/(OH), (49) with $-diketones

to form dicarboxylato tin(iv) porphyrin complexes (50a—c).

boxylato ligands. Two reversible TPP ligand reduction waves
were also observed.'® CV studies of the complexes of (Br,TPP)
SnX (X = Cl, OH, OPh, p-(NO,)C¢H,0) show two reversible
reduction peaks, which are shifted to lower potentials versus
non-brominated analogues due to the electron withdrawing
effect of the p-bromine atoms.'®”

Tin porphyrin complexes were found to promote the oxi-
dative cleavage of vicinal diols (Fig. 8a).'°® Treatment of (TTP)
sn"(C=cCPh), (46) or (TTP)Sn"(NHtolyl), with pinacol and
2,3-diphenylbutane-2,3-diol afforded diolato complexes (TTP)
sn™[OC(Me),C(Me),0] (47a) and (TTP)Sn"[OC(Ph)(Me)C(Ph)
(Me)O] (47b), respectively. Both complexes spontaneously
undergo C-C cleavage reactions to give (TTP)Sn" (48) and
ketones O—CMe, and O—CMe(Ph), respectively. In the pres-
ence of moist air, 48 is oxidized by dioxygen to (TTP)Sn"™(OH),
(49), which reacts with vicinal diols to reform (TTP)Sn"[OC
(R),C(R),0] (47), thus completing the catalytic cycle. The oxi-
dation state of the metal or TTP ligand in 48 is not confirmed
in the study. In a subsequent study, the reaction of 49 with
B-diketones acetylacetone, dibenzoylmethane, 1-phenylbutane-
1,3-dione or 4,4-dimethyl-1-phenylpentane-1,3-dione afforded
dicarboxylato tin(iv) porphyrin complexes (TPP)Sn"(0,CR), (R
= Me (50a), Ph (50b), ¢-Bu (50c)) and ketonic compounds due
to the C-C bond cleavage of p-diketones (Fig. 8b).'°® The pro-
posed mechanism involves nucleophilic attack of the OH
ligands of 49, and a four-centred intermediate involving C-C
and O-H bond cleavage and C-O and C-H bond formation.
The enhanced nucleophilicity of hydroxo-ligands capable of
the C-C bond cleavage of p-diketones is attributed to the elec-
tron-donating influence of porphyrin ligand to stabilize the
high-valent Sn' center and increase the basicity of the
hydroxo-ligands.

CV studies of (L)BiX (L = TPP, TTP, TMesP or OEP; X =
SO;CF3, NO3) shows two reversible oxidation waves for each
compound.'*® UV-visible spectra of oxidized species confirm
that only the porphyrin ligand is oxidized and there that is no

This journal is © The Royal Society of Chemistry 2023

evidence for oxidation of Bi(m) to Bi(v) in the complex.
Oxidation potentials were found to vary little as a function of
the counterion or solvent.

Conclusions and outlook

The reactivity and electrochemical studies presented herein
highlight the potentially rich and diverse chemistry of main
group metal compounds of incorporating redox-active ligands.
For example, the oxidation of metal o-amidophenolate (*AP)*~
and catecholate (®Cat)*~ compounds to produce stable o-imi-
nosemiquinone (*ISQ")” and o-semiquinone (%SQ")” com-
pounds demonstrates the ability of these ligands to facilitate
these reactions by acting as sources of electrons. Further, this
reactivity can be tuned through choice of ligand substituents,
which affects the redox potential of the ligand. The reversible
addition of dioxygen to antimony(v) o-amidophenolates and
catecholates and the reversible addition of alkynes to
(®BIAN)*~ supported digallanes provide examples of the corres-
ponding reductive elimination reaction required for catalytic
applications. The latter was further exploited to facilitate the
catalytic hydroamination of phenylacetylenes with aniline. In
both cases, bonding of the substrate was to both the metal
center and the ligand, highlighting the potential for non-inno-
cent participation of the redox-active ligand in chemical trans-
formations. The non-innocent ligand behavior of aluminum
bis(imino)pyridine compounds has been exploited by Berben
et al. to mediate proton transfer for dehydrogenation catalysis.
Alternatively, the catalytic oxidative C-C bond cleavage of visc-
eral diols by a tin(iv) porphyrin complex does not involve direct
participation by the porphyrin ligand, which primarily serves
to promote oxidative addition and reductive elimination reac-
tions at the tin center. Finally, the potential for reversible
intramolecular electron transfer has also been shown in the
redox isomerism observed in homoleptic bis(o-amidopheno-
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lato)tin(1v)/bis(o-iminosemiquinolato)tin(n) compounds and
during electrochemical oxidation of mixed ligand catecholato/
ferrocenyl tin(iv) compounds and ferrocenyl germanium(u)
compounds.

Despite these observations, information on the redox pro-
perties and reactivity of redox-active ligand compounds of
main group metals, particularly those of indium and bismuth,
remains relatively sparse. For example, the facile oxidation and
spontaneous disproportionation reactions observed for
indium o-amidophenolate and catecholate complexes demon-
strate a high degree of reactivity. However, the chemical and
electrochemical reversibility of these reactions has not yet
been studied. Further, reactivity with a scope of substrates,
including reactions with organohalides, small molecules and
symmetric and asymmetric unsaturated species, has not been
demonstrated. The spontaneous two-electron chemical oxi-
dation of indium 3,4-toluenedithiolate species to yield oligo-
meric disulfides versus the controlled one-electron chemical
oxidation of indium o-amidophenolates and catecholates
shows the potential for varying reactivity with the choice of
redox-active ligand. The ligand centered electrochemically
reversible oxidation of ferrocenyl- and porphyrinato-indium
and bismuth species suggest possible reversible chemical reac-
tivity, while tunability of redox potentials is possible though
modification of ligand substituents. Further, the synthesis of
mixed redox active ligand systems leaves potential for expand-
ing the scope of reactivity for these species.

The studies discussed herein confirm the ability of main
group metal compounds of redox-active ligands to undergo
“oxidative addition” type reactions to afford isolable species.
However, it remains that only a very small number of these
chemical reactions have been shown to be reversible.
Therefore, the current challenge in the field is the identifi-
cation of new reversible chemical reactions that also feature
corresponding “reductive elimination” processes. This will
ultimately require systematic studies involving informed selec-
tion of main group metal, redox-active ligand, substituents
and substrate. In the quest to establish the potential utility of
main group metal compounds in catalytic redox processes, the
chemical reactivity and electrochemical properties of com-
pounds containing redox-active ligands is an intriguing avenue
of inquiry and one that should be fully explored.
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