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/Abstract: Recent years have witnessed remarkable advances
in radical reactions involving main-group metal complexes.
This includes the isolation and detailed characterization of
main-group metal radical compounds, but also the genera-
tion of highly reactive persistent or transient radical species.
A rich arsenal of methods has been established that allows
control over and exploitation of their unusual reactivity pat-
terns. Thus, main-group metal compounds have entered the
field of selective bond formations in controlled radical reac-

-

~

tions. Transformations that used to be the domain of late
transition-metal compounds have been realized, and unusu-
al selectivities, high activities, as well as remarkable function-
al-group tolerances have been reported. Recent findings
demonstrate the potential of main-group metal compounds
to become standard tools of synthetic chemistry, catalysis,
and materials science, when operating through radical path-
ways.

/

1. Introduction

The selective formation of new chemical bonds continues to
be one of the major challenges in synthetic chemistry, especial-
ly when a high functional-group tolerance is desired. For a
long time, polar reactions between closed-shell nucleophiles
and electrophiles have been the main strategies for predictable
bond-forming events in organic and inorganic synthesis. In
principle, radical reactions offer unique opportunities to gener-
ate a more versatile portfolio of reliable synthetic procedures
that facilitate selective bond formations. This is due to the in-
herent characteristics of radical species, which are in certain re-
spects complementary to the properties of reagents that
follow polar reaction pathways: i) strongly polar functional
groups may be tolerated,? ii) weakly polar functional groups
can selectively be addressed in the presence of polar function-
al groups,® ¥ iii) active species can in many cases be generated
by photochemical approaches,” iv) different analytical tech-
niques (most importantly: EPR spectroscopy) become available
and are valuable tools in the identification of active species
even in the presence of excess diamagnetic starting material(s),
product(s), and by-product(s).”’ However, reliably inducing re-
actions along either polar or radical reaction pathways is not
necessarily trivial. For instance, homolytic and heterolytic bond
dissociation of a particular functional group can be very close
in energy.” In addition, the polarity of the solvent can play a
crucial role in favoring one or the other reaction profile, when
polar or charged species are involved."'? Thus, the develop-
ment of strategies to generate radical species that follow pre-
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determined reaction pathways remains an important challenge
in synthetic chemistry.

The ability of transition-metal complexes (especially those of
3d metals) to engage in single-electron-transfer reactions was
recognized early-on and continues to generate valuable new
synthetic protocols for radical reactions.”> In main-group
chemistry, research on radical reactions used to be largely fo-
cused on three different types of approaches. First, there was
interest in alkali (and to a lesser extent alkaline-earth) metals
and their complexes for use as reducing agents.”®*! Second,
radical initiators such as azobis(isobutyronitrile) (AIBN) and
benzoylperoxide (BPO) or stable radicals such as 2,2,6,6,-tetra-
methyl-piperidine-N-oxide (TEMPO) have been extensively ex-
ploited in organic synthesis and polymer chemistry.?®' Third,
tin compounds, especially [HSn(nBu);] and [Sn(nBu);],, have
found widespread use as H-atom donors and mediators in rad-
ical chemistry.?®

Continuous developments in radical chemistry during the
last few decades have added important principles and new
facets to this field of research. This includes the exploitation of
the persistent-radical effect (PRE),””? progress in the under-
standing of solvent cages around pairs of radicals,*” the use of
thiyl radicals in organic synthesis,*” the introduction of ligands
such as cyclic (alkyl)(@amino)carbenes to radical chemistry,®"
and new perspectives on catalyzed radical reactions.”

With the above-mentioned exceptions of s-block reducing
agents and toxic tin species,”?® complexes of main-group
metals have traditionally played only a minor role in radical
chemistry. Recent advances in main-group chemistry have now
changed this picture. Redox-active ligands in the coordination
sphere of main-group metals have been investigated.®*>*! Ad-
vances in the preparation and analysis of low-valent and multi-
ple-bonded p-block metal compounds have been achiev-
ed.B39 Access to species with weak M—M bonding has been
forged,* and unforeseen roles of classical bases or Grignard
reagents in radical reactions have been uncovered.*" These
developments have brought the complexes of s- and p-block
metals to the stage of selective bond formations through radi-
cal pathways.

In this contribution, recent advances in the radical chemistry
of main-group metal compounds®? that result in the selective
formation of new chemical bonds are reviewed and put into
perspective.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/chem.202000194
http://onlinelibrary.wiley.com/doi/10.1002/chem.v26.44
http://www.chemeurj.org/showcase
http://www.chemeurj.org

Chemistry—A European Journal

Review
doi.org/10.1002/chem.202000194

Chemistry
Europe

European Chemical
Societies Publishing

2. Strategies to Control Radical Reactions

A broad range of strategies—alone or in combination—have
been applied for the exploitation of main-group metal com-
plexes in the context of selective bond formation in radical re-
actions. The most important examples are summarized in this
chapter together with selected examples of how these strat-
egies have been applied in practice.

2.1. Steric bulk

Steric bulk was key to success in the development of synthetic
access to the first low-valent main-group metal complexes and
has since then been established as a means to stabilize highly
reactive compounds in this field of research.*® This strategy
was again effective for the generation of species that pave the
way for selective radical reactions with main-group metal com-
pounds. For instance, the sterically encumbered stannylene
Sn(Ar), (1) allows access to the (thus far) non-isolable radical
species Sn(Ar)" (2), which subsequently undergoes selective CH
activation reactions with hydrocarbons (Scheme 1a; Ar=2,6-
R,-C¢Hs; R=2,6-iPr,-C4H;; also see section 3.4)."“*! For the
stannylene Sn((CH(SiMe;),), (3) with its less bulky substituents,
a different reaction pathway was observed, namely the forma-
tion of the Sn" radical species [Sn((CH(SiMe;),);]" (4), along with
further by-products (Scheme 1b).#647

a) high steric bulk R
O
R .. R 2 R subsequent
Sn hv + R reactions with
(or AT) hydrocarbons
“R R" —\.. (section 3.4)
1 N
R
b) lower steric bulk
R' R’

R' s$n. R hv

2 —— =R _sn. _R
¥R ¥ &

3 R'=CH(SiMes); 4

by-products
(e.g.: (SnR')n)

'+

Scheme 1. Impact of steric bulk on the reactivity of Sn' radical species:

a) subsequent reactions with hydrocarbons such as toluene (see section 3.4);
R=2,6-iPr,-C¢H;. b) formation of an Sn" radical (plus by-products);
R'=CH(SiMe;),.

While the installation of bulky substituents around the metal
center allowed for the generation of the detectable Sn' radical
2, the same approach granted access to the first isolable bis-
muth radical compound: with a bulky diamide ligand, the Bi"
radical 5 was isolated and fully characterized (Scheme 2a), set-
ting the stage for investigations into the reactivity of well-de-
fined bismuth radical compounds (see section 3.5).“%*! Nota-
bly, dimerization through Bi—Bi bond formation was observed
when less bulky substituents were installed at the nitrogen
atoms of a complex based on the same ligand platform (6 —7;
Scheme 2b).5%
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Scheme 2. Fine-tuning of the steric bulk around a bismuth(ll) center leads to
an isolable bismuth radical (a) or to the formation of a dibismuthane
through Bi—Bi bond formation (b).

2.2. Delocalization of spin density in n-electron systems

Radical species may be stabilized by delocalization of spin den-
sity in conjugated m-electron systems.®” However, this strategy
inherently generates multiple sites with considerable spin den-
sity, each of which acts as a potentially reactive site in subse-
quent transformations. A significantly higher spin density at a
certain position may be sufficient to favor reactions at this site.
Otherwise, additional approaches are necessary in order to re-
alize selective reactions (e.g. combination with steric protec-
tion or chelation control, see sections 2.1, 2.6).

The spin-density distribution of an unpaired electron in a de-
localized mt-electron system can be affected by coordination to
one or more metal atoms.”? This has been demonstrated, for
instance, in persistent alkali-metal aminotroponiminate (ATI)
radicals, which were investigated by EPR spectroscopy and
DFT calculations.”>*¥ In the lithium compound 8, the spin den-
sity is predominantly localized at the C-4 position of the ATI
ligand backbone, which is simultaneously the only reactive site
for subsequent C—C coupling (Scheme 3a; also see sec-
tion 3.1). Formal exchange of Li for Na gives radical 9, which
shows a significantly altered spin-density distribution with
equal spin density in positions C-4 (decreased from 0.36 to
0.29) and C-7 (increased from 0.22 to 0.29; Scheme 3 b).>32>4
Subsequent dimerization of 9 occurs exclusively at the C-7 po-
sition, suggesting that phenomena such as aggregation/chela-
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Scheme 3. Lewis structures (top; one mesomeric form each) and Mulliken
spin-density plots (bottom) of aminotroponiminate (ATI) radical complexes
of (a) lithium and (b) sodium. Reactive sites for dimerization are highlighted
in grey; selected Mulliken spin densities are given in blue. Adapted from
Ref. [53a] and Ref. [54a] with permission of The Royal Society of Chemistry
and Wiley-VCH, respectively.

tion control are also important when it comes to understand-
ing selectivities of reactions with 9 (see sections 2.6, 3.1). Dif-
ferences in spin-density distributions of compounds such as 8
and 9 are ascribed to differences in the covalency and polarity
of M—ligand bonding. These results exemplify that seemingly
small differences such as the nature of the alkali metal acting
as the central atom in a coordination entity can be decisive for
the outcome of the reaction.

In a related approach, the conjugated m-electron system of a
radical species (typically based on the elements C, N, O) is ex-
tended by a main-group metal atom. That is, an empty or
singly occupied metal-centered orbital of sufficient energy and
m-symmetry overlaps with the orbitals of conjugated m-elec-
tron system of the ligand framework. This allows for modula-
tion of the spin density distribution by choice of the metal
atom (and its additional supporting ligands, if present).

It has been shown that alkali-metal radical complexes with
diazadiene (DAD) ligands are isolable (compounds 10, 11;
Scheme 4a, top).”™ EPR spectra of these compounds exhibit
significant hyperfine coupling with the alkali metal (a(Li of up
to 20.30 mT and a(Na) of up to 3.50 mT). The incorporation of
a metal-centered orbital into the SOMO was demonstrated in
the case of the lithium species 10 (Scheme 4a, bottom). The
same DAD ligand was also used for the synthesis of a
[Ga,(DAD),]I"~ radical anion (12, Scheme 4b).”® EPR spectra of
this compound suggest a significant spin density at the DAD li-
gands and the metal atoms.

The construction of delocalized m-electron systems from
light elements (C, N) and heavy elements such as bismuth may
be hampered by differences in size and energy of the relevant
types of atomic orbitals. Nevertheless, DFT calculations on the
electrochemically generated bismuth radical 13 show that the
delocalization of spin density in molecular orbitals with contri-
butions of both, light and heavy elements, is possible
(Scheme 4¢).”” Although a large share of the spin density is lo-
calized on the bismuth atom (74%), the lighter atoms C, N,
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Scheme 4. a) Lewis structures of alkali-metal diazadiene radical com-

pounds 10 and 11 (top; one mesomeric structure) and SOMO of the dme-
free lithium derivative [Li(DAD)] (bottom). b) Dinuclear gallium diazadiene
radical complex 12 (Ar=2,6-iPr,-C4H;). ) Lewis structure (top; one mesomer-
ic structure) and Mulliken spin-density plot (bottom) of electrochemically
generated bismuth radical compound 13. Adapted from Ref. [55] and

Ref. [57] with permission of Wiley-VCH and The Royal Society of Chemistry,
respectively.

and O also bear a significant amount of spin density (up to 5%
at an individual atom).

2.3. Redox-active ligands

The use of redox-active ligands in the coordination sphere of
main-group metals has previously been reviewed under differ-
ent perspectives.”* The use of redox-active ligands to con-
trol selective bond formations is in most cases closely related
to the strategy described in section 2.2, in which the localiza-
tion of spin density at certain positions of a delocalized m-elec-
tron system is important and allows for bond formations at
these positions. In this section, however, the focus is on redox-
active ligands changing their oxidation state while a bond for-
mation takes place through radical pathways. These bond for-
mations do not necessarily proceed at the position of highest
spin density, and the exact spin-density distribution within the
redox-active ligand is less important than the fact that it
changes its overall oxidation state.

An example is given by a magnesium complex of a 1,2-bis-
(arylimino)acenaphthene (BIAN) ligand, which can exist in a
neutral diamagnetic, monoanionic radical, and a dianionic dia-
magnetic form. In the starting material 14, the ligand adopts
its dianionic diamagnetic form, but is protonated resulting in
an overall singly negative charge for the ligand (Scheme 5).
Addition of benzophenone gives the insertion product 15 with
release of H,. The BIAN ligand in 15 has adopted its mono-
anionic radical character. Thus, the C—C (and H—H) bond for-
mation in the coordination sphere of magnesium is facilitated
by a change in the oxidation state of the redox-active ligand.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 5. C—C coupling with concomitant release of H, in the coordination
sphere of Mg, facilitated by a redox-active BIAN ligand (Ar= 2,6-iPr,-C4H).

2.4. Radicals from reversible M—M bond cleavage

In general, covalent bonds between heavy main-group ele-
ments are relatively weak and are thus easily susceptible to ho-
molytic dissociation. At the same time, the resulting metal-cen-
tered radicals are stable enough to make radical recombination
a feasible or even dominant reaction pathway. Taken together,
this grants access to reversible homolytic bond dissociation re-
actions under mild reaction conditions, which is a highly at-
tractive scenario for catalytic applications.

Recently, it was demonstrated that even Sn=Sn triple bonds
undergo reversible homolytic bond dissociation: in the tem-
perature range of 25 to 94°C, the distannyne [Sn(Ar"™)], ([2],)
is in equilibrium with the Sn' radical Sn(Ar™) (2)
(Scheme 6a)."® A reaction free enthalpy of AGg,=7.84 kcal
mol~" at T=298 K was experimentally determined for this pro-
cess using a van t'Hoff plot. A similar situation has been re-
ported for the distibane 16-Sb and the dibismuthane 16-Bi,
both bearing a sterically demanding ligand platform
(Scheme 6b).”” Considerable concentrations of the radical spe-
cies 17-Sb and 17-Bi were detected at ambient temperature
due to dissociation of 16-Sb and 16-Bi. Free reaction enthal-
pies of AG,=—0.69 and AG,=1.93 kcalmol™" at T=298 K
were associated with these homolytic bond dissociation reac-
tions.® The larger value for 16-Bi was ascribed to larger Bi—C
and Bi—Bi bond lengths, which decrease steric repulsion be-
tween the SiMe; groups compared to those of 16-Sb.

iPr

a) Ar\
Sn=Sn 2 QSM
AY
Ar
iPr
121, 2
b) \ / \ / \ /
—5{ &N s -5 &
Pn—Pn 2 Pne
—si Si. Si gj— —gi Si
AN AU
16-Sb (Pn = Sh) 17-Sb  (Pn = Sh)
16-Bi (Pn = Bi) 17-Bi  (Pn = Bi)

Scheme 6. Generation of radical species from reversible M—M bond cleavage
as reported for a distannyne (a) as well as a distibane and a dibismutha-
ne (b).

2.5. Thermodynamic control of product formation

The homolytic bond-dissociation energy of C—C single bonds
in alkyl, vinyl, allyl, and aryl hydrocarbons is approximately in
the range of 73-118 kcalmol'.®Y These values can be de-
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creased significantly by destabilization of the diamagnetic spe-
cies (e.g. through steric repulsion) or by stabilization of the
radical (e.g. through delocalization of spin density). If condi-
tions for the reversible homolytic bond dissociation of C—C
bonds can be realized, this can be exploited for thermodynam-
ic control of product formation in radical reactions.

In the reductive C—C coupling of guaiazulene (18) with ele-
mental calcium, a mixture of the regioisomers 19 and 20 was
initially obtained in a 60:40 ratio (Scheme 7a).*? This ratio was
modified by running the reaction at different temperatures.

Importantly, pure 20 could be fully converted to 19 (plus up
to 10% side products) by heating to 85-90°C for 36 h. This is
an example of thermodynamic control of regioselectivity
through reversible C—C bond formation.®*®! Furthermore, the
same strategy also provides control over the diastereoselectiv-
ity of radical C—C coupling reactions. This was exemplified, for
instance, by the dimerization of 21, which was generated in
situ and detected by EPR spectroscopy (Scheme 7 b).5*! Initially
a 1:1 mixture of the meso- and the rac-product (meso-22 and
rac-22) was obtained. Crystallization from this mixture over a
period of 14 d gave meso-22 in 71% yield of isolated material.
This indicated the slow conversion of rac-22 into meso-22,
which was also observed by NMR and EPR spectroscopy in in-
dependent experiments. The free reaction enthalpy of the di-
merization of alkali-metal aminotroponiminate radicals such as

a) Thermodynamic control of regioselectivity

5 OO y g _3035°C

18

T 85-90 °C

19/20 = 60:40
19/20=100: 0

initial:
after 36 h at 90 °C:

b) Thermodynamic control of diastereoselectivity

iPr, L]
Nllhu' [Ll]
[L'] O N\iPr
<
- - H
2 N = H
iPr iPr
N
['—']
H .\N
o [Lij
(in situ) SiPr
21 meso-22 + rac-22
initial: meso-22/rac-22 = 50 : 50

after 14d at 23 °C: meso-22/rac-22> 71:29

Scheme 7. Thermodynamic control in (radical) C—C coupling reactions in
order to address problems of regioselectivity (a) and diastereoselectivity (b).
One mesomeric structure is shown for 21. [Li] = Li(thf),.
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21 is sensitive to the choice of alkali metal and the nature of
the substituents at N (Li vs. Na and iPr vs. Ph favor equilibrium
conditions).

2.6. Control of radical reactions through chelation and
aggregation effects

Salt-free reduction of the dinuclear, dicationic germanium(ll)
compound 23 results in highly selective C—C bond formation
through a (di-)radical pathway and gives 24 after aqueous
work-up (Scheme 8).* The dicationic diradical intermediate
23-int-1 was suggested based on EPR spectroscopic results. In-
termediate 23-int-2 was isolated. The cis-selectivity in the for-
mation of 24 is unusual. In addition, reduction of the metal-
free di-imine that is part of 23 by reducing agents such as Zn,
Mn, or K did not give considerable yields of 24. These observa-
tions were ascribed to the germanium centers i) promoting re-
duction by Lewis acid-activation of the di-imine and i in-
fluencing the course of the reaction by chelation control, as
suggested by the isolation of 23-int-2.

SiMe;
— U
ak N
SR [ ]
N N
£ | CsHyN 2+
[N‘9?~C| SiMe, H,
B s N
N‘é.e'C| 2) aq. workup Eu CsHsN
s 3)+2H* 2
| .
=
- 23 24
§iMe3
b 2 SiMesCl
+l ] ~asivies +2H" | -Ge?
[N — NoCqHy
SiMe,
— 7 Tlee 2+
|
N
[N_c.;.e +2H
.o — Ge?*
N—G\e
N
I =
=
23-int-1 23-int-2

Scheme 8. Selective radical C—C bond formation to give dicationic pipera-
zine derivative 24. Positive charges are balanced by [O;SCF;]” counteranions.

Aggregation effects were suggested to also play a role in
the dimerization of aminotroponiminate radical 9 (Scheme 3b),
because the spin-density distribution alone (with equal spin
density at two different positions) cannot account for the ex-
tremely high regioselectivity of this reaction.®*>>*

2.7. Magnetic coupling through the main-group metal atom

When two or more radical ligands coordinate to one metal
center, magnetic coupling between the unpaired spins is possi-
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ble. Thus, three situations can be envisaged: i) no coupling be-
tween the electrons, leading to two independent monoradi-
cals; ii) ferromagnetic coupling leading to a triplet biradical;
i) antiferromagnetic coupling leading to a singlet biradical. All
three situations can be expected to result in different physical
and chemical properties of the compound. In other words, the
reactivity of a complex containing two radical ligands can be
controlled by fine-tuning of the magnetic coupling between
the unpaired spins.

Iminopyridine (IP) ligands, for instance, can adopt a neutral,
a radical anionic, and a dianionic form. One-electron reduction
of AICI(IP7), (25-Cl) did not allow for the isolation of the target-
ed species Al(IP7)(IP*") (26) with one mono- and one dianionic
IP ligand (Scheme 9).%® Although the in situ formation of 26
was assumed, the product of a selective dimerization through
C—C bond formation, [(IP*")Al-u,-(IP—IP)>—AI(IP*7)], was isolat-
ed. It is important to note that compounds AIX(IP7), (25-X)
contain two IP ligands in their radical form, IP~, but are isola-
ble and no dimerization of IP~ radicals could be detected in
these compounds (X=Cl, SO;CF;). In 25-X, antiferromagnetic
coupling of unpaired electrons through the aluminum center
takes place as demonstrated by magnetic susceptibility and
EPR spectroscopic measurements. This reduces the effective
spin density at the ligands and was suggested as a reason for
25-X being stable towards dimerization.

antiferromagnetic

x R couplmg through Al / N R
=N., | . N N
Al [ Al
SN= N N=
R N\ /
25-X 26 (in situ, suggested)
: dimerization
isolable

via highlighted C atom

Scheme 9. Aluminum complexes with two (left) or one (right) redox-active
iminopyridine (IP) ligand in its radical form. X=Cl, SO,CF;; R=2,6-iPr,-C;H;.

2.8. Radical reactions of frustrated Lewis pairs (FLPs)

Until recently, frustrated Lewis pairs (FLPs) were exclusively as-
sociated with polar reaction mechanisms due to the obvious
assumption that the Lewis base would donate an electron pair
to a substrate whereas the Lewis acid would accept an elec-
tron pair from the substrate.”” It has recently been demon-
strated, however, that FLPs can enter radical reaction path-
ways, when the redox potentials of its two components are
properly aligned. Thus, fine-tuning of the redox-potentials of
FLPs is a valuable tool to selectively induce radical or polar
mechanisms in the activation of substrates, which may ulti-
mately lead to different outcomes of the reaction.*®"”

For example, the reaction of the FLP P(tBu),/2 Al(C4Fs); with
HSn(nBu); follows the expected polar pathway and yields the
salt [(tBu);P—Sn(nBu);l[u,-H-(AI(C4F5)3),] (Scheme 10a).%® In con-
trast, the FLP P(Mes);/Al(C¢Fs); gives strongly colored toluene
solutions of the radical ion pair [P(Mes);]*[AI(C4Fs);]~, as dem-
onstrated by EPR spectroscopic detection of [P(Mes);]™*. In the
presence of an additional equivalent of Al(C4F);, reaction with

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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a) FLP reacts via polar pathway

P(tBu);

+HSn(nBu); [(tBu)3P-Sn(nBu),]*

2 Al(CeFs)3 [uo-H-(AI(CgF5)a)o]”

b) FLP reacts via radical pathway
P(Mes);

+2 HSn(nBu), [(Mes)sP-H]"
+ _
2 AICeF), — [SN(MBUXI [1a-H-(AK(CeF5)3)al™

Scheme 10. Reactions of frustrated Lewis pairs (FLPs) with HSn(nBu);
through (a) polar or (b) radical pathways.

the same substrate HSn(nBu); gave completely different prod-
ucts, namely [Sn(nBu);], and the ion pair [HP(tBu);l[p,-H-
(Al(C4Fs)3),] (Scheme 10b).

3. Selective Bond Formation Through Radical
Pathways Aided by Main-Group Metal Com-
plexes

This section highlights examples of selective bond formations
through radical pathways, in which main-group metal com-
pounds play a crucial role as starting materials, initiators, medi-
ators or catalysts. It is structured according to the periodic
table of the elements. The focus is on contributions, in which
the participation of radical species was not only postulated,
but also supported by experimental evidence.

3.1. Group 1 compounds

It has been demonstrated that alkali-metal bases (especially
KOtBu) can be key reagents in C—C coupling reactions through
a homolytic aromatic substitution mechanism. Given that this
area of research has lately been reviewed,”" only more recent
results related to this field are included here. The KOtBu-medi-
ated coupling of aryl halides with benzene was known to be
very sensitive to the presence of neutral donor ligands.”" Now
it has been demonstrated that benzophenone and KOtBu un-
dergo visible-light-induced radical chemistry.”? KOtBu and
Ph,0 form a complex which, after photoexcitation with visible
light, yields a ketyl radical. This can be exploited for subse-
quent reactions: under photochemical conditions, coupling of
4-iodo-toluene with benzene to give 27 is strongly enhanced
by the additive Ph,CO (Scheme 11). No such reactivity was ob-
served for NaOtBu, which was ascribed to the complex of
NaOtBu with Ph,CO showing absorption bands at lower wave-
lengths (318, 322 nm) according to time-dependent DFT calcu-
lations. This is a rare example of rationalizing differences in the

1) h-v, RT, 15 min
2) 130°C, 18 h
+2KOBu —
Ph-H
| a) no additive: 12% Ph
b) +1 equiv. Ph,CO: 74% 27

Scheme 11. Photochemically induced formation of a ketyl radical, facilitating
the C—C coupling of 4-iodo-toluene with benzene to give 27.
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radical chemistry of alkali-metal complexes, which (somewhat
counterintuitively) have been reported to be quite dramatic in
certain cases.”*”?

KOtBu (and to a lesser extent also LiOtBu, NaOtBu, and NaH)
are effective catalysts for the dehydrogenative homo- and het-
erocoupling of phosphanes.”® Stoichiometric amounts of hy-
drogen acceptors such as benzophenone, azobenzene, trans-
stilbene, or N-benzylidene-aniline are necessary to facilitate
these reactions. The acceptors dictate the mechanism of the
transformations, and radical pathways were suggested for azo-
benzene, for which the radical K(N,Ph,) was detected in the
course of P—P coupling reactions. The scope of P—P coupling
with secondary phosphanes and azobenzene as a hydrogen
acceptor is shown in Table 1. Primary phosphanes H,PPh and
H,PCy, give cyclo-(PPh); and cyclo-(PCy),, respectively (Cy =cy-
clohexyl). The hetero dehydrogenative coupling of one primary
and one secondary phosphane with an amine, an alcohol, and
a thiol was realized with stoichiometric amounts of KOtBu and
hydrazobenzene, (HNPh),, as a hydrogen acceptor. The cou-
pling products (PhHN)PPh,, (tBuO),PPh, and (4-Me-C¢H,-S),PPh,
were obtained in 45-59% yield.

Table 1. KOtBu-catalyzed dehydrogenative homocoupling of secondary
phosphanes to the corresponding diphosphanes with N,Ph, as a hydro-
gen acceptor.

+ 0.1 equiv. KOtBu 5 4
2 +10 cauiv. NPhs A R
AY THF, 25°C A’ Ar |[$-Ar = —§QR3
ir:tdel:::\[ediate: K* [Ph‘ﬁ' M Ph} R' R?
Entry R R? R? R* R Yield
[%]
1 H H H H H 75
2 H H OMe H H 40
3 H H F H H 78
4 H H Cl H H 87
5 OMe H H H H 47
6 Me H H H H 44
7 H Me H Me H 72
8 Me H Me H Me 59

Radicals obtained from the one-electron reduction of aro-
matic systems can undergo reversible and selective dimeriza-
tion reactions. In the case of alkali-metal aminotroponiminates,
it has been demonstrated that the choice of the alkali metal (Li
vs. Na vs. K) and the substation pattern at the (hetero-)aromat-
ic core has a strong influence on regio- and diastereoselectiv-
ity."**¥ This has been rationalized by analysis of spin density
distributions in the radicals and the thermodynamic parame-
ters of the dimerization (see sections 2.2, Scheme 3, and 2.4,
Scheme 6b).

Mixed-metal compounds, containing an alkali metal and a
second less electropositive metal, are little explored in radical
chemistry to date. A Na/Zn compound, (TMEDA)Na(u-TMP)(u-
tBu)Zn(tBu)] (28) has been reported to react with chalcone (29)
in a C—C coupling reaction to give the tetranuclear compound

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 12. Mixed-metal sodium zincate 28 reacts with chalcone 29 to give
30 through C—C coupling, which is suggested to proceed through radical
pathways.

30 (Scheme 12; TMP =2,2,6,6-tetramethylpiperidide). Based on
experimental observations including reactivity studies of 28
with TEMPO, the formation of product 30 has been suggested
to proceed though radical pathways.””

3.2. Group 2 compounds

Grignard reagents have been utilized for transition-metal-free
aryl-aryl cross coupling reactions with aryl bromides and io-
dides (Scheme 13).%"7! Although a mechanism involving a free
aryl radical derived from the aryl halide, (Ar*?), was discussed
initially, aryl halide radical anions, (X—Ar*)~, and biaryl radical
anions, (Ar"'—Ar®)~, are currently assumed to be crucial inter-
mediates.” This conclusion was based on control reactions
with radical-clock substrates and with species that are known
to act as sources of aryl radicals, such as phenylazo(triphenyl)-
methane. Even though a broad substrate scope is covered
with this method,” the vyields of problematic substrates can
be increased by addition of aryl radicals such as Li[4-tBu-C¢H,],
or in situ generated aminotroponiminate species.* 7"

7 N\
@Mgsr * X@
RI"—= — MgBrX

Q. OO

(X-ArR2)"-

(ArR1 ArRZ)

intermediates
(suggested based on control reactions)

Scheme 13. Cross coupling of aryl Grignard reagents with aryl halides (top)
and suggested radical intermediates (bottom). X=Br, I.

The simple magnesium amide compound [Mg(N(Si-
Me,),),(thf),] is catalytically active in Si—O bond formation be-
tween TEMPO and silanes with concomitant release of dihydro-
gen (Scheme 14a).”” Mechanistically, the formation of a mag-
nesium tempoxide, MgX(OTEMP), is suggested, followed by o-
bond metathesis with SiPhH; to give product 31 and a magne-
sium hydride, MgXH (X=monoanionic ligand; Scheme 14b).
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a) Magnesium-catalyzed dehydrogenative coupling

PhSiH; cat.
+ [Mg(N(SiMes)y)(thf),] _}
J\ 2 4:
. HoPhSi” N
O—N#
31

-0.5H,
b) Suggested mechanism
PhSiH; PhSiH,(OTEMP)

o-bond metathesis

XMg—H

0.5H, TEMPO

Scheme 14. a) Dehydrogenative coupling of SiPhH; with TEMPO, catalyzed
by 10 mol% of [Mg(N(SiMe;),),(thf),]. b) Suggested mechanism for the reac-
tion shown in a); X=monoanionic ligand.

Reaction of MgXH with TEMPO through single-electron transfer
would generate H, and MgX(OTEMP), thereby closing the cata-
lytic cycle. With 10 mol % catalyst loading, high yields of 77-
99% were obtained for the silanes SiPhH,, SiPh,H,, and SiPh-
MeH, at 60-80°C, although long reaction times (1-6 d) were
required. A magnesium complex of the redox-active 1,2-bis(ar-
ylimino)acenaphthene (BIAN) ligand has also been reported to
undergo single-electron-transfer reactions with TEMPO.”® In
this case, the spin density is primarily delocalized in the ligand
framework. Related magnesium BIAN complexes also undergo
selective radical transformations such as ketone insertion with
concomitant H, release and pinacol coupling (see Scheme 5,
section 2.3).7%:80

The generation of radical compounds from organometallic
Group 2 complexes has also been reported for the heavier con-
gener calcium. The calcoacene compound 32 undergoes ho-
molytic C—C bond cleavage in solution to give radical 33
(Scheme 15a).%*8" Reactions of 32 with electrophiles such as
ZrCl, or SiMe;Cl lead to compounds of type 36 with newly
formed C—E bonds (E=Zr, as in 36; Si). This has been ascribed
to the disproportionation of radical 33 into neutral acene 34
and 35 with a dianionic acenyl ligand. Calcium guaiazulene
complexes 19 and 20 are structurally related to 32 and also
show reversible C—C bond cleavage/formation (see section 2.5,
Scheme 7a).”” The isolable Ca' compound 37 undergoes radi-
cal CH activation with toluene to give the calcium benzyl com-
plex 38, which is also accessible through salt metathesis
(Scheme 15b).B28% EPR spectroscopic reaction monitoring indi-
cated the presence of an organic radical with an almost con-
stant concentration, suggesting that the reduction equivalents
for the generation of H, and new Ca—C bonds originate from
the Ca' atoms. Recently, a dinuclear calcium hydride complex,
[Ca-y,-H(nacnac)],, has been reported to react with naphtha-
lene to give H, and a trinuclear complex featuring the twofold
reduced naphthalide as a bridging ligand, [Ca;-pus-C;oHg1,-H],
demonstrating the strong reducing potency of the calcium hy-
dride (nacnac =HC{(Me)CN-2,6-iPr,-CsH,},).®¥ EPR spectroscopic
reaction monitoring indicated the [C,oHg]™ radical to act as an
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37

+ tmta

0

N

Scheme 15. a) Equilibrium of homolytic C—C bond formation/cleavage in a
calcium complex and reactivity of related compounds. b) Radical CH activa-
tion of toluene with a calcium(l) species. tmta=1,3,5-trimethyl-1,3,5-triazi-
nane.

intermediate in this reaction. Similar reactivities have been re-
ported for related polyaromatic hydrocarbons.

3.3. Group 13 compounds

Indium metal-mediated reactions in aqueous media have been
used for the alkylation of electron-poor unsaturated substrates
such as imines and electron-deficient alkenes, for pinacol cou-
plings, and for the reductive coupling of alkyl halides. In addi-
tion, cyclization reactions and the exchange of halide atoms in
substrates such as a-halo-carbonyl compounds for allyl, vinyl,
and alkynyl groups by use of Ga", In° In', and In" reagents
have been reported. These reactions have recently been re-
viewed and are not described here in detail *>®

In the search for less toxic alternatives to SnH(nBu),; for use
as reagents in radical reactions, halides of Group 13 metals
have been in the focus of research efforts. In these approaches,
MCI; is reacted with a hydride source, which is suggested to
generate a hydride species such as MHCl, (M=Ga, In;
Scheme 16). In some cases, a radical initiator such as BEt; is
also added in catalytic amounts. Thus, the combination of cat-
alytic amounts of InCl; with stoichiometric amounts of NaBH,
proved to be effective in the hydrodehalogenation of organo
halides (Scheme 16a).%” Alkyl bromides and iodides as well as
aryl iodides could be reduced with high yields, whereas alkyl
chlorides did not react. The radical nature of the reactions was
established by using substrates with radical-clock functional-
ities, for example compounds susceptible to radical cyclization
reactions. In closely related reactions (e.g. the hydrodehaloge-
nation of halo alkanes and the radical cyclization of halo ace-
tals (halide=Br, 1)), high yields were obtained with two differ-
ent mixtures: i) GaCl; (2 equiv)/ Red-Al (1 equiv)/BEt; (0.2 equiv)
or ii) InCl; (1.2 equiv)/AlIH(iBu), (1.1 equiv)/BEt; (0.1 equiv) (Red-
Al=Na[AIH,(0C,H,0Me),].**" For the hydroindation of al-
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a) examples of reactions
1-bromo/iodo-dodecane ——
1-bromo-adamantane adamantane 78-83%

| — i
—_— 62%
) (0]
EtO,C, — v EtO,C
X /; — 53%
EtO,C EtO,C
b) examples of combinations of reagents
iz InCl; (0.1 equiv.) ii: GaClj (0.2-2.0 equiv.)

NaBH, (1.5-2.0 equiv.) Red-Al (1.0-1.5 equiv.)
no radical starter (Bt (@200 e

dodecane 88-93%

iz InCl3 (1.2 equiv.) iv: InCl; (2.0 equiv.)
AIH(/Bu); (1.1 equiv.) SiHEt; (2.0 equiv.)
BEt3 (0.1-1.0 equiv.) BEt;3 (0.1 equiv.)

no hydroboration
no hydroalumination

Scheme 16. a) Reactions facilitated by in situ-generated Group 13 hydride
species and b) combination of regents used for their generation.

kynes and the radical cyclization of enynes, InCl; (2 equiv) plus
SiHEt; (2 equiv) with catalytic amounts of BEt; (0.1 equiv) was
found to be an effective combination of reagents
(Scheme 16 b-iv).*? NaBH, had to be avoided in these cases
because it liberates BH; in the course of the reaction, which
hydroborates alkynes in a side reaction.

Selective bond formations have also been observed for
Group 13 metal complexes with redox-active ligands. Examples
of selective C—C coupling involving an aluminum iminopyri-
dine complex have been outlined above (see section 2.7,
Scheme 9). A range of Group 13 BIAN complexes with the
ligand in its radical monoanionic form have been reported
(BIAN = 1,2-bis(arylimino)acenaphthene; for a Mg BIAN com-
plex see Scheme 5). The compounds undergo selective reac-
tions such as M—H, M—C, M-O, and M—F bond formations
(M=AIl, Ga).®** This occurs along with the activation of C—H
(alkynes), Si—H (silanes), N—O (N,0), C—F (C4F5 groups), and P—F
(PFs7) bonds, as well as C—C multiple bonds. Furthermore, they
can be applied as initiators for the polymerization of e-capro-
lactone.” It has to be noted, however, that some of these re-
actions may well follow polar reaction pathways with the radi-
cal ligand acting as a spectator ligand or with the ligand
changing its oxidation state without single-electron-transfer.

Reactions of FLPs such as P(Mes)s/Al(C4Fs); react through
radical pathways with HSn(nBu)s, resulting in Sn—Sn bond for-
mation as discussed in detail in section 2.8 (Scheme 10).®

The formation of M—M bonds was investigated by addition
of chelating bipy ligands to M[AI(OR"),] (39-M) (bipy = 2,2"-bi-
pyridine; M=Ga, In; R"=C(CF,);).”® While disproportionation
of M' to M° and M" was observed in the case of M=Ga, the
formation of cationic tri- and tetranuclear clusters such as
[Iny(bipy)s]** (40°") and [In,(bipy)s]** was reported for M=In.
DFT calculations suggested that cluster formation proceeds via
the triplet states of mononuclear building blocks, with the for-
mation of relatively strong In—In bonds as an important driving
force (Scheme 17).
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Scheme 17. Formation of In—In bonds in the trimerization of 39*-In in its
triplet state to give 40%*. Positive charges are balanced by [AI(OC(CF5);),]~
anions.

3.4. Group 14 compounds

The Lewis pair formation between Ge" complex 41 and B(CF);
to give 43 has been reported to proceed through single-elec-
tron-transfer (SET) steps (Scheme 18)."”) In a first step, the radi-
cals 42-Hf" and [B(C4Fs);]~ are formed. The second SET is de-
layed by an equilibrium between the redox-isomers 42-Hf"
and 42-Hf", the latter of which does not undergo SET with
[B(CgF5);1 . Thus, SET may not only be relevant in the chemistry
of FLPs, but also in seemingly simple Lewis pair formations.

o B(CeFs)3
Ge !

‘/,7» \ ,Ge

SiMe
2N 2Bl F o sives

Me,Si HfCpy Me;Si HfCp,
2

41 43
‘+ [B(CV +
.o .e o+
\ _,Ge \ ,Ge
-\ siMe, . ZI\ sive,

Me;Si N HfCp, MesSi ififcp,

42-HfV 42-Hf"
+[B(CeFs)al"™

Scheme 18. Lewis pair formation between 41 and B(C4F); proceeding
through single-electron-transfer steps.

Chelation control has been exploited in C—C bond forma-
tions in the coordination sphere of germanium for the synthe-
sis of piperazine derivatives, as detailed in section 2.6
(Scheme 8). In addition, pinacol coupling has also been re-
ported, starting from a redox-active MIAN ligand (44) and Sn°
to give Sn" compound 45 (Scheme 19).%® The C—C coupling
has been suggested to be reversible based on i) lower yields of
45 being obtained at elevated temperatures and i) DFT calcula-
tions showing that the product of C—C bond cleavage (46) is
energetically less favorable than 45 by only 5 kcalmol™.

Macrocyclic corrole ligands have been shown to stabilize
germanium-TEMPO complex fragments.””'® Under photo-
chemical conditions, Ge—O homolysis allows for the activation
of N—H bonds of NH;, primary, and secondary amines, resulting
in the formation of TEMPO—H and compounds of type [Ge-
(NR,)corrole] (R/R=H/H, H/alkyl, H/aryl, alkyl/alkyl). Proton-cou-
pled electron transfer has been suggested as a mechanistic
pathway.

I 00
+Sn
4 —_— s
. Dipp~y I\ ™N-Dipp
L 90 |
(MIAN®) C .Q

44 45
-5 kcal-mol~! || +5 kcal-mol!
Sn'" / 2xMIANC® / 2xMIAN®~ MIANS  MIAN*=
S=1 Snll
oo 0
(spins ferromagentically coupled) MIAN 46 MIAN

Scheme 19. Reversible pinacol coupling of redox-active MIAN ligand 44 in
the coordination sphere of tin; Dipp = 2,6-iPr,-C4H;.

It has been outlined in section 2.1 that heating or irradiation
of the stannylene Sn(Ar), (1) generates the radical species
Sn(Ar)” (2) (see Scheme 1; Ar=2,6-R-C¢H;; R=2,6-iPr-C¢Hs).
This radical reaction pathway has been suggested to be re-
sponsible for the generation of compounds 47, which are ob-
tained in 43-62 % yield after heating 1 in an excess of toluene,
m-xylene, or mesitylene (Scheme 20). This is an extension of
CH activation reactions with reactive species such as
"(MX,),Phl” which are generated in situ from MX, and Phl,
for which a radical pathway has been proposed (M=Ge,
Sn;  X=CH(SiMe;),, N(SiMe;),; or  X,=[C(SiMe;),CH,l,,
[N(tBu)CH],).l"o" 102

Ar. 1
2 sn R
Ay H
R1 80 °C Ar.,// . .,C
b ~Har , S
HsC T “Ar R2
R? a7

Scheme 20. CH activation of toluene (R'/R*=H/H), m-xylene (R'/R?=H/Me),
and mesitylene (R'/R?=Me/Me) by compound 1 through radical intermedi-
ate Sn(Ar) (2); Ar=2,6-R,-C¢H;; R=2,6-iPr,-C4H;; see Scheme 1.

3.5. Group 15 compounds

Only a small number of persistent and isolable antimony and
bismuth radicals are known, including charged isolable species
in the case of antimony (Schemes 2, 6b, 20a).1%%%103-1951 Mgst
of these complexes have only recently been reported, and
steric protection has been exploited as a strategy for the stabi-
lization of these otherwise highly reactive compounds. Stoi-
chiometric reactivity studies on the bismuth radicals 5 and 52
with P, and S; demonstrated the reversible activation of P—P
bonds (5=53, Scheme 21b)®” and the formation of unusual
t*—n* (SOMO/SOMO) interactions of sulfur-centered radicals in
the solid state (54, Scheme 21b).1"% The reduction of a Bi" pyr-
idine dipyrrolide complex, [Bill(thf),, with organic reductants
such as (CMe),(NSiMe,), led to the ring opening of THF solvent
molecules to give [Bil—-C,HsOSiMe;  ([Bil=2,6-((3-Ph)(5-
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Scheme 21. Persistent and isolable antimony and bismuth radicals (a) and
examples of stoichiometric reactivity studies (b). Dipp = 2,6-iPr,-C¢Hs;
Ar=2,6-[CH(SiMe;),],-4-C(SiMe;);-C¢H,; Ar'=2,4,6-iPr;-C4H, or 2,6-iPr,-4-OMe-
CgH,; Bhp=2,6-(CHPh,),-4-tBu-C4H,. Also see compounds 5 and 17 in
Scheme 2 and Scheme 6 b, respectively.

Mes)C,HN)-CsH;N)."7 This reaction was suggested to proceed
through radical pathways based on trapping experiments with
TEMPO. Further examples of stoichiometric reactions with C—C,
E—H, E-C, E-0O, and Bi—Bi bond formations have been suggest-
ed to involve antimony or bismuth radical or biradicaloid spe-
cies (E=Sb, BD.[105,108412]

Compounds ER,X and [Bi(n'-C5Hs),(thf),1[B(C¢H5Cl,),] have
been applied as mediators and initiators for the controlled
living radical polymerization of activated olefins (E=Sb, Bi; R=
Me, Ph; X=CMe,C(O)Me, CMe,C(O)Et, CN).""*"7 The bismuth
congeners of this small series of compounds were found to fa-
cilitate efficient polymerization catalysis without additional ini-
tiators such as AIBN. The radical character of these reactions
has been supported by stoichiometric reactions of the bismuth
compounds with TEMPO and HSn(nBu),. Reversible homolytic
E—C bond cleavage has been suggested as a key step in the
polymerization reactions.

Recently, bismuth compounds have been introduced as cat-
alysts for controlled radical reactions other than olefin poly-
merization. The isolable bismuth radical 5 (see Scheme 21b) is
active as a catalyst in the dehydrocoupling of TEMPO with
SiPhH; to give SiPhH,(TEMPO) (31) (i.e. the same reaction as in
Scheme 14)."® Although the bismuth catalyst (70°C, 15d,
10 mol% catalyst loading, 75% conversion) shows a much
lower activity than the magnesium catalyst [Mg(N-
(SiMe,),),(thf),] (60°C, 1 d, 10 mol% catalyst loading, 99% con-
version; see section 3.2),77 it is the first heavy main-group ele-
ment complex to catalyze this type of transformation. Shortly
after this report, transition-metal bismuthanes such as
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[BiPh,(Mn(CO);)] were shown to act as (pre-)catalysts in the
radical cyclo-isomerization of 8-iodo-olefins (Table 2)."® In con-
trast to well-established tin-catalyzed reactions of this type,"*”
these transformations proceed via an intermediate with a new
metal-carbon bond and without photochemical induction.
Compared to more traditional (pre-)catalysts or initiators based
on L, sn," or B, transition metal bismuthanes show
complementary or even superior properties in terms of the
type of initiation required (thermal vs. photochemical), toxicity,
activity, and functional-group tolerance.

Table 2. Transition-metal bismuthanes act as (pre-)catalysts in thermally
induced radical cyclo-isomerizations of d-iodo-olefins.
! R R
CRR! 10 mol% [BiPhy(Mn(CO)s)]

Z\ = benzene, 60 °C Z\>§AI

E E
Entry E z R R’ t Yield

(h] [%]

1 CH, CH, H H 20 96
2 CH, CH, Me H 35 > 99kl
30 o CH, H H 20 83
4 0 CH, Me H 10 >99d
5 N(C5Hs), Cco H H 45 >99
6 CH, CH, Me Me 5 90
[a] cis/trans=3.4:1.0; [b] 20 mol% pre-catalyst; [c] cis/trans=2.7:1.0;
[d] T=23°C.

4. Conclusions and Outlook

Controlled radical reactions of main-group metal complexes
have seen remarkable development in recent years. Various
strategies have been applied for the isolation and thorough
characterization of this important class of compounds. This in-
cludes well-established approaches such as the use of steric
bulk, chelation, and aggregation effects, the delocalization of
spin density, coordination of redox-active ligands, and the
design of reversible reactions to enable thermodynamically
controlled product formation. In addition, new strategies have
been reported that allow exploitation of main-group metal
compounds in radical reactions. For example, frustrated Lewis
pairs can be designed to undergo to single-electron transfer.
Furthermore, magnetic coupling through main-group metal
atoms and reversible homolytic M—X bond cleavage/formation
can be realized (X=M, C, O, H). These strategies may be ap-
plied alone or in combination with each other. Based on the
isolation and detailed characterization of unusual main-group
metal radicals, scientists have started to exploit their reactivity
(and that of related species) in stoichiometric and catalytic
transformations. This has granted access to new types of con-
trolled bond formations through radical reactions pathways, in-
cluding C-C, M-C, Si-O, P-O, P—N, and P—P bonds—a field
that used to be predominantly associated with transition-metal
chemistry. In addition, it has been uncovered that even stereo-
typical examples of "non-radical reactions” such as Lewis pair
formation may proceed through single-electron transfer steps.
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It is anticipated that the exciting reports on the unusual prop-
erties of main-group metal complexes in radical processes will
inspire chemists to develop new approaches for controlled
radical reactions based on these species. This will create stoi-
chiometric and catalytic methods for selective bond forma-
tions, complementing existing approaches in main-group and
transition-metal chemistry. This will continue to stimulate the
fields of radical chemistry, (in)organic and organometallic syn-
thesis and catalysis, polymerization catalysis, and materials sci-
ence.
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