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The reactions engaged by organic radicals with transition metal
complexes are reviewed, with particular focus on how these can
interplay with and affect the results of radical polymerization.
Radicals can either add to a metal centre to establish metal-carbon
bonds, abstract an atom or group, be abstracted by an atom or
group, undergo associative exchange, transfer a 3-H atom, or add to
existing ligands in the metal coordination sphere. Reversibility is

key for certain controlled polymerization methods. The various
ways in which metal complexes can play a role in radical
polymerization lead to atom transfer radical polymerization
(ATRP), organometallic-mediated radical polymerization by
either reversible termination (OMRP-RT) or degenerative
transfer (OMRP-DT) and chain transfer-catalyzed radical
polymerization (CTCRP).
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Introduction

Organic radicals are implicated in a large panel of chemical
processes, from organic synthesis, through biological processes, to
polymerizations. In all these areas the intervention of metals
introduces profound modifications with respect to the reactivity,
reaction selectivity, or control of other specific parameters. In
recent years, different types of metal-mediated radical polymeri-
zations have attracted growing attention, particularly the “Atom
Transfer Radical Polymerization” (ATRP) that has now surpassed
the metal-catalyzed polymerization in terms of volume of yearly
published research articles.

Organic radicals may interact with transition metal complexes in
many different ways, including direct bond formation, atom
abstraction, H atom transfer, or addition to ligands. Each of these
phenomena may be reversible or irreversible and, when reversible,
play an important role in combination with other radical reactions
such as chain propagation in polymerization. New findings have
revealed the possibility for organic radicals to exchange in the
coordination sphere of organometallic complexes under mild
conditions via either dissociative or associative processes, reviving

interest in one-electron processes occurring in the coordination
sphere of a transition metal complex.

Several reviews have already been devoted to the chemistry of
radicals with metal complexes and metal-induced radical reactions,
especially with focus on organic synthesis, ligand radical
reactivity,l and biological phenomena.Bl This Microreview
focuses on the reactivity of radicals with transition metal
complexes of relevance to radical polymerization processes,
attempting to draw trends and principles of general use.

Reaction types and their relevance to radical
polymerization

A classification of the possible reactions between an organic
radical and a transition metal complex is presented in Scheme 1.
All reactions are shown with a double arrow since the process may
occur, depending on the type of radical and metal complex and on
conditions, either reversibly or irreversibly in either direction. For
each process, the change of the number of valence electrons (NVE)
and coordination number (CN) is also given. The Green “MLX”
nomenclature (M = metal, L = generic 2-electron ligand, X =
generic 1-electron ligand) will be wused throughout this
Microreview.

One of the most important processes (a) is transfer of an atom or
a group. The most interesting case is when X is a halogen atom, but
pseudo-halogen groups may also be involved. This is the
ubiquitous deactivation/activation equilibrium in ATRP. The
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Scheme 1. Possible reactions between a transition metal complex and an
organic radical.

activation process (right to left) also corresponds to the initial step
of the 1l-electron oxidative addition of alkyl halides. The direct
bond formation (b) and its reverse, homolytic bond dissociation,
are in principle the simplest processes. When there is reversibility
with a suitable equilibrium position, they regulate the “Organo-
metallic-Mediated Radical Polymerization” by reversible
termination (OMRP-RT). Process (c) is a variant, in case the metal-
carbon bond formation may only occur if a 2-electron ligand leaves
the coordination sphere. Process (d) is an associative exchange
between a free radical and a latent radical, a process that has only
become appreciated recently. It is of fundamental importance in a
second type of OMRP, by degenerative transfer (OMRP-DT).
Process (e) consists of transfer of a f-H atom from the radical to
the metal, yielding a hydride complex. When occurring reversibly,
this process is also of importance in radical polymerization,
because it is the basis of a catalyzed chain transfer to monomer in
“Chain Transfer-Catalyzed Radical Polymerization (CTCRP).
Process (f) consists of transfer of an alkyl radical from an
organometallic compound to an external acceptor reagent, which
may also be a second metal complex or a second organic radical. In
the latter case, it would correspond to a metal-mediated termination
step in polymerization. Note that processes (a) and (f) are identical
if X is an organic radical. Processes (g) and (h) correspond to
radical addition to a ligand without its abstraction from the
coordination sphere. When the ligand is of L-type (including
multidentate ones, L2, L3 etc. such as a diene, arene, etc., but also
LnX such as allyl), one of the electrons involved in M-L bonding is
sequestered to establish the L-R bond and the ligand becomes of X-
type. Conversely, when the ligand is of X-type (including
multidentate) but also contains a non bonding pair of electrons, the
latter will be used to keep the :XR product bonded to the metal. If
such an additional electron pair is not available, the reaction
becomes of type (a). Finally, processes (i) and (j) are analogous to
(a; X = H), except that the H atom is abstracted from a ligand and
not from the metal first coordination sphere. Abstraction from an X
type ligand, shown in (j) may either convert this to an L ligand
with metal reduction and ligand oxidation, or to a formally X2
ligand with metal oxidation. The ubiquitous example of the last

situation is the transformation of OH- into O% with A(CN) of 0, but
cases where a monodentate X ligand is transformed into a bidentate
X2, A(CN) of +1, may also occur. We can also envisage H atom
transfer from a radical to a ligand, namely a process equivalent to
(e) but with a ligand as the H acceptor. These processes of radical
addition and H atom transfer involving a ligand are not per se
implicated in radical polymerization processes to the extent that
they are usually irreversible. However, they must be known and
understood, because engineering a metal complex for use in metal-
mediated radical polymerization requires their absence, or
reversibility, or a low impact relative to the processes of interest.

Given the multitude of reaction types, it is no surprise that two or
more of these may compete, interfere or synergistically interplay in
a radical polymerization process. These intricate relations are
summarized in Scheme 2. Thus, when a radical reacts with a
complex M® than can expand its coordination number and electron
count by one unit, both process (b) and (e) may take place to yield
an OMRP-RT/CTCRP competition. In the presence of excess
radicals and for suitable coordination spheres, process (d) may also
take place resulting in OMRP-RT/OMRP-DT/CTCRP interplay, as
highlighted for a Co'"/Co"'-mediated polymerization of vinyl
acetate (VAC).[ In the presence of halogen atoms, process (a) may
also come into play together with processes (b) and (), resulting in
ATRP/OMRP-RT/CTCRP interplay, as highlighted for a
Mo"/Mo'V-mediated polymerization of styrene.l®! The combination
of ATRP activation and OMRP-RT trapping gives rise to a 1-
electron oxidative addition process. A more detailed analysis of
metal-mediated radical polymerizations with the simultaneous

intervention of various one-electron processes is available
elsewhere.[®l
ATRP
2M™M + X-R CTCRP
1-electron "\\‘ mrr-x
oxid. add. . M+ R+ M™
+R 0
MY+

R_M(n+1) 4//'

[ N

« OMRP-RT dead monomer

OMRP-DT R® N R' chain

R-M*1)

Scheme 2. Relation between different radical-metal reaction modes in
radical polymerization processes.

Note that 1-electron ligands such as organic radicals can be
treated, in terms of the addition to, departure from, and exchange in
the coordination sphere of a metal complex, like the more
ubiquitous 2-electron ligands. The systematic classification of
ligand exchange processes from the limiting associative and
dissociative variants, through the different degrees of intermediate
interchange type, is the most important cornerstone of coordination
chemistry.I’l It is shown here that this classification can be
extended to the exchange of 1-electron ligands, as well as to the
exchange of a 1-electron ligand with a 2-electron ligand, or
viceversa, process (c) in Scheme 1.

Atom transfer, OSET and ISET

Process (a) of Scheme 1 is possible in principle for any 1-
electron donor X atom or group. For instance, when X = H this
reaction plays a fundamental role in a large family of catalyzed
olefin hydrogenations that occur by a radical mechanism.[3a We
shall focus here only on processes where X = halogen, since these
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are of relevance in controlled radical polymerization taking place
by the ATRP mechanism. We do not intend to provide a
comprehensive review of ATRP, which is extensively covered in
other excellent reviews.[8]

There tends to be confusion between the terminologies “atom
transfer” and “inner-sphere electron transfer” (ISET). The latter
term is used for an elementary process (i.e. a single step, without
intermediates) where an electron is transferred between two redox
reagents linked together by a bridging atom or group that belongs
to the coordination sphere of both centers. The seminal study of
Taube, illustrated in Scheme 3, represents the best example of an
ISET process. Mechanistically, this may be imagined as involving
three independent steps: two 2-electron ligand exchange processes
and one ISET, even though no intermediate has been detected for
this reaction.

ligand
[CoCINHy)52* exchange
+[Cr(H0)g]*" [(NH3)5Co"-Cl—>Cr'l(H,0)5]**
i ISET
ligand
2 exchange
[Co(H;0)el [(NHa)sCo" <——CI-Crll(H,0)4]**
+[CrCI(H0)5]%*  H'/H,0
NH,*

Scheme 3. Inner-sphere electron transfer between [CoCI(NH3)s]?* and
[Cr(Hzo)5]2+.[Q]

When one of the two partners is an alkyl group, formally
changing its redox state between carbocation and radical, the ISET
process implies electron transfer within R-X->M®, which must
first be obtained by RX coordination to M®™, to yield formally
R*<(X)-M™D as an elementary step, then followed by R-X bond
breaking in a subsequent third step. The sum of the last two steps
corresponds to the reverse of process (h) in Scheme 1. Studies of
alkyl halide reductions suggest that these proceed as dissociative
single step processes rather than as two-step processes with radical
anion intermediates,! therefore the ISET and X-R bond breaking
appear to be concerted events. From the point of view of the metal
centre, however, it is still justified to consider the overall process
as an ISET. On the other hand, for the reverse of process (a), where
the electron is transferred through a M---X--:R transition state
concertedly with the establishment of the M-X bond and the
homolytic cleavage of the X-R bond, use of the term ISET is not
fully justified because XR is not part of the coordination sphere on
the reagents side. This process may also be termed “bimolecular
heterolytic substitution” (Sw2), although this terminology is
generally restricted by organic chemists to 1-electron substitutions
at carbon.l'¥ The best way to refer to this process is simply as
“atom transfer”.

X ISET (5
coordination M/ R —>{M/ \R}

(ZV \

. . atom transfer o . .

M + :X-R ——» M-—-X-—-R — M-X: + R
2 (Sn2) 2

M* + ’Xl + R coordination

(2¢)

OSET

Scheme 4. Different possible mechanisms for the halogen atom transfer
reaction.

The most important point is that there are two different kinds of
atom transfer processes, a direct one (reverse of process a) and a
two-step one involving preliminary coordination of RX through
one of the halogen atom lone pairs followed by ISET (reverse of
process h). In the first case, the transition state features a three-
center-three-electron interaction with a linear geometry, whereas in
the second case it involves a three-center-five-electron interaction
and is expected to be bent (see Scheme 4).

A third possibility can also be imagined for this reaction,
involving an “outer-sphere electron transfer” (OSET) yielding R
and X (the presence of a [RX]™ radical anion intermediate is in
question as stated above), followed by 2-electron halide addition.
An OSET mechanism should be favoured when the R-X substrate
is easily oxidizable and the metal complex is a strong reductant,
and also when the reaction is carried out in highly dielectric
solvents. Whereas OSET processes between two metal complexes
or between a metal complex and a dihalogen (X2) are well
established, OSET for the reduction of alkyl halides by metal
complexes as shown in Scheme 4 poses more interesting questions.
In a recent work using Cu' complexes as reducing agents, estimates
based on the Marcus theory have shown much smaller predicted
OSET rate constants, relative to the experimentally measured rates,
implying that an atom transfer process is preferred.[1%]

Whether an atom transfer process occurs by direct Sk2 or via
preliminary RX coordination and ISET depends on the electronic
configuration of the metal complex, as shown by a theoretical
analysis of the atom transfer step for the reaction between various
combinations of ATRP catalysts (M) and initiators (R-X).[*d
Complex RuClz(PPhs)s, a 5-coordinate diamagnetic 16-electron
complex of d® Ru", is a well known ATRP catalyst.'3 It has a
vacant orbital at low energy and can thus accept two electrons from
an additional ligand (see Figure 1a). Indeed, the interaction
between the model [RuClz(PHs)s] and CHsCl systems was
calculated as exoergic, albeit weak (-7.8 kcal mol?). The 18-
electron [RuCl2(PHs)3(CHsCl)] adduct then leads to CH3-Cl bond
breaking to [RuCls(PHs)s] and CHs via a high energy transition
state with a bent [Cl2(PH3)3Ru---Cl---CHs] geometry.l*2

A slightly different situation is displayed by the MoXs(PMes)s
complexes (X = Cl, Br, 1), 6-coordinate 15-electron complexes of
d® Mo"" with 3 unpaired electrons (S = 3/2), that also function as
ATRP catalysts.l1 A direct 2-electron donation from RX is
impossible in this case since all valence metal orbitals are occupied,
but becomes possible after pairing two electrons, promoting the
system to an excited S = 1/2 state, see Figure 1b. Since this
electrons pairing is not too costly for Mo'",[*3] this is indeed what
happens as suggested by calculations on the model [MoClz(PHz)3]
+ CHsCl system. The coordination process to yield the 17-electron
spin doublet [MoCls(PHs)s(CHsCI)] intermediate is endoergic by
+18 kcal mol?, but still energetically more favourable than direct
atom transfer without prior coordination. Again, the transition
states of this process, [Cls(PHs)sMo---Cl---CHs], has a bent
geometry.?l On the other hand, in the case of spin doublet
[CpMoCl2(PHz3)2], a model for the [CpMoCl.L2] ATRP catalysts
(L2 = (PMes)2, dppe, n*-CaHe),[! it is not possible to create an
empty orbital to accept the R-X lone pair and the calculations
indicate a direct atom transfer pathway through a linear
[CpCl2(PH3z)2Mo---Cl---CHjs] transition state.[1?]

Another interesting situation is presented by the half-sandwich
“nacnac” complexes of Cr' (nacnac = ArN(Me)CHC(MeAr),
which are d* pseudo 5-coordinate complexes with a S = 2 ground
state. For this system, the electron pairing needed to liberate an
orbital costs too much energy, thus RX coordination to Cr'" cannot
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occur, Figure 1c. The atom transfer is direct, with an almost linear
transition state featuring a 3-electron Cr---Cl---C interaction.[¢]

(a) Ru(ll), d®

5M-L 6 M-L 6 M-L
[o bonds| s bonds s bonds
Ru", 16e RuU”, 18e Ru" 176
$=0 s$=0 S=1/,
+R-X
RuCly(PPh3); —— RuCl,(PPhg)3(RX) — RUXClx(PPhs)s
+R
(b) Mo(Ill), a®

+ +

6 M-L 6M-L 7ML 7ML

lo bonds| o bondsg s bonds o bondsg
Mo', 15e Mo 15e Mo, 17e Mo'Y, 16e

s=9%, s=1, s=1, S=1
N v J

+ R-X
MoXs(PMeg); ——3 MoXs(PMes)s(RX) —>M°X4+(F|;'\{'eg)s

(c) Cr(ll), o*

P bt

5M-L 5M-L 6 M-L
lo bonds| o bonds| s bonds
cr', 14e % crl, 14e crl”, 15e
S=1 s=2 s=9%,
N J
Y + R-X CpCrX(nacnac)
CpCr(nacnac)  —— +R

Figure 1. Schematic representation of the electronic structure evolution
during the process of RX coordination to a) [RuCl,(PPhs)s] and b)
[MOX3(PM63)3].

Outside the realm of organic radicals, but also well known to
chemists handling organic radicals, the Fenton reaction is another
example where a three-center-five-electron interaction may be
playing a role in the ISET pathway. The detailed mechanism of this
reaction, in spite of very intense studies, is still debated, but it
seems that the first step is H202 coordination to make a Fe''(H20z)
[or Fe''(O2H) + H*] intermediate, which then releases the hydroxyl
radical ']

A halogen atom transfer is the first determining step of the one-
electron version of the oxidative addition reaction for alkyl halides,
a well known process in organometallic chemistry.['81 This is
followed by association of the leftover radical to a second M®
complex to produce the organometallic product M™D-R (see
example in Scheme 5).[1%1 Note that in these processes the halogen
atom does not enter or leave the coordination sphere as a free
radical. Instead, it is delivered by a suitable “atom donor” or
captured by a suitable “atom acceptor”. Free halogen atoms do not
appear to be frequently involved in the chemistry of coordination
compounds. Contrary to the chlorination of inert C-H bonds, which
requires photolytic activation with CI* formation, simple metal
aqua ions react with dihalogens by OSET, generating X" as

intermediate,’ and low-valent complexes (including those
containing metal-metal bonds) in organic solvents react with
dihalogens by non radical mechanisms.[21]

Co(CN)s> +RX ~ ——  X-Co(CN)s> +R
Co(CN)s® + R — > R-Co(CN)s*
2Co(CN)s> +R-X ~ ——  R-Co(CN)s> + X-Co(CN)s>

Scheme 5. Mechanism of the 1-electron oxidative addition of alkyl halides
to [Co(CN)s]*>.1*)

As already stated, a reversible halogen atom transfer process is
key for ATRP. It is also key to the metal-catalyzed atom transfer
radical addition, or ATRA, also known as Kharasch addition.[22
The two processes are exemplified by the common general
pathway of Scheme 6. ATRA is currently enjoying renewed
attention, mainly because tricks were found to reduce the needed
amount of catalyst to extremely low levels,[% 23 greatly widening
the reaction scope for organic synthesis.[?4l

ML, + X-R «—2=— M™IX1L, +R

ATRA ) R

R' R'
M"/LX+R\/I\X = ML, +R\)- """ >
)} n A g

R, R R R bimolecufar
M7IL, + RW = MODXIL, RW- """ > terminations
X
X
n n

Scheme 6. Mechanism of the ATRA and ATRP processes.

bimolecular
terminations

ATRP

Association of organic radicals to a transition metal
centre

Alkyl groups are most typically incorporated into a transition
metal coordination sphere by two-electron processes. However, the
one-electron addition of radicals is also well documented. The one-
electron oxidative addition reaction of alkyl halide substrates,
already highlighted in Scheme 5, is one of the earliest described
phenomena where carbyl radicals are involved in transition metal
chemistry. Perhaps the oldest report is the generation of PhCH2-
Cr(H20)s** and CrCI(H20)s?* from Cr(H20)6?* and PhCH2Cl by
Anet and Leblanc,?® although the implication of free radicals was
not immediately appreciated.[?]

The group of Meyerstein has pioneered the investigation of
direct metal-carbon bond formation by addition of radicals to metal
centers, the radicals being generated by pulse radiolytic techniques
in aqueous solution. It was thus shown that CHs*® and a few related
radicals R* add to many metal ions M", including Cr",[21 Mn"[28]
Fe'l [28-29] Nj!! [30] [311 Cy',[32 and Cu'",3% to generate labile M(™1-R
adducts. Unfortunately, this technique cannot be easily extended to
a wide range of radicals. Metal-carbon bond forming reactions
involving other radicals have been studied, however, by use of
flash photolysis techniques with radicals generated from
photolytically labile organocobalt(lll) derivatives¥ or by the
thermal decomposition of diazo compounds.[3#: 35 A more elegant
way to selectively produce M™1-R from M® is to carry out the 1-
electron oxidative addition of RX in the presence of a reducing
agent capable of converting the M(™1-X co-product back to M®,
as recently demonstrated for the synthesis of CpCr''(nacnac)-
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CH2SiMes [nacnac = (ArNCMe)2CH] from CpCr'(nacnac) and
MesSiCHal in the presence of Mn.[3]

Radicals may occasionally get implicated in the alkylation of
transition metal halides by carbanions, when a single electron
transfer (SET) takes place rather than the expected nucleophilic
ligand substitution. This phenomenon is related to the classical
Wurtz coupling in organic chemistry, where R- from a Grignard or
lithium reagent and an alkyl halide R’-X may also undergo SET to
produce R* and R’* rather than the expected Sn2 exchange.
However, subsequent recombination of the two radicals leads again
to the expected R-R’ product.’”] Transition metal halide complexes
are often easily reducible and their interaction with the relatively
strongly reducing Grignard or lithium reagents is well known to
suffer from metal reduction, which is one of the greatest plagues of
synthetic organometallic chemistry. The radicals resulting from
this reaction are typically lost and the reaction leads to the isolation
of the reduced metal complex. However, it is possible to envisage
recombination between the radical and the reduced metal complex,
as in the above-mentioned SET mechanism for Wurtz coupling, to
generate the anticipated alkylation product. The first suggestion of
this possibility seems to be by Legzdins, for the alkylation of
Cp*Mo(NO)X2 by MesSiCH2MgClI, based on the EPR observation
of [Cp*Mo'(NO)Xz2]" when X = Br. Also, the reaction leads to
[Cp*M0oX(NO)]2 when X =1 and to Cp*Mo(NO)(CH2SiMes)2
when X = CLEB® Another example was discovered in our own
laboratory for the reaction of CpMoClz(PMes)2 with MeLi, leading
to the stable 17-electron dimethyl complex CpMo(CHz)2(PMes)2.
Evidence based on redox potentials, kinetics, and the chemical
behaviour of related complexes led to the mechanistic proposal of
initial PMes dissociation and reduction leading to a
{[CpMoCI2(PMes)] Li*-CH3*} cage pair, which favours the radical
addition process because of the diradical (S = 1) nature of the metal
complex.[39 It is quite possible that other alkylation reactions occur
by the same unsuspected SET-recombination pathway.

Homolytic metal-carbon bond scission

This is the reverse of the association process discussed in the
previous section. Three different ways to activate this process can
be distinguished: thermal, photochemical and electrochemical.

The thermal treatment of organometallic compounds eventually
leads to decomposition according to a variety of mechanisms, most
of them involving 2-electron processes, depending on the metal
electronic structure, the nature of the ancillary ligands, and the
presence or absence of other suitable reagents. Typical
decomposition pathways, which requires however the presence of a
vacant coordination site cis to the alkyl group or a suitable cis
accepting group, involve B-H or o-H elimination.[l For suitable
alkyl groups and coordination spheres, these decomposition
pathways may be blocked or disfavoured and the homolytic bond
cleavage with production of radicals may then become preferred if
the homolytic bond dissociation energy is sufficiently small.

The homolytic metal-carbon bond dissociation energies for
“thermally stable” compounds (i.e. isolatable and storable under
standard laboratory conditions) cover a relatively wide range,
although they have been measured with sufficient accuracy only in
a limited number of cases.*!] They have rarely been obtained by
direct measurement of the bond breaking process and the indirect
methods used suffer from many approximations. Values as high as
37549 kJ mol! (90+2 kcal mol?) for CpsTh-Mel*d or 350+10 kJ
mol! (84+2 kcal mol) for Cp:Ti(p-CsHsOMe)2*®! and as low as
70-100 kJ mol? (17-24 kcal molt) for a range of (dmg)2(L)Co-

CH(Me)Ph, depending on the nature of L,*4 have been reported.
Computational methods have been of valuable assistance in this
area.[*]

For any given radical, the metal-carbon bond strength is
expected to grow upon descending a group of transition metals (3d
< 4d < 5d). On the other hand, for a given metal complex, the bond
strength should be, roughly speaking, inversely proportional to the
radical stabilization: a very reactive radical such as CHz should
give stronger bonds while one that enjoys greater stabilization by
hyperconjugation or mesomeric effects should give weaker bonds.
The same is expected for any other R-X bonds, but some care
should be exercised because bond strengths are also affected by
polar effects (when the electronegativity difference between R and
X is significant) and steric effects (when X contains bulky
substituents that do not allow the adoption of the most favourable
geometry of the R-X adduct).[] Hence, correlation of R-M bond
strengths with the strength of other R-X bonds, for instance R-
H,15] are dangerous. It has been shown, for instance, that polar
effects are more important in the relative strengths of R-Cl and R-
Br compounds (initiators for ATRP) whereas steric effects play a
greater role in ZC(S)S-R (Z = Me, Ph; transfer agents for
“reversible  addition-fragmentation  chain  transfer  poly-
merization”).[*1 For organometallic complexes (X = metal
complex), the R-X bond is relatively apolar while the metal
coordination sphere may be rather encumbering, thus the bond is
more likely affected by steric effects than by polar effects.

The most interesting thermolytic processes are those of relatively
labile bonds, leading to the rapid production of radicals under mild
conditions. The ubiquitous example is that of vitamin B12 (5’-
deoxyadenosylcobalamin) and numerous related organocobalt(l11)
complexes.[*8] Systems with such weak metal-carbon bonds are
important not only in Nature but also in OMRP-RT (see next
section).

Photochemistry is another commonly used method for radical
release from organometallic compounds. Although the most
common phenomenon for coordination compounds is the
photolabilization of L-type ligands (particularly CO) and metal-
metal bonds (when such bonds are present), the homolytic rupture
of a metal-carbon bond may also occur.[*] The nature and
reactivity of the excited state is of primary importance for the
outcome of the process. One well studied example is the
tricarbonyl diimine rhenium(l) complexes [Re(R)(CO)s(dmb)] (R =
Me, Et, iPr, Bz; dmb =4,4-Me2-2,2’-bipyridyl). The primary
excited state has mixed *MLCT and on* character (charge transfer
from a metal d orbital and from the Re-R o bond to a ligand n*
orbital). It evolves either to a dissociative 3on* state or to a non
dissociative SMLCT state.[5% While the latter lies lower in energy
and decays back to the ground state for Me, it is higher in energy
and decays to the dissociative 3on* state for Et. As a consequence,
the quantum yield for photodissociation is ca. 0.4 for the Me
derivative and unity for the Et derivative.[>

Organocobalt(l11) complexes are a well known family of
compounds where radical dissociation may be photochemically
induced. When the alkyl group generates stabilized radicals such as
allyl and benzyl, radical dissociation easily occurs under thermal
conditions, but more reactive radicals associated to simpler alkyl
groups such as Me are formed only upon irradiation. For instance,
photolysis of methylcobaloxime derivatives (dmg)z(L)Co-Me (L =
H20, pyridine) in air produces (dmg)z2(L)Co-OOR.52 Photolytic
Co-R splitting occurs more readily for alkylcobalaminst®! than for
cobaloximes, while secondary alkylcobalt(lll) compounds are
photolyzed more readily than primary alkylcobalt(I1l)
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analogues.® Alkylcobalt(I11) porphyrins have also been shown to
undergo photolytically activated homolytic Co-R cleavage.[*3 The
Cp(nacnac)Cr'"'-R family of compounds has been recently shown
to undergo room temperature homolysis for R = CH2tBu, CH2Ph
and CH.iPr, whereas primary alkyl, phenyl and alkenyl derivatives,
not undergoing appreciable homolysis under these conditions, can
be activated photolytically.[36]

Concerning the electrochemical activation, it is generally well
appreciated that the covalent component of metal-ligand bonds
weakens upon metal oxidation and metal-alkyl bonds are no
exception. This proposition has been corroborated by a few
theoretical studies, for instance we reported that the Mo-X bond
dissociation energy in a series of half-sandwich complexes
decreases progressively on going from Mo through Mo""' to MoV,
be X a halide or a methyl group.®! Analogously, the Cu-CHs BDE
in [LCu-CHs]™ (L = N-heterocyclic carbene ligand) decreases
dramatically from 80 kcal mol-* for Cu' (n = 0) to 38 kcal mol! for
Cu'" (n = 1).1581 Experimentally, oxidation reactions of compounds
containing metal-alkyl bonds have given evidence for the
generation of radicals. Kochi made a seminal contribution by
comparing the thermal decomposition pathways of [FeEt2(bipy)2]™
(n =0, 1, 2). While the Fe" complex decomposes upon heating to
50°C exclusively by the B-H elimination pathway, yielding ethane
and ethane (no butane), the Fe'"" species yields a mixture of ethane,
ethane and butane resulting from homolytic fragmentation of the
Fe''-Et bonds, and the transient Fe'V species yields exclusively
butane by reductive elimination.>™ Further studies have confirmed
the activating effect of oxidation on both reductive elimination[®8l
and homolytic cleavage processes.[

A recent study of the autoxidation of (bipy)PdMe: to yield
(bipy)PdMe(OOMe) suggests a radical chain  mechanism
consisting, after initiation, of the steps shown in Scheme 7.1
Addition of a methylperoxy radical generates a 5-coordinate Pd'"
intermediate, resulting in Pd-Me bond labilization. Although not a
metal oxidation in an electrochemical sense, the MeOO* addition
indeed corresponds to a formal 1-electron oxidation of the metal
centre and a labilizing effect on the Pd-Me bond appears plausible.

Me + O, — » MeOO 0OMe

MeOO + (bipy)Pd'Me, ————  (bipy)Pd""Me,
OOMe

(bipy)Pd""Me, ——  (bipy)Pd"Me(OOMe) + Me'

Scheme 7. Proposed chain mechanism for the autoxidation of (bipy)PdMe,.

Besides oxidation, reduction processes have also been shown to
result in the activation of M-R homolytic splitting. For instance,
whereas phenylCo(salen) can be easily reduced by two subsequent
reversible one-electron steps to the observable PhCo(salen)*
product, methylCo(salen) leads to an unstable Co'" monoanion,
which decomposes by releasing a methyl radical to generate
[Co'(salen)]-.le4

Reversible dissociation of alkyl radicals: basis of
Organometallic-Mediated Radical Polymerization
by Reversible Termination (OMRP-RT)

A reversible metal-carbon bond dissociation process is the basis
of OMRP-RT. Since this is a less popular controlled
polymerization method than ATRP, we will briefly recall here the

thermodynamic/kinetic principles that regulate controlled polymer
growth, although these are essentially the same as for ATRP. The
reversible termination strategy consists of a temporary deactivation
of the growing radical chain by a trapping agent, transforming it
into a dormant species that cannot undergo any chemical
transformation other than reactivation. The dormant species is in
this case an organometallic M™1-R complex where the polymer
chain acts as a c-bonded one-electron ligand (see Figure 2). The
polymerization process can be initiated either from a stable (but
labile) organometallic species M(™1-R or more conveniently from
a classical source of radicals in the presence of the reduced
complex M®,

Activation yields the reduced metal complex M®™ and the free
radical chain, which can add to monomer and extend the chain
according to the propagation rate constant (kp), or be deactivated by
recombining with the reduced metal complex, according to the
deactivation rate constant (kd). The reversible deactivation
equilibrium (Komre-rt = ka/kd) greatly reduces the concentration of
free radical in solution disfavoring the irreversible bimolecular
terminations (vt = k([R®]?) to a greater extent than the chain
propagation (vp = kp[R*][monomer]). For best results (low
polydispersity), however, the system must also rapidly deactivate
(ka > kp) leading to the insertion of ideally no more than one
monomer between subsequent activation/deactivation steps. Note
that every irreversible termination event removes two dormant
macromolecules converting them into two reduced complexes M®™,
The resulting [M®™] increase favours deactivation (vg =
ka[R°*]J[M™]). This self-regulation mechanism, valid for all
controlled polymerizations operating by reversible deactivation, is

well known under the terminology of “persistent radical effect”.[62
A
AG
+ monomer
ka
MR -— M(”)+R. ko
kq
ky ‘
bimolecular
terminations
Figure 2. Reversible deactivation of growing radical chains in

organometallic-mediated radical polymerization.

The process illustrated in Figure 2 corresponds to the
dissociation of an X-type (1-electron) ligand. A dissociation/as-
sociation cycle, where a given radical is not necessarily trapped by
the same metal complex and a metal complex does not necessarily
trap again the same radical, can be thought of as a dissociative 1-
electron ligand exchange process (or “monomolecular homolytic
substitution”, Sul) and parallels the more common Sn1 process for
the exchange of 2-electron ligands. The mechanistic study of Sn
reactions has the advantage that both free and bonded forms of the
exchanged reagent are generally stable species, not undergoing side
reactions. Comparative studies of 1-electron ligand exchange
processes are hampered by the instability of the free radical.
However, the existence of the persistent radical effect, effectively
removing or at least dramatically reducing the importance of
bimolecular termination processes under suitable conditions,
allows the investigation of thermodynamic and Kinetic parameters
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for equilibria involving radical species. This principle has been
applied to the investigation of the ATRP activation/deactivation
equilibrium,[%3 but can equally be applied to other equilibria
involving radicals.

Wayland has pioneered the OMRP-RT area, showing that
(tetramesitylporphyrin)neopentylcobalt(l1l) (I in Scheme 8) is a
thermal initiator for the well controlled polymerization of methyl
acrylate,[ and followed up with a series of related studies.[
Harwood also showed similar results using a cobaloxime system
(I1 in Scheme 8), although continuous photochemical activation
was necessary in that case to maintain the dynamic equilibrium
between active and dormant radical.®®l The first suggestion of a
metal-radical interaction, however, was made by Minoura for
polymerization of vinyl monomers carried out in the presence of
Cr2*.I57 The best control is generally found for systems that are
initiated by a pre-formed organometallic initiator, R-M(™D),
because the active radical is generated at the same time, in the
same place and in equivalent amounts as its own trapping species.
Therefore, a suitable OMRP-RT equilibrium is established at the
very beginning of the process. Initiation by a classical radical
source in the presence of the trapping species M®™ takes a longer
time (depending on the half-life of the radical source and the
temperature) to arrive at the same equilibrium with an initial
imbalance of dormant, trapping, and free radical species. When the
trapping process is not very efficient, greater polydispersities are
observed for the resulting polymer. Sufficiently stable and yet
thermally labile R-M®* initiators, however, are rare. Examples
are | in Scheme 8[54 and CpCr(nacnac)(CH2tBu).[®®!

I (R=CH,tBu) Il

Scheme 8. Cobalt complexes used in the first reports of OMRP-RT.

Since other commonly used trapping agents are stable free
radicals (for instance nitroxides), the name “Stable Free Radical
Polymerization” (SFRP) is sometimes used to described this
general family of controlled polymerizations. However, this
acronym is not suitable in general for OMRP-RT, because the
radical trapping ability with formation of a M(™D-R dormant
species is not limited to S = %2 metal complex (having free radical
character). OMRP-RT trapping has been shown, for instance, for
diamagnetic Os" complexes (yielding a dormant Os'"' S = %
species),%9 for Cr'' S = 2 complexes (yielding a dormant Cr''' S =
3/2 species),['6: 68 701 and for Co" S = 3/2 (yielding a dormant
diamagnetic Co"" species).l* 74

With respect to other reversible deactivation methods, OMRP-
RT has the obvious disadvantage of generating macromolecules
that contain a stoichiometric amount of metal as chain end, then
needing metal removal for most applications. Other controlled
polymerization techniques yield macromolecules with less harmful
(or more useful for post-functionalization) chain ends such as
halogens, alkoxylamines, dithioesters, etc.. The main problems of
cost and toxicity, associated to the use of metal complexes, are less
critical in ATRP where the metal complex functions as a catalyst.
However, a strategy for the recovery and reuse of metal complexes
also exists for the OMRP-RT approach, based on the exchange

with a stronger radical trapping species, such as TEMPO, in a post-
functionalization step (equation 1).[2

Polymer-M®% + TEMPO - Polymer-TEMPO + M® 1)

An advantage of OMRP-RT, on the other hand, is fine tuning of
the thermally labile bond by the appropriate choice of metal and
coordination sphere. The validity of the steric activation concept
for the metal-carbon bond in the dormant species has been shown
for the polymerization of vinyl acetate by Cr"/Cr'"-PVAcI’ and
Co'"/Co"-PVAC systems (PVAc = poly(vinyl acetate)).l Indeed,
the PVVAc active radical is quite a reactive one and other controlled
polymerization techniques based on the reversible deactivation
strategy, including ATRP, have only had limited success. OMRP-
RT, on the other hand, has provided the best control reported so far
for this monomer (e.g. Mn > 20000 with Mw/Mn = 1.05).7%! In
principle, any polymer chain including those associated to the most
reactive radicals can be imagined to undergo an OMRP-RT process,
given a suitable metal and coordination sphere that efficiently
prevent side reactions.

Associative radical exchange processes: basis of
Organometallic-Mediated Radical Polymerization
by Degenerative Transfer (OMRP-DT)

The previous section has analyzed the dissociative radical
exchange (Swl), Figure 2. The same exchange process may also
occur by an associative pathway (Sw2). This is possible, however,
at two conditions. The first one is the presence of a substantial
amount of free radicals, since the exchange rate is first order in
radical. Contrary to the exchange of stable L ligands, stable high
concentrations of reactive radicals are not possible because of the
bimolecular terminations. Experimental fulfilment of this first
condition requires the continuous radical injection by activation of
a stable radical source, which will obviously be compensated by
continuous bimolecular termination events. The second condition,
common to the associative 2-electron processes, is that the
coordination sphere must allow the incorporation of an additional
one-electron ligand from the electronic and steric points of view.

The Su2 process is the basis of the so-called “degenerative
transfer radical polymerization” (DTRP), see Figure 3. In DTRP,
there must be continuous injection of new radicals from a stable
source, for instance by thermal decomposition of AIBN. The
process stops when the radical initiator is completely consumed.
The associative exchange swaps active and dormant radicals, so
that the active one becomes dormant and the dormant one becomes
active. The dormant species in this process is also called “transfer
agent” and the exchange is degenerate, hence the name of the
process. It is a well known procedure in controlled radical
polymerization, with a number of stable organic molecules such as
dithioesters, xanthates, alkyl iodides, dialkyltellurium and
trialkylbismuth compounds being used as transfer agents.[™l

The technique is effective at controlling the polymer chain
growth because the termination rate constant is markedly chain-
length dependent. Shorter chains terminate faster than longer ones
and the viscosity of the medium (which depends on the degree of
conversion) also has an effect on k:.[”® Thus, while the radicals R
(Figure 3) are continuously generated from an initiator and rapidly
terminate because their amount is large (like in free radical
polymerization), the associative radical exchange allows the
continuous and reversible release of longer radical chains R’’,
which terminate at a much slower rate (ki (R”) << ki (R)), therefore
continuing to propagate in a pseudo-living manner. Good control,
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however, is only insured if the rate of exchange (Vexc = kexc[R*][R-
M™D]) is greater than the rate of propagation (vp =
kp[R*][monomer]).[78!

A
AG

A/_\/\

+ monomer + monomer

keXC
@R:+ MODR 2= RM™D +RT Kp
/kt (R) 4k (R)

Initiator bimolecular
terminations
Figure 3. Degenerate transfer polymerization with an

organometallic transfer agent.

Organometallic-mediated radical polymerization by degenerate
transfer (OMRP-DT) was first proposed, as a controlled radical
polymerization mechanism, by Wayland for methyl acrylate
polymerization mediated by the same alkylcobalt(l1l) porphyrin
systems previously used in OMRP-RT (I in Scheme 8), in the
presence of excess radicals.’’1 This compound has a square
pyramidal arrangement with an apical R ligand and a vacant
coordination site. Therefore, an associative radical exchange is
quite possible, illustrating the second principle alluded to above.
DFT calculations support the occurrence of a three-center-three-
electron transition state (Sh2 mechanism) for the exchange, without
any local minimum for a putative dialkylcobalt(1V) intermediate,
see Scheme 9, and with a low activation free energy.["

+ R R R'

Scheme 9. Associative radical exchange for a square pyramidal
16-electron d° alkylcobalt(l11) complex.

The above studies were preceded by a report by Jérome et al. of
the controlled VAc polymerization, using Co(acac). as controlling
agent and V-70 (a thermally labile diazo compound with ti2 = 10 h
at 30°C) as initiator.[”® This process was initially interpreted on the
basis of a dissociative mechanism but later proven to follow an
OMRP-DT pathway.[*a More interestingly, it was shown that
either OMRP-DT or OMRP-RT occurs with this system, depending
on the presence of neutral ligands. This conclusion was based on
the results shown in Figure 4 and interpreted on the basis of
Scheme 10, as follows. [

1.0
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o
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Figure 4. Kinetics of the Co(acac),-mediated radical polymerization of VAc
in the absence (M) or presence of Lewis bases L (30 equiv): L = py, e;
NEt;, A. Conditions: [VAc]o/[Co(acac)z2]o/[V-70]o/[L]o = 500:1:1:30;
bulk polymerization, 30°C. Reproduced with permission from ref. [71a].

Ky

ky .
. V-70 —» Ro
V-70 —V; Rf VAcl OMRP-DT
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Co(acac),(L), “—= Co(acac),(L) —<—— Co(acac),L)-PVAc, 74“
L + PVAc,*

PVAC,

@ VAc

Scheme 10. Mechanism of the Co(acac),-mediated OMRP of VAc.

Homolytic cleavage of the Co-C bond in the dormant species
requires too much energy; radical trapping is irreversible.
Therefore, in the absence of Lewis bases, the short PVAc chains
generated from the primary radicals are immediately quenched and
no polymerization occurs, explaining the induction period (see
Figure 4). After complete conversion of Co(acac)2 to dormant
(acac)2Co-PVAc with short oligomer chains, additional radicals
trigger the rapid monomer consumption by OMRP-DT, with
(acac)2Co-PVAc now playing the role of transfer agent. When a
Lewis base is present, on the other hand, this adds to the dormant
Co'' species and to Co(acac): to generate a 6-coordinate
(acac)2(L)Co-PVACc chain end and a 6-coordinate Co(acac)z(L)2.
Since the Co'' state is stabilized to a greater extent than the Co'"
state, homolytic Co-PVAc cleavage from (acac)z(L)Co-PVAc is
activated, favouring OMRP-RT. This is in accord with the absence
of an induction period in this case (see Figure 4). Furthermore,
while d” Co'" is kinetically labile, low spin d® Co"' is inert.
Therefore, the new dormant (acac)z(L)Co-PVAc can no longer
operate as transfer agent and any radical associative exchange is
shut down; OMRP-DT can no longer take place.?d The
polymerization is equally well controlled under both OMRP-DT
and OMRP-RT conditions. This example clearly illustrates the
importance of coordination chemistry in metal-mediated controlled
radical polymerization.

As can be appreciated from Figure 4, the rate of polymerization
depends on the nature of L (faster with pyridine than with NEts).
This is because ligand binding changes the relative energy of the
Co" and Co'" species and therefore the position of the OMRP-RT
equilibrium.  The relative polymerization rates for the
VAv/Co(acac)2 systems in the presence of a variety of ligands
(DMF, DMSO, water) was studied and the results rationalized on
the basis of Scheme 10, with validation by DFT calculations.[”!
Ligand coordination was also critical for the successful switch
from a PVAc chain to a PAN chain, allowing growth of well
controlled diblock PVAc-b-PAN copolymers using (acac)2Co-
PVAC as macroinitiator.[2

Attempt to generate a suitable organometallic initiator/transfer
agent of types (acac)2(L)Co-R or (acac)2Co-R have not met with
success.l®] Contrary to complexes with N-based coordination
spheres, no examples of alkylcobalt(I1) complexes with a fully
oxygen-based coordination sphere has been described so far,
suggesting a lower stability. However, a mixture of Co(acac).-
capped short oligomers with a structure as shown in Scheme 11
(average n ~ 4) could be generated, isolated and characterized by
carrying out the OMRP-RT with a small amount of monomer and a
large amount of Co(acac)2.l"*"! This material is an excellent

OMRP-RT initiator for the generation of a number of polymers. [/
73,81]
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Scheme 11. Nature of the chain end in the Co(acac),-mediated OMRP of
VAc. Ry is the primary radical originating from the initiator.

Given the chelated structure of (acac).Co-PVAc and the known
inertness of 6-coordinate Co'"!, an associative exchange should also
be blocked for this compound. The fact that, contrary to this
expectation, an associative exchange occurs may be related to the
weakness for the chelation mode (the DFT calculations indicate an
enthalpic stabilization by only 3 kcal/mol), perhaps with distortion
of the structure away from octahedral and toward square pyramidal,
and a consequent facile attack by the radical at the position trans to
the alkyl group.

Analysis of the electronic structure in the square pyramidal
arrangement of I in Scheme 8 helps to understand why the Sn2
reaction is facile. The d.2 orbital is empty for low-spin d® Co'"!, thus
facilitating the radical attack and electron redistribution from one
Co-R bond to the other one through the metal sp.dz2 orbital mixing
in the transition state. An analogous associative exchange can be
predicted for other electronic configurations within this particular
coordination geometry. Indeed, we have recently discovered that
an OMRP-DT of VAc may also be mediated by Fe(acac)z,
although with a poorer control which indicates a slower exchange
rate.[¥? This appears to be the first example of an associative
radical exchange for a metal other than cobalt, but others will
undoubtedly be discovered in the future.

Exchange between 2-electron and 1-electron ligands

We address in this section the direct exchange between a 1-
electron and a 2-electron ligand, process (c) in Scheme 1. This
process can also be imagined to proceed by the two limiting
mechanisms, associative or dissociative. It is possible to imagine a
system in which the R-M™1 bond is weak (facile dissociation) and
the resulting M®™ forms also a weak bond with L. If, in addition,
M® has small barriers for both R* and L additions (bond lability),
as shown in the free energy diagram of Figure 5 (left), then an
associative exchange will hardly provide a kinetic advantage to the
system. Conversely, for the opposite extreme case of strong R-
M™*D) and M®™-L bonds, it is possible to predict that a direct
associative exchange through a 3-center-4-electron R---M---L
transition state may be favoured, as shown in the diagram of Figure
5 (right). To the best of our knowledge, the second situation has
not so far been described for experimentally investigated systems
and therefore remains only hypothetical.

The system presented in the previous section, where a Lewis
base affects the Co(acac)2-mediated OMRP-RT or VAc, is an
example of the first type, because the PVAc-Co'' bonds in the
dormant (acac)z(L)Co-PVAc species are easily thermally activated,
and the Co''-L bonds are weak and labile.[’* 1H NMR shows very
rapid exchange of free and coordinated L by paramagnetic line
broadening methods, confirming the labile character of d” Co(ll) in
an octahedral geometry. For the reaction in the opposite direction,
the starting (acac)2(L)Co-PVAc compound is coordinatively
saturated and substitutionally inert. Hence, it is unlikely that the
PVACc dissociation is pushed by the entering ligand L. A certain

degree of dissociative interchange character (ld), however, seems
possible.

AG

R+ M®)

R-M(m+1) RM™*D
+L +L

Figure 5. Ideal pathways for the replacement of a 1-electron ligand with a
2-electron ligand. The plain curves describe the ideal dissociative pathway,
the dashed ones associative pathways. Left: case of a weak R-M™% bond
and labile M®™-L bond. Right: case of a strong R-M™% bond and inert M®-
L bond.

The above example illustrates a reversible 1e/2e ligand exchange.
There is also at least one example of an irreversible 1-electron/2-
electron ligand exchange. Compound Cp*Cr(L)(CH2Ph)2 (L = THF
or py) is thermally stable. Whether it reversibly dissociates a
benzyl radical to sustain an OMRP-RT process has apparently not
been investigated. However, treatment with bipyridine promotes
homolytic scission of one Cr-CHzPh bond and formation of
Cp*Cr(bipy)(CHzPh) with the presumed release of one benzyl
radical.%3] The mechanism of this process has not been scrutinized,
but it seems likely that it is initiated by the substitution of L to
yield a 15-electron Cp*Cr(x*-bipy)(CHzPh) complex where the
bipy ligand is bonded in a monodentate fashion. Rearrangement to
a bidentate coordination mode to yield a 17-electron intermediate
requires a spin pairing process that is known to be rather costly for
Cr'l' 15, 8 Hence, it is more likely that the second step entails
dissociation of one benzyl radical, followed by coordination of the
second bipy N donor atom.

The numerous radical additions to aqua ions mentioned in a
previous section are examples of processes where a 2-electron
ligand is replaced by a 1-electron ligand, since the coordination
sphere of the metal ions in aqueous solution is certainly saturated
by aqua ligands. Again, these are probably occurring by addition to
the unsaturated [M(H20)s]™ species in rapid equilibrium with
[M(H20)s]™. A kinetic study of the reverse homolysis process for a
series of [(H20)sCr-R]?* shows activation enthalpies and entropies
consistent with a pure Su1 mechanism.[®!

B-H transfer processes

The ability of transition metal compounds, mostly having radical
character, to abstract H atoms from organic radicals has been
appreciated since the 70s. For instance, Pt"(H)I(PEt3)2 is a by-
product of the oxidative addition of iPrl to Pt(PEts)s, which takes
place by a radical pathway through I° transfer with generation of
the (PEts)sPt'l and iPr* radicals.[®® Several Co'' complexes, of the
same type as those discussed in previous sections as OMRP-RT
trapping species, are efficient catalysts in CTCRP.[®] This process
occurs by transfer of a hydrogen atom from the growing radical
chain to M®™, to form a hydride complex M®™1-H and a dead
polymer chain with an unsaturated chain end. Reversal of this step
with a new monomer vyields back M®™ and a new radical, which
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starts a new chain. The catalytic efficiency is measured by the ke/kp
ratio, also known as transfer constant.

The presence of CTCRP can be experimentally assessed rather
easily from the polymer average molecular weight. For a pure
OMRP-RT process (absence of chain transfer) only one
macromolecule is generated by each initiator, therefore the average
molecular weight can be predicted exactly from the molar
monomer/initiator ration, and from the conversion. In the presence
of chain transfer to monomer, more chains are produced and the
average MW therefore decreases. Metal-mediated radical
polymerizations where the MW indicates the presence of CTCRP,
for instance, are those of acrylonitrile initiated by
[Co(NN)2(CH2Ph)2]* (NN = bipy, phen, Mezphen)® and by the
isoelectronic Fe(bipy)zEt.[9!

As discussed in a previous section, the p-H transfer and OMRP-
RT trapping processes (processes (e) and (b) in Scheme 1) have the
same molecularity, hence the same first order dependence on the
metal complex and on the radical chain, see Scheme 12. Thus, their
competition is not affected by concentration. It is affected, on the
other hand, by the relative barriers of the two processes, ka and kr,
which depend on the nature of the metal, on its coordination sphere,
and on the nature of the radical chain. For the Co" catalysts, both
steps have been shown to occur at or close to diffusion-controlled
rates, indicating that the activation energies are extremely low.[%
When OMRP-RT is sought, the intervention of any amount of
CTCRP is unwanted, whereas when CTCRP is the desired process,
the intervention of reversible OMRP-RT trapping only has the
effect of slowing down the polymerization but does not affect the
catalyst ability to moderate the polymer molecular weight. For less
active catalysis such as the porphyrin derivatives, a significant
isotope effect kn/ko of 3.5 for the H* transfer process was observed,
suggesting a direct H atom transfer.[®3] This conclusion may not be
general for all chain transfer catalysts, however, since a process
involving direct B-H elimination from an OMRP-RT dormant
species (giving the same hydride complex and dead polymer chain
as peroducts) has been suggested instead for a FeClz(diimine)-
mediated polymerization.[?

H
OMRP-RT M) .
X\/ kq P
o
a
@H\® + Mo
X V\k'L
CTCRP

® = polymer chain X = monomer substituent

Scheme 12. Competitive OMRP-RT trapping and B-H atom transfer for a
M®/L,-chain carrying radical pair.

Co'' complexes with macrocyclic ligands are arguably the most
developed family of chain transfer catalysts. Empirical rules for the
catalytic activity of this family have been offered, such as the
crucial importance of a core of four N atoms, macrocycle planarity,
7 conjugation in the macrocyclic ligand and steric effects, and the
moderate electronic effect of equatorial ligand substituents.[
However, how the CTCRP/OMRP-RT interplay depends on
molecular parameters is far from being clear in a general case.
Most investigations related to H° abstractions from growing
polymer chains have been carried out on Co'" systems, particularly
porphyrin complexesl’™ %! and cobaloximes.®* %1 Studies of the

reverse H* atom transfer to olefins have also been carried out,
particularly with complexes (CsRs)Cr(CO)sH (R = H, Me, Ph) that
have weak Cr-H bonds.®! This step is also involved in the
catalyzed hydrogenation of olefin substrates by certain
monohydride complexes such as HCo(CO)4,1%! HMn(CO)s,1"] and
CpMH(CO)3 (M = Mo or W),®l that take place by a radical
mechanism. 3

Alkyl group transfer processes

We address here process (f) in Scheme 1, namely transfer of an
alkyl group from an organometallic compound to a radical acceptor.
A number of alkylcobalt(I11) complexes supported by macrocyclic
ligands have been shown to directly transfer the alkyl group to
aqueous Cr2*1%1 or to a cobalt(Il) complex of a distinguishable
macrocycle as an acceptor.® An Sy2 mechanism without the
involvement of free radicals, as shown in Scheme 13, is suggested
by a number of observations, such as a rate higher than predicted
on the basis of the known Co-C bond dissociation energies, equal
efficiency when the process is conducted in the absence of light or
in the presence of radical traps, and by the fact that the absolute
configuration at carbon is inverted. The porphyrin systems are
axial base-free, therefore no coordination/decoordination interferes
with the process. Methyl, benzyl, primary and secondary alkyl, and
acyl groups exchange, but phenyl groups do not. In agreement with
this mechanism, use of sterically encumbered cobalt porphyrins
with groups large enough to prevent formation of a bridged, Co-C-
Co structure resulted in a dramatic decrease in the exchange
rate.[10%] This mechanism is related, by swapping the position of
the metal and radical partners, to the associative radical exchange
shown in Scheme 9. It may also be related to Taube’s X-bridged
ISET process involving two metal complexes (Scheme 3), but in
this case it is a carbon-bridged group transfer process and does not
involve preliminary coordination (3-center-3-electron, rather than
3-center-5-electron).

ya
Vi

J =

Scheme 13. Sy2 mechanism for alkyl transfer between Co porphyrin
derivatives.

Alkyl group transfers between two metals that follow an Sn2
mechanism are less frequent than the corresponding two-electron
version (Sn2). There are also examples of dissociative radical
transfers, sometimes associated to electron transfer. For instance,
methyl transfer from MeCo'"!'(dmgBF2)py to Ni'(tmc)* occurs by
initial outer sphere electron transfer from Ni' to Co"!, Co-C bond
homolysis of the resulting anionic methylcobalt(ll) complex, and
methyl radical addition to a second Ni'(tmc)* molecule.[0
Transfer from an alkyliron(I11) porphyrin to an iron(l1) porphyrin,
on the other hand, was reported to occur by an Sl mechanism via
the free radical.[*%2]

Processes involving an alkyl group transfer from a metal to
another accepting group, or viceversa, can also occur. Certain R-
Co''" complexes have been shown to undergo highly specific
carbon-carbon bond formations upon addition of radicals R>*.[1%]
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The mechanism of this reaction was suggested to involve a radical
addition (either to the metal or to the ligand) followed by
elimination of the R-R’ product, rather than direct SH2, on the basis
of the similar rates observed for sterically very different R groups,
Me and iPr.[ However, the Sh2 transition state in the porphyrin
system of Scheme 13 was shown to be rather insensitive to the R
group steric bulk and it was therefore suggested that the Sh2
pathway for this carbon-carbon bond formation should be
reconsidered.[19%€ A petter understanding of this process in
relationship with cobalt-mediated radical polymerizations is
desirable. Indeed, cobalt complexes were shown to support
controlled polymerizations by the associative exchange (OMRP-
DT) process, which has the same molecularity as the present alkyl
group transfer [M™D-R+R*]. An alkyl transfer from an
alkylcobalt(I11) to an external radical represents a metal-mediated
termination reaction. Therefore, it is important to understand what
factors facilitate or disfavour this group transfer versus the

associative radical exchange of interest for controlled chain growth.

Finally, a remarkable reaction leading to transfer of an alkyl
group to a metal center, namely the reverse of process (f) in
Scheme 1, is the peculiar 1-electron C-H oxidative addition
reported by Wayland for a variety of Rh' porphyrin systems. The
process occurs by the concomitant action of two metal complexes
in a 4-center-4-electron process with a linear transition state, as
shown in Scheme 14. The reaction is selective for aliphatic C-H
bonds and totally excludes aromatic C-H bond activation.['%]
Methanol reacts more favourably by addition of the C-H bond than
the O-H bond. Use of a “packman” system, where two Rh'
porphyrin complexes are tied together by a m-xylyldioxy tether,
results in great rate enhancements relative to the termolecular
system.[106]

Scheme 14. Termolecular one-electron C-H oxidative addition to a Rh"
porphyrin complex.

This process can be compared with the 1-electron oxidative
additions of other R-X substrates (X = halogen), discussed at the
beginning of this Microreview (e.g. Scheme 5) but unlike them it
cannot take place in a stepwise manner. For X = halogen, the
M™D-X bond alone is sufficient to nearly compensate the cost of
breaking the R-X bond. In the present case, the R-H bond to be
broken is much stronger and a single metal complex is not
sufficient to make the stepwise process feasible. The synchronized
action of two metal complexes for simultaneous formation of two
bonds (the Rh"'-H and Rh"'-R bonds) is necessary to provide a
low-energy pathway.

Radical addition to ligands

A radical may also establish a bond with an existing ligand and
be incorporated into it without dissociation of the newly formed
ligand, rather than abstracting the ligand or binding the metal, i.e.

processes (g) and (h) of Scheme 1. The addition to a halide ligand
resulting in a coordinated alkyl halide has already been addressed
in a previous section and will not be further commented.

Most studies have involved the addition of radicals to
unsaturated ligands. Coordination of an unsaturated substrate to a
metal is expected to modify its reactivity toward free radicals as
much as it does toward nucleophilic and electrophilic reagents, but
there is still a much more limited understanding of how
coordination affects the activation and thermodynamic parameters
for the reaction with radicals relative to the other types of reagents.
When the added radical has nucleophilic character, like for
unstabilized alkyl radical, the reaction is usually promoted because
coordination exalts the electrophilic character of the unsaturated
substrate. For instance, the ketyl radical 1.Sm-OCMe>* generated
from acetone was shown to add to the benzene ligand of
(CéHs)Cr(CO)3 more than 105 times faster than to uncomplexed
benzene.l'l Radical additions to m-bonded aromatic rings has
mostly been studied for 18-electron complexes, to arene ligands as
in (arene)Cr(CO)s3,1107-108] [(arene)Mn(CO)3]*, 1109 and
(CsHg)2Cr,1101 put also to the cyclopentadienyl ligand in
ferrocene.[**1 Addition to Cp in 19-electron Cp2Co leads to stable
18-electron CpCo(CsHsR) products.[''2 The radical addition to
Cp2Ti'"'-coordinated n-allyl or n3-propargyl groups occurs
selectively at the 2 position, transforming the 3-electron XL-type
allyl into a 4-electron Xz-type ligand in the titanacyclobutane or —
cyclobutene products.[**®! Radical addition to Pd" allyl complexes,
on the other hand, appears to take place at the metal center,
although some of the final products result from allyl-alkyl
coupling.[34: 34c. 351

Evidence for a radical addition to coordinated CO was invoked
by Boese and Goldman to account for the observed activity of
some alkane photocatalytic carbonylation systems mediated by d®-
metal—carbonyl complexes.'*4l A theoretical study of the Me*
addition to RhCI(CO)(PMes). shows that the radical adds to the
CO ligand more favourably than to the metal, both processes being
essentially barrierless, but the addition is thermodynamically less
favourable than to free CO.["'S1 For analogous additions to CO
ligands in 18-electron complexes, on the other hand, the barrier is
greater relative to the addition to free CO.[*16] Radicals also appear
to react selectively with unsaturations that are conjugated to
coordinated ligands, because of the additional stabilization enjoyed
by the product radical. This is the case for styrene,[108 1171 ¢ B-
unsaturated Fischer carbenes,*8l and enynes, 19 see Scheme 15.

OR’ oR' /
Substrate @ M M:& =
" N

M
+R
OR' OR' /R
Product @_\_ M M T
[ R — M
M > A
R R

Scheme 15. Radical addition to unsaturations conjugated to metal-
coordinated groups.

Another ligand system that merits discussion is the diimino-
pyridine (DIP), made popular by the discovery of catalytic activity
for its iron and cobalt complexes in ethylene polymerization and by
its “non-innocent” behaviour.['?! Although the direct addition of
radicals to DIP complexes of Fe and Co does not appear to have
been described, such a reactivity mode is suggested by the
demonstrated ligand spin density in complexes (DIP)FeCl and
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(DIP)Fe(N2)2 (11 and 111 in Scheme 16). These are best described
as complexes of Fe!" with mono- and diradical ligands rather than
as Fe' and Fe® complexes with a neutral DIP ligand (Ar = 2,6-
iProCsHs3).[*?01 Radical reactivity has indeed been proposed for
reactions such as the 1-electron oxidative addition or RX substrates
to (DPI)Fe(N2)2, where a putative (DPI)Fe(X)(R) intermediate
would undergo Fe-R bond homolysis and recapture by a second Fe
complex to vyield the observed (DPI)FeX and (DPI)FeR
products.*21 The alkylation of 1 (or a mixture of FeClo(THF)2 and
DIP) with LiCH2SiMes under a variety of conditions has led to the
isolation and characterization of the expected 1V, but also V and
V1.[122] 1t appears possible that V and V1 result from a SET process,
generating a free radical and (DIP)FeR (which was independently
obtained by alkylation of 111123]), followed by radical addition to
the ligand. Interestingly, it was shown that V transform to 1V,
whereas VI does not, but a mechanism for this rearrangement was
not proposed. An intriguing possibility is that the radical addition
to the imine C atom is reversible, though kinetically preferred.

® ® ®
Z
TN N )
/N\FleII/N\ /N\,‘_-eu/N /N\FL{/N\ ]
A Ar A Ar  Ar
! i ' \ AT
] Cl N,
| n m
A A
[ ® %
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N— 1I—N N—_ ¢ _i1—N N n—N
A FT\R AT A '|:e A A \Te “Ar
R R R
v ' vi

Scheme 16. Fe"' complexes with the “non-innocent” DPI ligand (1-1V) and
products of ligand alkylation (V and VI).

Alkenes are ligands of particular interest, because they are at the
same time monomers for the radical polymerization process.
Therefore, rather than harmful to the metal action as
polymerization mediator, an enhanced reactivity toward radical
addition for coordinated monomers could be exploited (expecially
for ethylene and higher olefins that have low propagation rate
constants) if combined with weak M™-R bonds in an OMRP-RT
approach. Michl reported a puzzling activity of naked Li* in the
activation of olefins toward free radical polymerization, [124
consistent with the olefin activation upon interaction with the
strongly Lewis acidic Li*.*?] No experimental studies appear to be
available for the effect of coordination to a transition metal, but
this process was analyzed by DFT calculations for the addition of
Me* to the two model propene complexes (k3-PCP)Rh(CsHs) of d®
Rh' (PCP = 1,3-CsH3(CH2PMez)2) and [Cp2Zr(OtBu)(CsHs)]* of d°
Zr'V.[126 For the Rh system, the addition is thermodynamically
favoured, but kinetically disfavoured relative to free propene, with
a kinetic regioselectivity for the terminal C atom (as in free
propene). For the Zr system, on the other hand, the addition is
kinetically more facile and favours the substituted C atom leading
to the primary isobutyl radical, which remains loosely bound to the
Zr'V [Cp2Zr(OtBu)]* fragment. These effects were explained by the
asymmetric coordination mode that places Zr closer to CH2 than to
CHMe and polarizes the coordinated olefin with a greater positive
charge on CHMe, and by an attractive ion-induced-dipole force
along the potential energy surface due to the positive charge of the
metal ion. Therefore, these studies seem to confirm alkene
activation toward radical addition by highly Lewis acidic metals.

H atom transfer involving a ligand

In this final section, we briefly comment on H atom transfer to
and from a ligand, transforming the nature of the latter. As
mentioned in the general discussion of reaction types, this can
involve L-type or X-type ligands, processes (i) and (j) in Scheme 1.
When an H atom is abstracted from an X-type ligand, this may
become either L-type, reducing the metal with formal ligand
oxidation, or X»-type with metal oxidation. The latter situation (for
the reverse process) occurs in the common one-electron C-H
activation of saturated hydrocarbons by transition metal oxido
complexes, for instance [(bipy)2(py)Ru'VO]?** (Scheme 17a).1127
Hydrocarbon oxidation by cytochrome P450 is another example of
this situation. An example of a process of type (i) is the C-H
activation by [Fe"!'(Hzbim)2(Hbim)]?*, vyielding [Fe'(Hzbim)s]?*
(Hzbim = bi-imidazoline), see Scheme 17b.1'%8] Many of these
reactions can be considered as standard H atom transfer reactions
involving radicals, the only difference being that the H-atom donor
(or the acceptor in the reverse process) is activated by metal
coordination. Excellent coverage of these processes, which find
most of their relevance in biotic alkane oxidation processes, may
be found in recent reviews.[*?] A situation in which a process of
this type has the necessary level of reversibility to moderate a
radical polymerization process has not yet been described to the
best of our knowledge. Conversely, irreversible H atom transfer
from ligands to growing radical chains has been invoked as a
reason for the loss of control through unwanted termination
processes, as for instance in the ATRP of n-butyl acrylate catalyzed
by copper complexes with the pentamethyldiethylenetriamine
(PMDETA).[130]

HN 2+ HN 2+
A AN N,
rell ;i +RH — “Fel I +
<N 7| N7 ONH
/ -/

Scheme 17. Processes of hydrogen atom transfer (HAT) involving organic
radicals and ligands.

Conclusions

The coordination chemistry of radicals is very rich. Radicals can
react with transition metal complexes in many different ways, as
outlined in the various sections of this Microreview, and the type
of reaction has a profound influence on how the metal complex can
mediate other radical processes, particularly alkene radical
polymerization. This area starts to attract considerable attention,
not only because of new reactivity patterns in organic syntheses
and its relevance to biology, but also and especially because of the
explosion of research in metal-mediated radical polymerizations.
However, many questions still need to be answered. A deeper
understanding of the parameters regulating the relative barriers of
radical addition and B-H group transfer to a metal centre would be
desirable. The competition between associative radical exchange
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and metal-mediated termination processes is currently not
understood. Metal complexes that allow a reversible metal-carbon
bond formation with the most reactive radicals, controlling the
polymerization of the associated monomers, still do not exist.
Learning how to activate radical addition to monomer in the
presence of a reversible trapping mechanism would open the way
to currently unachieved controlled polymerizations of unreactive
monomers. Efficient ways to recover and recycle a metal complex
from an OMRP dormant chain is a great practical challenge.
Engineering a perfect coordination sphere, channelling the radical
reactivity to the desired process (particularly for the more reactive
radicals), requires a better understanding of the ligand radical
reactivity. All these questions and challenges, related to an area of
booming research activity in the polymer community and of great
academic and industrial interest, will certainly give rise to intense
research work in the years to come.
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