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New phenomena in organometallic-mediated radical

polymerization (OMRP) and perspectives for control of less active

monomers

Rinaldo Poli*l

Abstract: The impact of reversible bond formation between a growing
radical chain and a metal complex (OMRP equilibrium) to generate an
organometallic intermediate/dormant species in controlled radical
polymerization is analyzed with emphasis on the interplay between
this and other one-electron processes involving the metal complex,
which include halogen transfer in atom transfer radical polymerization
(ATRP), H-atom transfer in catalytic chain transfer (CCT), and
catalytic radical termination (CRT). The challenges facing the
controlled polymerization of “less active monomers” (LAMs) are
outlined and, after reviewing the recent achievements of OMRP in this
area, the perspectives of this technique are analyzed.

Introduction

Polymer science and macromolecular synthesis by polymeri-
zation processes combine, perhaps to a greater degree than any
other branch of science, fundamental knowledge and practical
utility for improving our life standard. The latter is echoed in the
1980 statement of Lord Alexander Todd, President of the Royal
Society of Chemistry: “I am inclined to think that the development
of polymerization is perhaps the biggest thing chemistry has done,
where it has had the biggest effect on everyday life”.! The degree
of fundamental scientific content of polymer science is reflected
by the regular and continuous Nobel Price recognition of scientists
for their conceptual advances in this discipline, starting with
Hermann Staudinger in 1953. There have been several quantum
leaps in macromolecular science, such as (to name just a few) the
introduction on the market of Nylon in the 30’s and of low-density
polyethylene in the 40’s, the discovery of olefin stereoregular
polymerization in the 50’s (Nobel 1963), the discovery of
conducting polymers in the 70’s (Nobel 2000) and the
development of single site metallocene catalysts in the 90’s.

The turn of the millennium has witnessed a new change of
gear in polymer chemistry research with a focus switch from the
development and improvement of bulk commodity plastics to the
production of higher added value functionalized macromolecules
for specialty applications. This was made possible by learning
how to control macromolecular growth for the more functionality-
tolerant radical polymerization. While conceptually simple, the
power of this strategy cannot be overemphasized since it opens
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access to macromolecular architectures that are essentially
limited only by one’s imagination. The method rests on a
continuous and reversible exchange between a tiny fraction of
active radical chains and a major proportion of latent chains, i.e.
chains kept in a dormant state by a moderating agent. The
position of this equilibrium and its dynamics insures the reduction
(control) of the unwanted spontaneous terminations by coupling
and disproportionation while the chain growth process takes place
in a controlled fashion, potentially reaching high molecular
weights with extremely narrow molecular weight distributions.
Various specific techniques have been developed on the basis of
the moderating agent nature; they can all be grouped into two
families depending on the exchange mechanism as dissociative
(a) or associative (b), see Scheme 1. Techniques based on
dissociative processes may also be termed “reversible
termination” (RT) methods, whereas those based on associative
exchange are also termed “degenerative transfer” (DT) methods.
IUPAC recommends to collectively call all controlled radical
polymerizations as “reversible deactivation radical polymeriza-
tions” (RDRPs).®! “Nitroxide mediated polymerization” or NMP (T
= stable nitroxide radical)® is one of the most successful RT
techniques and “reversible addition-fragmentation chain transfer”
or RAFT (T = thiocarbonylthio fragment) is the most popular DT
method.®! In “organometallic-mediated radical polymerization”
(OMRP),® which is of interest in this article, T is a transition metal
complex generating an organometallic dormant species with a
homolytically weak metal-carbon bond and can function by both
types of exchange, (a) and (b).
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Scheme 1. Dissociative (a) and associative (b) exchange equilibria between
growing radical chains and latent chains. T = radical trapping species; Pn’, Pm’
= growing radical chains; M = monomer; Ka, Kda, Kexch, kp, ki = activation,
deactivation, exchange, propagation and termination rate constants.

Phenomenal advances in this area have followed the
development of “atom-transfer radical polymerization” or ATRP,
which is an extension of the metal-catalyzed “atom-transfer
radical addition” (ATRA) of activated alkyl halides to olefins.["]
Although the first reports of this approach!® have followed those
of OMRP by about a year,® ATRP has rapidly become a preferred



controlling method because the metal complex plays a catalytic
role and the recovered polymer chains are capped by a halogen
atom, whereas in OMRP the metal complex remains
stoichiometrically incorporated as the macromolecule chain end.
Thus, technical polymer synthesis is more attractive by ATRP
because only small amounts of metal complex may contaminate
the polymer and can be easily removed. On the other hand, large
amounts of metal must be removed from a polymer made by
OMREP in order to obtain metal-free materials. ATRP belongs to
the family of dissociative exchange methods (Scheme 1a) where
T is a halogen atom, usually a chloride or a bromide, but a metal
complex capable of forming a bond with the halogen must be
present to compensate the energy needed to homolytically break
the carbon-halogen bond with the energy released in the
formation of the metal-halogen bond. ATRP efficiently controls a
wide variety of functional monomers including styrenics, acrylates,
methacrylates, the corresponding (meth)acrylamides, acrylonitrile
and several other monomers associated to stabilized radicals (so-
called “more reactive monomers” or MAMSs) but has failed to
provide suitable control for less reactive monomers (LAMs), for
which the active radical establishes stronger bonds with the
trapping agent T. These are monomers such as vinyl esters and
amides, vinyl chlorides and other halogenated olefins, and simple
alkenes. As will be argued in this article, OMRP is more effective
in this area and has much greater promise than ATRP or any
other method for further advances in LAM controlled
polymerization. In order to assess the potentials and limitations of
OMRP, we must appreciate how this controlling mechanism
interplays with other phenomena.

Mechanistic interplays of OMRP

(a) With ATRP

In the introduction, we have already seen two different ways
in which a metal complex operates in controlled radical
polymerization: as a catalyst in ATRP and as a radical trap in
OMRP. The requirements for both processes are the same: the
metal must be able to increase both its coordination number and
its formal oxidation state by one unit. Hence, it is possible for the
same complex and the same radical chain to be involved in both
processes simultaneously. This phenomenon was first evidenced
for the polymerization of styrene moderated by a family of Mo"
17-electron complexesi®® and has since been highlighted for a
number of other systems.*Y The way in which these processes
interplay is schematically shown in Figure 1.

When a polymerization is set up under ATRP conditions (Ro-
X initiator + Mt*/L catalyst) or under “reverse ATRP” conditions
(Ro" from a conventional radical source + Mt*}(X)/L trapping
species), given that the ATRP equilibrium is substantially shifted
toward the dormant species Py-X, a large amount of Mt*/L remains
present to also engage in the OMRP trapping equilibrium with the
radical. The relative contribution of each controlling mechanism
depends on the relative stability of the two dormant states (AGartre
vs. AGowmre) and on the relative deactivation barriers (AG¥gaatrp

vs. AG*a 0mrp). In the vast majority of publications detailing ATRP
processes, the potential contribution of reversible OMRP trapping
has not been addressed. Certainly, the contribution of OMRP may
be neglected in many cases, but even for certain systems that
undoubtedly operate by ATRP (the recovered polymer chains
were 100% halogen terminated) the contribution of OMRP
trapping in slowing down the polymerization rate was shown to be
significant.’? On the other hand, there are polymerization
processes that, although set up under ATRP conditions, were
shown to proceed with significant OMRP trapping contribution, %
111 or even by OMRP only.1*b: 114 As discussed in a previous
review,'3 depending on the absolute and relative values of
AGatre and AGowre, Various limiting situations may be envisaged
around the general scenario of the synergistic control by both
equilibria: no polymerization, control by ATRP only, control by
OMRP only, polymerization without control, and irreversible 1-
electron oxidative addition. It now becomes apparent why ATRP
fails to control LAM polymerization: radicals associated to LAMs
yield stronger C-X bonds in the ATRP dormant species and
activation becomes difficult or impossible.! This energy cost
could theoretically be compensated by selecting an Mt¥/L able to
form a stronger bond with X. However, such a complex will then
a fortiori form a stronger bond with the more reactive radical
associated to the LAM therefore leading to a stable (i.e. difficult to
reactivate) OMRP dormant species.
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Figure 1. Interplay of ATRP and OMRP processes for a given metal complex
Mt¥/L and growing radical chain Py" where Mt represents the metal, x its formal
oxidation state, /L the ligand coordination sphere, and X is a halogen atom
(usually a chlorine or a bromine).

Setting up a polymerization under OMRP conditions, hamely
from Mt/L plus a conventional radical source or from a suitable
organometallic Ro-Mt***/L complex (if available), cannot provide
access to the ATRP equilibrium if the controlling system is devoid
of halogen atoms, such as for instance the Co'" porphyrin or
cobaloxime systems used in the first OMRP reports.® Hence, it is
possible in principle to select a metal and engineer a metal
coordination sphere to render the metal-carbon bond sufficiently
weak in a homolytic sense for any LAM of interest (vide infra).
Even when halogen atoms are absent, however, there are other
ways in which transition metals may interact with organic
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Scheme 2. Associative and L-activated dissociative radical exchange in the OMRP of vinyl acetate controlled by [Co(acac)z].

radicals™™! and interfere with the OMRP controlled chain growth,
as detailed in the next sections.

(b) Dissociative and associative OMRP

One possible interference comes from the associative exchange
between the organometallic dormant species and excess radicals,
leading under suitable conditions (kexch > kp) to controlled
polymerization by degenerate transfer. In order to allow this
exchange, the metal complex must have an open coordination
site for docking the incoming radical. In the initial induction phase
of the bulk radical polymerization of vinyl acetate (VAc, a less
active monomer) controlled by 4-coordinate [Co(acac),] (acac =
acetylacetonate),i*®! the thermally released primary radicals are
trapped irreversibly leading to short [Co(acac).]-capped PVAc
chains and no polymerization occurs. Only when the amount of
radicals exceeds the amount of cobalt, the excess radicals start
the polymerization, which is kept in a controlled regime by the
degenerative exchange process. Although the Co"' dormant
species has a saturated 18-elecron configuration through
chelation of the Co-bound monomer carbonyl group (1 in Scheme
2),1171 the chelate opens up at a small energy cost and the
associative exchange takes place via the unsaturated 5-
coordinate intermediate 2 and the associative transition state 3.
The presence of coordinating additives L (e.g. pyridine, DMSO,
DMF, water) blocks the free coordination site of 2 through
formation of 4 and stops the associative exchange, but also
promotes dissociation through stabilization of the Co" product as
the ligand adduct [Co(acac)z(L),] (5). Therefore, in the presence
of L the polymerization becomes controlled by the dissociative
mechanism with no apparent induction phase.'¥! The bulky
tetramesitylporphyrincobalt complex, [Co(TMP)], also shows
interplay of RT and DT modes of control. For instance, the
polymerization of methyl acrylate (MA) in benzene at 60°C is
controlled but slow when using < 1 equiv of primary radicals per
cobalt, but a faster process occurred by DT, after an initial slow
RT conversion before complete transformation of Co" to RCo",
when using excess initiator.[*%

(c) With CCT

Catalytic chain transfer (CCT), a metal-catalyzed transfer to
monomer, involves the same partners as the OMRP trapping
equilibrium: the growing radical chain and the metal complex in its
reduced state, Mt/L. This phenomenon, discovered and initially
developed by Russian scientists in the 70s,2% is now well-known
and has its own interest and practical applications,?! but its
presence negatively affects the metal ability to control chain
growth. Its mechanism involves H-atom transfer from the growing
radical chain to the metal atom with generation of a hydride
intermediate H-Mt**}/L and a polymer chain with an unsaturated
chain end, see Figure 2. A new chain is then started by the
reverse H-atom transfer from the metal to a monomer. The
competition between OMRP trapping and H-atom transfer is
controlled by the relative height of the activation barriers,
AG*qa0mrp VS. AGH,. The hydride intermediate probably has a
relatively high energy because stable hydridocobalt(lll)
complexes stabilized by hard (O or N-based donor) ligands are
rare.??2 Growing contribution of CCT in an OMRP process yields
polymers with lower than targeted molecular weights and broader
molecular weight distributions. Conversely, growing contribution
of OMRP trapping in a CCT process results in increased
molecular weights and a polymerization rate decrease.

A point of interest is the ability of the same metal and with the
same pair of adjacent oxidation states, notably Co"" to yield
either efficient OMRP control or efficient CCT depending on the
coordination sphere. Cobalt is indeed the metal leading to the
most efficient OMRP controlling systems developed so far,? as
well as to the most efficient chain transfer catalysts.?'® Certain
trends resulting from substituent effects on the CCT efficiency
have been outlined for certain families of catalysts, for instance
porphyrin complexes. However, how the ligand coordination
sphere individually modulates AG*q, omrp, AG* and AGowre is Not
currently clear and further research on this important point is
necessary. It would also be of interest to understand what special
characteristics of this metal make it such a versatile system for



CCT and whether other metal centers/coordination geometries

might lead to equally efficient catalysts.
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Figure 2. Interplay of OMRP and CCT processes.

Another interesting point concerns the possibility that CCT
follows an alternative pathway by B-H elimination from the
OMRP dormant species, see Scheme 3. The latter is common
feature as a chain transfer pathway in insertion polymerization.
This pathway was proposed to occur during the polymerization
of styrene and methyl methacrylate (MMA) under ATRP
conditions with a family of iron(ll) a-diimine catalysts,
[FeCl,(R*N=CR?-R?=NRY)] (6).?* Depending on the nature of
R?! and R?, this system leads to either controlled chain growth
with the formation of targeted molecular weight, low dispersity
(B = Mw/M,) polymers, or to short chains with the MW not
evolving with conversion indicating CCT. Obviously, if OMRP
and CCT compete and if OMRP interplays with ATRP, it is not
surprising to witness CCT under ATRP conditions, as also
reported earlier for a Mo system.[% System 6 is not capable of
controlling the polymerization of styrene under OMRP
conditions. However, the diaminobis(phenolato) Fe'' system 7,
isoelectronic with the product of Cl transfer to 6, yields faster
reverse ATRP with controlled chain growth and also OMRP
trapping with no evidence for CCT.[*1¢ 111 Hence, Fe"-C bond
formation does not appear a prerequisite for CCT.

Indeed, a computational study has indicated that the
preferred pathway to CCT, starting from the Fe'"' OMRP
dormant species, is homolytic bond breaking followed by direct
H atom transfer (Scheme 3, path a), which occurs essentially
without any overbarrier.”® For both ao-diimine and
diaminobis(phenolato) systems (6 and 7), the Fe" complex
(Mt¥/L) has a 4-coordinate distorted tetrahedral structure and a
high-spin state (S = 2), whereas the CCT intermediate (H-
Mt**1/L) and OMRP dormant species (P,-Mt**Y/L) have an S =
3/2 ground state. Upon reacting with the organic radical (S =
1/2), both H-atom transfer and direct trapping are spin-allowed
processes on the spin quartet potential energy surface. The -
H elimination process from P,-Mt**Y/L (Scheme 3, path b), on
the other hand, needs a spin pairing to the doublet state in
order to allow olefin coordination, but in fact an agostic alkyl
isomer is energetically preferred (Scheme 4). A single-state -
H elimination pathway without olefin coordination was located,

but the direct H-atom transfer as in Scheme 3a remains the
preferred pathway. Thus, it appears that B-H elimination
becomes a favored chain transfer pathway only for metal
complexes with homolytically strong metal-carbon bonds such
as the catalysts for insertion polymerization.
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Scheme 3. CCT via either (a) direct B-H atom transfer or (b) OMRP
trapping/B-H elimination.
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Scheme 4. Preferred structures for the alkyliron(lll) systems
[FeCl2(CHMePh)(MeN=CHCH=NMe)].

(d) With CRT.

It has recently become evident that yet another process
negatively interferes with OMRP controlled chain growth:
catalyzed radical termination (CRT).[?8 The OMRP equilibrium
efficiently suppresses spontaneous radical terminations, which
have a second order rate dependence on free radical
concentration, by storing the major portion of the radical chains
in a latent form, P,-Mt**}/L. However, if the latter species is able
to react with a second radical and if the resulting pathway leads
to the collapse of the two radicals, rather than to the
associative exchange pictured in Scheme 1b, the result will
then be a radical termination rate with first order dependence
in radical and in metal complex. Since the metal complex in the
reduced state Mt/L is regenerated, the overall process is



catalytic. There are in principle two different ways in which CRT
may occur, as shown in Scheme 5.

One possibility (inner cycle) consists of the addition of a
second radical to the OMRP dormant species to yield an
intermediate where two chains are bonded to the same metal
center now formally in the oxidation state x+2. This is followed
by reductive elimination to yield the saturated product of radical
coupling. The other possibility (outer cycle) features addition of
the second radical to the hydride CCT intermediate or direct H
atom transfer to the radical chain, leading to the products of
radical disproportionation. In that case, the radical chain can
either add to the metal center in H-Mt“YL to yield a
(H)(Pm)Mt?/L intermediate or transition state, or directly
abstract the H atom. The $-H elimination pathway to the CCT
intermediate, which connects the inner with the outer cycle,
has also been represented in Scheme 5.
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Scheme 5. Metal-catalyzed radical terminations.

The occurrence of CRT was first evidenced in a
polymerization study of n-butyl acrylate (nBuA) in the presence
of a Cu' complex devoid of halogen atoms, [Cu(TPMA*)]*[BF4]
(8, Scheme 6), initiated by thermal decomposition of
azobis(isobutyronitrile) (AIBN), i.e. typical OMRP conditions
except for a substoichiometric amount of Cu complex relative
to AIBN. Once all Cu' is converted to the PnBA-Cu" OMRP
dormant species, excess radicals are expected to yield either
conventional free radical polymerization or degenerative
transfer OMRP (if fast associative radical exchange is
allowed). In both cases, the polymerization rate should follow
the kinetics of a fast free radical polymerization. In reality, the
polymerization was significantly retarded by the metal
complex, even after complete conversion of Cu' to PnBA-Cu'";
lower rates and lower molecular weight polymers were given
by greater amounts of Cu. These observations indicate that the
rate of termination is increased relative to free radical poly-
merization and that the process continuously regenerates the
Cu' complex.?®! Under ATRP-ICAR (initiator for continuous
activator regeneration) conditions, the same complex gave fast
and well controlled polymerization, showing that the ATRP
equilibrium dominates the process.

In a subsequent ATRP study of methyl acrylate (MA)
catalyzed by [Cu(TPMA)]* (9) and [Cu(MesTREN)]* (10), CRT
was identified as the main cause for the significantly greater
mole percentage of observed dead chains relative to the
amount expected from spontaneous radical terminations.?”
Further, it was found that the main termination mode is
disproportionation with only a minor amount of coupling,
whereas PMA radical chains favor coupling in conventional
termination. This was taken as evidence that the preferred
mechanism of CRT involves the CCT intermediate (outer cycle
in Scheme 5). One important point concerns the relative CRT
activity for acrylates and methacrylates. Methacrylates are
more active monomers in Co-catalyzed CCT than acrylates
because they are more susceptible to direct B-H transfer.?
However, acrylates lead to more extensive CCT than
methacrylates.?”! This suggests that, for Cu-catalyzed CRT,
the process is more likely to occur starting from the P,-Mt**1/L
dormant species, perhaps involving direct B-H elimination or 8-
H transfer in a {P," Mt¥/L} radical cage. In order to reduce the
impact of CRT, when operating under ATRP conditions, it is
sufficient to reduce the amount of MtL complex (as for
instance in ARGET-ATRP or SARA-ATRP), since the effective
polymerization rate depends only on the ratio between [Mt*/L]
and [XMt*1/L], whereas the rate of CRT is proportional to [Mt*].
Reducing the impact of CRT under OMRP conditions, on the
other hand, requires finding ways to block access to the
hydride intermediate.
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Scheme 6. Cu' complexes used for the study of CRT under OMRP or ATRP
conditions.

The interesting question is why, under the same
experimental conditions, H-Co" intermediates prefer to
transfer the H atom to monomer leading to CCT rather than to
other radicals leading to CRT, whereas H-Cu'" intermediates
show the opposite preference. This difference may be related
to the different metal electronic configuration. The H-Co"
intermediate is 5-coordinate (as for instance in H-
Co(porphyrin) or HCo(acac),;) and diamagnetic (S = 0),
whereas the H-Cu'" system is also 5-coordinate but has one
unpaired electron (S = 1/2). Hence, under the hypothesis of a
radical addition to the metal in H-Mt**Y/L to yield (H)(Pm)Mt**?/L,
there may be a lower energy barrier for a process leading to
quenching two unpaired spins rather than one where the spin
density shifts from the carbon atom to the metal atom (see
Scheme 7). Stable square planar diamagnetic Cu" complexes
exist with certain ligand environmentsi?®! and the typical
tetradentate ligands of Cu complexes (e.g. see Scheme 6) may
adapt to this coordination environment through arm



dissociation. Co" is also rare but not unprecedented.??! If the
process involves direct H atom abstraction by the radical chain,
there may again be a lower barrier for a simple spin transfer in
the Cu system than for the combined electron unpairing/pairing
required for the Co system. The competing process of H-atom
transfer to monomer, leading to CCT, involves a spin density
shift from metal to carbon in the case of copper, whereas the
most efficient cobalt CCT catalysts (cobalt porphyrins and
cobaloximes) involve separation of spins to produce the
organic radical and a low spin (S = 1/2) Co" complex. A deeper
analysis of the electronic structure will be necessary in order to
fully understand the mechanism of these competing reactions.
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Scheme 7. Competing processes for H-Cu'" and H-Co" intermediates.

CRT is not restricted to copper complexes. Schroeder and
Buback, using single pulse — pulsed laser polymerization —
EPR experiments, have shown that the rate of radical
termination in n-butyl acrylate polymerization is greatly
increased in the presence of FeBr,/Br, which is a commonly
used ATRP catalyst. This was evidenced by the rate of
disappearance of the radical EPR signal after individual laser
pulses, which became 1% order in radicals in the presence of
high Fe concentrations and the observed rate constant was
first order in Fe, indicating formation of the R-Fe" OMRP
dormant species, but the Fe concentration remained constant
after multiple pulses when the amount of generated radicals
exceeded the metal stoichiometry, proving that the metal is not
irreversibly consumed.B% The FeBr,/Br system is an even
better catalyst for the CRT of nBA [k{(50°C) = 1-10° L-mol*-s
11 than complex 9, for which k!(40°C) = 1.1-10* L-mol*-s™.[27]
The radical termination of dodecyl methacrylate, on the other
hand, is not efficiently catalyzed by FeBl./Br (k¢ was found 3
orders of magnitude lower than in acrylate polymerization).

Controlled polymerization of LAMs

(a) Challenges.

The radical polymerization rate, as expresses by the
propagation rate constant, roughly follows the monomer reactivity
which is inversely proportional to that of the associated reactive
function. Thus, less-active monomers (LAMs) are those
associated to non-stabilized radicals such as simple olefins,
halogenated olefins (vinyl chloride, vinylidene chloride, fluorinated
olefins, etc.), vinyl ethers and vinyl acetate. The high radical
reactivity introduces difficulties for controlling the polymerization

at three levels: bond strength, sequence errors (for asymmetric
monomers) and side reactions.

Stronger bonds with the trapping reagent in the dormant
species P,-T translate directly into harder activation (low kj) for
reversible termination (RT) strategies. A special case is ATRP,
where P,-X bond breaking is compensated by P,-Mt bond
formation, but as already discussed above ATRP is not expected
to provide control for LAMs because of interplay with OMRP.
There is no bond strength issue under a degenerative transfer
(DT) approach because the controlling ability is only related to the
associative exchange rate (kexcn in Scheme 1), which does not
correlate in principle with the BDE. Hence, DT strategies such as
iodine transfer polymerization (ITP) or RAFT could potentially be
suitable for any LAM. Indeed, promising results have been
obtained in certain cases. However, DT techniques suffer, like
also RT techniques, from inverted monomer additions and other
interfering radical reactions.

In asymmetric MAM polymerization, there is a large kinetic
preference for the product of “regular’ (head-to-tail or HT) as
opposed to “inverted” (head-to-head or HH) addition, resulting in
essentially no monomer sequence errors. Asymmetric LAMSs, on
the other hand, may lead to more frequent sequence errors with
consequences on the dormant species reactivation. For instance,
the primary radical following an HH addition to a monosubstituted
monomer (Scheme 8), may yield a significantly stronger bond with
the trapping reagent than the secondary radical formed by the HT
addition. Hence, the polymerization may slow down or even stop
as the HH dormant chains accumulate. DT techniques are also
affected by this problem because exchange of the HH dormant
chains with the more abundant HT radicals is no longer
degenerate, therefore slower. Vinyl acetate is a typical monomer
where HH addition was shown to lead to slowdown or blocking
phenomena, whether using ATRPEY or degenerate transfer
methods.%?!
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Scheme 8. Regular and inverted monomer addition for an asymmetric
unsaturated monomer in radical polymerization.

The high radical reactivity leads to a potential number of
unwanted side reactions. Chain transfer to solvent can of course
be avoided by carrying out polymerization in the bulk monomer if
possible. Chain transfer to polymer (back-biting) also affects free
radical polymerization, particularly for ethylene. As this process is
strongly temperature-dependent, better results are expected at
lower temperatures. Monomers that have p-H atoms can suffer
from degradative chain transfer to monomer, which constitutes a
termination rather than a transfer event because the resulting
allyl-type radical is too unreactive to add to the LAM. Here again,
low temperature conditions are expected to help. Indeed,



moderate success has been reported for the OMRP of ethylene
and 1-octene near room temperature.® Strong radicals may also
attack the metal complex at one of the ligands rather than at the
metal center. One obvious process is atom transfer with metal
reduction, i.e. the radical deactivation step of ATRP. To avoid this,
the metal complex should not contain halogen atoms or other
easily transferrable groups. Another possibility is radical addition
to a ligand, which is especially favored for ligands with non-
innocent (i.e. redox-active) behavior. The reactivity of organic
radicals with transition metal complexes have been recently
reviewed.!*®! The appropriate design of the metal coordination
sphere is crucial for successful OMRP in general and for the
OMRP of LAMs in particular.

Finally, additional reactivity may result from the chain
functional groups Y of specific LAMs. Notably, a Y group may be
transferred to the metal atom, deactivating it. This reaction
appears particularly accessible, at least on paper, following an HH
addition, by B-Y elimination with generation of a chain-end
unsaturation, see Scheme 9, which is mechanistically related to
the B-H elimination as a pathway to CCT. This pathway has been
evidenced for VAc with control by a Cr system (transfer of the
acetate group, vide infra),3¥ but transfer of Cl from a growing
poly(vinyl chloride) chain can also be easily imagined.
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Scheme 9. Possible B-Y group transfer from an OMRP HH dormant species.

(b) OMRP of LAMs: need for homolytically weak metal-
carbon bonds.

The OMRP equilibrium is regulated by the metal-carbon bond
dissociation energy (BDE), which must be weak under the RT
approach. For instance, aiming at a system capable of building a
chain with 100 monomer units in 1 h, we need at least one
activation event every 36 seconds if each activation leads to one
monomer insertion or, roughly speaking, Kaomrp ~ 0.03 s?
requiring AG*, omre ~ 19 kcal/mol. For good-control systems only
a fraction of the activations events, say 10% or less, leads to a
monomer insertion, in which case we need an activation event
every 3.6 s or less, namely Kaowre 2 0.3 s or AGH, omre S 18
kcal/mol. Considering also that reactions where one molecule
splits into two have a positive TASomre, maybe 4-6 kcal/mol in a
condensed phase at 298 K, and approximating AG*,omrp ~
AGowmre, We need bonds with a BDE < 22-24 kcal/mol to have
efficient polymerization, perhaps a bit higher for slower processes
or for process that are activated at higher temperatures. These
are very weak bonds! Consider for instance that the Co"-Me bond
strength in coenzyme B12, which functions through homolytic
splitting, is 30-31 kcal/mol.F*!

Systems suitable to control the polymerization of strong
radicals (associated to LAMs) under the RT-OMRP approach
must therefore be metals with a natural aptitude to yield weak
bonds. In order to find inspiration in the literature, one must not

look for systems with abundant and well-characterized alkyl
derivatives but rather those for which alkyl derivatives are rare or
only identified as unstable species. Metal-ligand bonds for the d-
block elements generally get stronger upon descending a group
from 3d to 5d. Therefore, the most promising candidates for the
OMRP of LAMs are the first transition series metals. Indeed, the
only elements for which a successful OMRP of LAMs has been
reported so far are cobalt, chromium, vanadium and iron. Heavier
metals, notably Mo and Os,[1%1% 36 have also been successfully
implemented in OMRP, but only for MAMs (mostly styrene).

Fine tuning the metal-carbon BDE within a certain limit is
possible by modifying the steric bulk of the ligand substituents.
This principle was demonstrated for the bis(B-diketonato)cobalt(ll)
system®l and for a half-sandwich Cr'"' system with diaryl-
substituted B-diketiminato ligands.B* 38 Therefore, upon
appropriate choice of metal, coordination geometry, ligand type,
steric encumbrance of the peripheral substituents and solvent (for
systems allowing solvent coordination, e.g. see Scheme 2), it is
conceivable to engineer metal complexes able to perform a
successful RT-OMRP of any LAM.

(c) OMRP of vinyl acetate (VAc).

Vinyl acetate is undoubtedly the most investigated LAM, in
large part because controlled architectures that include blocks of
this monomers are highly desirable for many applications but also
because it is a non-toxic liquid (b.p. 72.7°C) that can be
conveniently polymerized in regular glassware. It has therefore
often be used as a model for other LAMs, such as vinyl chloride,
which are often gaseous and/or hazardous. Furthermore, the
resulting atactic poly(vinyl acetate) is soluble in many solvents
and easy to characterize.
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Scheme 10. Cobalt complexes used for the OMRP of VAc.

Cobalt is the dominant element and the first one to be used in
VAc polymerization controlled by OMRP. The first report made
use of [Co(acac);] (11),% 39 see Scheme 10. This compound
remains to date the most versatile and promising system for
controlling the polymerization of other LAMs (vide infra) by virtue
of the absence of CRT and CCT. As already mentioned (Scheme



2), it operates by the DT mechanism in bulk, but the RT pathway
is activated and the DT is simultaneously blocked by the presence
of monodentate ligands. A unimolecular initiator made up of small
[Co(acac),]-capped oligomersi*” (structure 1 in Scheme 2 with n
~ 4) generally gives better results than [Co(acac),]/V70 (V70 is an
active diazo initiator that can be used under mild conditions: ti, =
10 h at 30°C). The modified trifluoromethylacetylacetonate
(tfacac) complex 12[*°1 containing an electron withdrawing CFs
group behaves in essentially the same way with an induction time
in bulk indicating a DT mode. The effect of monodentate ligands
has apparently not been studied. The hexafluoromethylacetyl-
acetonate (hfacac) compound 13, on the other hand, is incapable
of trapping the PVAc chains and yields uncontrolled
polymerization.% The 2,2,6,6-tetramethylheptanedionate (tmhd)
complex 1487 also behaves like 11, but the increased steric bulk
labilizes the Co-PVAc and Co-L bonds. Consequently, the system
also works (slowly) in bulk in the RT mode and L addition has a
lesser effect on the RT mode than for [Co(acac),] (see 5 in
Scheme 2). Replacing one acac O atom with an isolobal ArN
donor to yield complexes with B-ketiminato ligands (13)#Y
reduces the efficiency (slower trapping and presence of CCT).
Complex [Co(TMP)] (TMP = tetramesitylporphyrin; 14) also
controls the VAc polymerization, but only in the DT mode and
there is slight interference of CCT.[*2

The strength of the Co"-C bond is apparently rather sensitive
to the ligand environment. Thus, nitrogen-rich ligands such as
porphyrins (N4) and glyoximes (N.O,) provide relatively strong
bonds; several stable R-Co"/L derivatives are known. These
systems are suitable for the RT-OMRP of acrylates® 1 43 while
PVAc radical trapping is irreversible, i.e. the Co-PVAc BDE is too
high to yield RT activation. On the other hand, the O, donor
environment of bis(diketonates) allows control of VAc but the Co'"'-
C bond is not sufficiently strong for a facile control of MAMs. For
instance, special precautions were required to control the
polymerization of n-butyl acrylate®¥ and acrylonitrile®® using 11,
such as low temperatures, excess [Co(acac).], photochemical
activation, and/or special additives. Allyl radicals are not trapped
at all, therefore addition of a diene to [Co(acac).]-capped
polymers leads to efficient termination by allyl-allyl coupling.¢!
Stable R-Co" complexes with an O4 donor environment do not
apparently exist.
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Scheme 11. Complexes of other metals used for the OMRP of VAc.

Other metal systems (Scheme 11) have given less promising
results than the above mentioned Co complexes but have
highlighted a few interesting phenomena. Certain reactivity
patterns observed for the [CpCr'(nacnac”"A")] systems (17)
suggested a homolytically weak bond in [CpCr"(R)(nacnac”™A")]
and indeed VAc undergoes OMRP with 17/V70, the higher rate
being observed for the bulkier Dipp,Dipp system.[3* 38 The best
control resulted from use of [CpCr"(CH,CMes)(nacnac™¥¥)] (18),
a rare alkyl compound that is sufficiently stable to be isolated but
sufficiently fragile to be thermally activated at room temperature,
as a single-molecule initiator. However, a polymerization slow-
down, attributed to head-to-head monomer additions, occurred
after the first few hours and conversion did not exceed 14% after
400 h, though vyielding low B polymers with targeted MW. Trying
to reactivate these chains by warming resulted in total
deactivation by formation of the acetate derivative [CpCr(OAc)-
(nacnac®”] (Scheme 12), which was isolated and
characterized. This example highlights one additional danger for
this particular monomer when using oxophilic metals with good
affinity for the acetate ligand.

Vanadium complexes of type 19[ti¢ 114 471 have also yielded
controlled polymerization of VAc in combination with a radical
source (AIBN, reverse ATRP conditions), but only upon warming
to 120°, which requires work in sealed ampules and leads to
catalyst death after ca. 6 h, attributed to irreversible radical
addition to the non-innocent diiminopyridine ligand. The best
results were obtained with a sterically protected aryl group (Dipp)
as N substituent and alkyl chains as imine carbon substituents.
The proposed mechanism involves in situ reduction of the V"
complex by irreversible transfer of one Cl atom to the initiating
radicals and generation of V", which then establishes the OMRP
equilibrium. However, direct use of a pre-formed V" system gave
poorer results. The organometallic dormant species was
proposed to be stabilized by chelation, like for to the [Co(acac),]-
capped dormant species 1.
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Scheme 12. Deactivation of the [CpCr(PVAc)(nacnac™”¥)] dormant species
after head-head (HH) monomer addition.

Finally, VAc polymerization is also controlled by the iron
acetylacetonate complex 208! under the same conditions as for
the Co congener (30°C, V70 initiator). The Fe-PVAc bond
afforded by this system is weaker than the Co-PVAc bond in 1,



because the polymerization also occurs under RT conditions
(radical/Fe" < 1). A low Fe efficiency (Mnobs >> Mn calc), attributed
to the presence of [Fe(acac),]. oligomers, is improved by dilution
or by addition of ligands, PMe,Ph being the most effective one
yielding polymers with £ down to ca. 1.2 for Mn up to 40000.
Contrary to the Co system, the addition of L slows the
polymerization down, indicating that the added L stabilizes the
Fe'' dormant species more than the trapping complex 20. This
complex also controls the polymerization under DT conditions,
with Mn in better agreement with theory and D below 1.5, but also
with indication of CCT interference after returning to an RT regime
at high conversions. One reason for the poorer performance of 20
relative to 11 is a slower radical trapping rate. Indeed, the
synthesis of short Fe(acac),-(VAc)nRo oligomers gave, under the
same conditions, samples with an average n > 40 vs. ca. 4 for the
Co analogue. The nature of the ligands around iron has the same
effect on the Fe-C bond strength (stronger bonds for an N4 than
for an O4 donor environment) as for cobalt, since iron
phthalocyanine leads to irreversible PVAc trapping, whereas it
yields well-controlled OMRP for styrenel*l.

(d) OMRP of other LAMs.

Extension of OMRP to other less active monomers (Scheme
13) has mostly involved 11 as controlling system. The
polymerization of other vinyl esters has been reported for 11
(pivalate, benzoatel® and chloroacetate®) and 19 (propionate,
pivalate, benzoate, laureate and stearate).l'*¢: 471 While esters of
aliphatic acids are well-controlled like the acetate, the benzoate
yields broader distributions with both 11 and 19.
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Scheme 13. LAMs investigated by OMRP.

For vinyl amides, OMRP has apparently been explored only
with 11. Investigated monomers include N-vinylpyrrolidone
(NVP) ,[%52 N-vinylcaprolactam (NVCL)®2¢ 531 and N-methyl-N-
vinylacetamide (NMVA).521  These monomers yield well-
controlled polymerizations with rates in the order NVA > NVCL >
NMVA. On the other hand, polymerization is too fast and
uncontrolled for N-vinylacetamide (NVA) and N-vinylformamide
(NVF). Polymerizations were initiated by [Co(acac),-(VAC)-4Ro]
without additional radical source, thus the controlling mechanism
is dissociative. For a rationalization of the peculiar effects of the
monomer structure on the polymerization rate, see next section.

Vinyl chloride has also been controlled by OMRP using either
11/V70 or the unimolecular [Co(acac),-(VAC)-sRo] initiator.®4 At
40°C, the polymerization stopped at low monomer conversion
(<10%), but sustained polymerization up to 34% conversion was
realized under non-isothermal conditions with gradual warming up
to 80°C. This is suggestive of blocking by more strongly bonded
HH dormant chains, which can only be reactivated at higher
temperatures. DFT calculations supported this idea with an
estimate of a stronger Co-C bond in the HH dormant species by
4.8 kcal/mol relative to the HT species. Greater conversions were
obtained also under isothermal conditions at 40°C by addition of
water. The Mn increased with monomer conversion but overall
control was poor (D ~ 2) due to poor trapping of the regular HT
chains and consequent free radical side reactions (chain transfer
to monomer and to polymer). Better control (B < 1.3) and targeted
MW were obtained for a VC/VAc statistical copolymerization at
40°C yielding macromolecules with a 50:50 composition.

The unimolecular [Co(acac),-(VAC)-4Ro] initiator has also
been used to polymerize N-vinyl-3-ethylimidazolium bromide
(VEtImBr) with excellent control of MW and dispersity to yield an
ionic liquid homopolymer as well as a block copolymer with
VAc.5 Control was excellent when operating in methanol (D ~
1.05), whereas faster polymerization and significant terminations
by coupling were observed in DMF. This is another example of
the solvent coordination effect on the dormant species activation,
as previously demonstrated for VAc (Scheme 2).

As mentioned in a previous section, the [Co(acac),] system
exerts a certain extent of control even for simple olefins (1-octene,
ethylene).33 561 Statistical VAc/olefin copolymers were well
controlled, but 1-octene homopolymerization from a PVAc-
Co(acac), macroinitiator yields only short chains (D.P. = 4) before
termination, presumably by degradative chain transfer.3 This
result, however, shows that even the stronger bond with
secondary and primary (for ethylene) alkyls can be reactivated for
[RCo"(acac),]. In DFT calculations of the BDE for various [R-
Co'"(acac),] compounds, the bond to CH; (model of a PE chain)
was estimated as 8.8 kcal/mol stronger than that to
CH(CH3)OOCCH;3; (model of a PVAc chain) and 16.0 kcal/mol
stronger than that to CH(CH3)COOCH; (model of a PMA
chain).i*]

(e) The importance of chelation.

In this final part | wish to highlight the consequences of
secondary coordination by chain functional groups (chelation) in
the dormant species on controlled polymerization with two recent
studies on vinyl amide and vinyl acetate OMRP controlled by 11.
Carbonyl containing monomers are not sufficiently strong donors
as free molecules to provide significant ligand stabilization to
either the [P,Co(acac),] dormant species or [Co(acac),] (Scheme
2). However, the chelate effect makes the formation of a 5-
membered ring sufficiently stabilizing, by ca. 3 kcal/mol for
VAcH®! and up to 7.8 kcal/mol for NVMAPB?Y according to DFT
calculations. Radical dissociation from the 6-coordinate octa-
hedral dormant species therefore involves two steps, each one
requiring energy input (Figure 3): chelate opening to a 5-
coordinate square pyramidal geometry with a monodentate alkyl



chain (strength of chelation, AGcher), and homolytic bond cleavage
to yield tetrahedral [Co(acac);] plus free radical (intrinsic bond
strength, AGco.c).

The relative polymerization rates of NVP, NVCL and NMVA
do not seem related to differences in propagation rate constant,
kp. DFT calculations have shown that AGcoc is relatively similar
for the three dormant species, but AGche increases on going from
NVP to NVCL and then further to NVMA (Scheme 14), because
the ring strain in the two lactams reduces the carbonyl donor
power, particularly for the more strained NVP system. In case of
the secondary amides, the N-H bond and the C=0 functions can
engage in H-bonding as proton donor and acceptor, respectively.
Chelation removes the H-bond acceptor ability of the radical CO
group, whereas this is maintained in the open form. As a result,
chelation no longer provides extra stabilization to the dormant
species, which becomes insufficiently stabilized for OMRP
control.[52¢1
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Figure 3. Two-step dissociative activation of chelated dormant species.
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Scheme 14. Effect of chelation on the dormant species stabilization for vinyl
amides.

Concerning vinyl acetate, one question of interest was to
understand why there is no slowdown when the polymerization is
controlled by 11 (first order kinetics and good control up to D.P.
above 1500), contrary to all other known methods, including
OMRP with the chromium system 18 (vide supra). Two possible
ways to rationalize this behavior are that either (i) system 11
somehow decreases the incidence of HH monomer additions or

(ii) the HH dormant species is reactivated at a similar rate as the
regular HT species. A detailed NMR investigation of the polymer
could exclude hypothesis (i) and confirm (ii): the same level of
monomer inversions is observed with and without 11 and there is
no accumulation of [Co(acac),]-capped chains with a HH w end.
DFT calculations gave support to hypothesis (ii) and provided
understanding: while AGc,.c is indeed greater for the HH species
(ca. 5 kcal/mol higher that the HT species), this type of monomer
sequence induces formation of a less stable 6-member chelate
(lower AGeher); compensation of the two effects yields similar
activation enthalpies (difference of only 1 kcal/mol), see Figure
4557 Incidentally, the calculations also confirmed the substantial
difference of bond energy between the HH and HT forms in the
dormant species obtained with other controlling methods.
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Figure 4. Enthalpic balance of Co-C bond formation and chelation for the HT
and HH chain ends in the [Co(acac):]-capped PVAc dormant species (values in
kcal/mol).

Summary and Perspectives

I have highlighted the considerable success of OMRP for the
controlled polymerization of a few less active monomers and the
reasons for such success. These are in large part related to
access to weak metal-carbon bonds, even for the most reactive
radicals, through a choice of metal, ligands, coordination
environment, steric bulk of the ligand periphery, and solvent for
metal complexes with available coordination sites. Another key
factor for controllability of specific monomers (vinyl esters and
amides) is chelation by the dormant chain end. In addition, OMRP
can operate under both the RT and DT modes, the latter being
free from constraints of metal-bond strengths and suffering only
from bond strength differences between the HH and HT dormant
species. ATRP does not offer all these advantages because the
metal interacts only with the halogen atom, thus it can influence
the moderating equilibrium only through the metal-halogen bond
strength, which is related to the metal redox properties and
halidophilicity. Furthermore, ATRP is contaminated by the OMRP
equilibrium, to an extent that depends on the metal complex
nature and on the radical reactivity, opening the way to CRT. In
the end, we must always worry about OMRP when doing ATRP



of less active monomers, thus selecting an OMRP operating
mode in the first place using halogen free systems is simpler.

OMRP has also drawbacks, however. One is CRT, a
phenomenon discovered only very recently and still poorly
understood.?8! A second one is CCT, which however may also
affect ATRP. The two appear to share the common hydride
intermediate, HMt*Y/L. There is at the moment no clear
understanding of how the nature of the metal/coordination sphere
and the radical structure and reactivity determine access to the
HMtY/L intermediate and to a discrimination between CCT and
CRT. The intimate mechanism of CRT and how to operate on the
coordination sphere to block this pathway are also unclear: does
the cycle start with B-H transfer as in CCT or does [-H elimination
from the OMRP dormant species occur? Is catalyzed coupling
possible? Is the metal spin configuration a key to discriminate
between CRT and CCT?

So far CRT has only been highlighted for Cu' complexes with
Ns-type ligands that impose a trigonal pyramidal structurel?6-271
and for a Fe' halide system,% working in each case with acrylate
monomers. On the other hand, the diaminebis(phenolate) Fe
complex 7 (Scheme 3) gives well-controlled styrene and MMA
polymerizations under reverse ATRP conditions!*!¢ 117 with active
involvement of OMRP (for styrene)!'¥ and no observed
involvement of CCT or CRT. Acrylates, however, are not
controlled by this system.'*1 Also, system 6 yields good control
for styrene, MMA and also MA under ATRP conditions for specific
diimine substituents, but leads to CCT for styrene and MMA with
other diimines, therefore the HFe'" intermediate afforded by this
system prefers to transfer H to monomer, !l whereas that afforded
by FeBr,/Br prefers to deliver the H atom to another radical (for
the nBA polymerization). OMRP with complex 20 (Scheme 11)
has also imparted some control to VAc polymerization without any
clear evidence of CRT, although there is some CCT activity.

The above examples underline a rather complex mechanistic
interplay for iron. More detailed mechanistic investigations of Fe
systems as a function of coordination sphere and monomer is
warranted because iron is very attractive for controlled radical
polymerization,®®® especially in an OMRP mode where the metal
atom remains as chain cap in the isolated polymer. Indeed, the
stoichiometric nature of the metal complex (one metal per chain)
is another drawback of OMRP. Ultimately, implementation of
OMRP at the production scale must take into account the cost of
the metal complex and the cost of its removal from the polymer
chain end, since the metal presence in the polymer is not desired
for most applications. Thus, ligands should ideally be simple and
inexpensive. In addition, since traces of metal may contaminate
the purified polymer, non-toxic metals such as iron present
greater interest.

Copper is also a potentially attractive metal for OMRP of less
active monomers, because of the paucity of stable Cu'" alkyl
derivatives in the literature, hence sufficiently labile bonds with
strong radicals should result. Many Cu' and Cu' complexes have
been developed, generally in combination with halide ligands, in
order to improve ATRP activity. New halide-free complexes will
need to be developed and tested for the OMRP of LAMs, with

specific attention to CCT and CRT. Attention to other metals in
the first transition series that have so far been neglected for the
OMRP of LAMs (e.g. manganese, nickel) and further study of
those that have only been briefly investigated (vanadium,
chromium and of course iron) can certainly be rewarding.

Another area of promising development concerns other
challenging LAMs. There are many more monomers available
than those already investigated by OMRP (Scheme 13) and their
polymers are of strong interest if the chain length, dispersity and
chain end functionality can be controlled. One example is the
family of fluorinated monomers such as vinylidene fluoride,
trifluoro- and tetrafluoroethylene, and mixed fluorochloroolefins.
For some of these, the polymerization has been controlled
reasonably well by ITP,5¥ but the use of OMRP may prove
advantageous in terms of controlling quality and macromolecular
engineering. Another interesting family is the vinyl ethers, for
which homopolymers are easily controlled by cationic living
polymerization,'® but many copolymers, especially alternating
ones, with different functionalized monomers including other
LAMs are commonly obtained by radical methods.
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The controlled radical polymerization of “more active” unsaturated monomers such as styrenics,
(meth)acrylates, acrylonitrile and others can now be easily achieved by various moderating methods but
challenges remain in the control of “less-active” monomers. Organometallic mediated radical
Polymerization (OMRP) has made high impact contribution in this area. The Concept article by R. Poli
(page ....) highlights the advantages and pitfalls of the OMRP technique and highlights the remaining
problems to be solved in order to further push the frontiers of controlled polymerization.



