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ABSTRACT: The cyclometalated complex [RuII(o-C6H4-py)(MeCN)4]PF6 (1) with a r-
Ru��C bond and four substitutionally labile acetonitrile ligands mediates radical poly-
merization of different vinyl monomers, viz. n-butyl acrylate, methyl methacrylate,
and styrene, initiated by three alkyl bromides: ethyl 2-bromoisobutyrate, methyl 2-bro-
mopropionate, and 1-phenylethyl bromide. The polymerization requires the presence
of Al(OiPr)3 and occurs uncontrollably as a conventional radical process. The variation
of the molar ratio of the components of the reaction mixture, such as initiator,
Al(OiPr)3 and catalyst, affected the polymerization rates and the molecular weights
but did not improve the control. A certain level of control has been achieved by adding
0.5 eq of SnCl2 as a reducing agent. Tin(II) chloride decreased the rate of polymeriza-
tion and simultaneously the molecular weights became conversion-dependent and the
polydispersities were also narrowed. Remarkably, the level of control was radically
improved in the presence of excess of the poorly soluble catalyst (1), when the added
amount of (1) was not soluble any more, i.e., under heterogeneous conditions, the sys-
tem became adjustable and the living polymerization of all three monomers was finally
achieved. Possible mechanisms of the (1)-catalyzed polymerization are discussed.
VVC 2008 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 46: 4193–4204, 2008
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INTRODUCTION

Polymerization of methyl methacrylate (MMA)
mediated by RuCl2(PPh3)3 complex, the first
example of metal-catalyzed living radical poly-
merization also called atom transfer radical poly-

merization (ATRP), was reported by the group of
Sawamoto in 1995.1 Since then highly efficient
catalytic systems were developed to polymerize
numerous monomers in a controllable fashion.2–11

The continual advance in ATRP over the last
decade allows in nowadays the synthesis of new
polymeric materials with complex and precisely
defined architecture by the appropriate choice of
the catalytic systems and the polymerization
conditions.5,11–19 Variety of complexes of differ-
ent transition metals has been successfully
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applied as catalysts for ATRP,2–7,9,10,20–31 but
copper complexes have found the widest applica-
tion. According to the SciFinder Scholar, �90% of
all publications devoted to ATRP are the Cu-cata-
lyzed polymerizations. This is because of rela-
tively low cost of copper, easy synthesis of copper
catalysts, and the fact that some copper com-
plexes demonstrated high activity, actually the
highest among all known catalysts.6,7 In addition,
polymerization of various vinyl monomers is well
controllable in the presence of the copper cata-
lysts. Nevertheless some problems of ATRP are
not yet resolved and a search for more active and
universal catalysts for co- and polymerization is
still very important—particularly for those mono-
mers, which are still difficult to polymerize in a
controllable manner and/or in aqueous media.
The Ru(II) systems are less frequently employed
as compared with those of Cu(I) and their poten-
tial is rudimentarily explored though the coordi-
nation chemistry of ruthenium(II) is exception-
ally rich32 and vast variety of Ru(II)-based cata-
lytic systems can be designed by a proper choice
of the ligand environment.

There is no straightforward approach for
designing metal catalysts for ATRP. A general
consensus has been reached that the catalytic ac-
tivity is related to the reduction potential of a
complex.2,5,33,34 Complexes with lower reduction
potentials are commonly more active due to eas-
ier one-electron interaction with an R–Hal initia-
tor to form the R� radical together with a halide-
bound metal species, which is by one oxidation
equivalent above the initial state (Scheme 1).

There are severe limitations on the rate con-
stants of activation (kact) and deactivation
(kdeact). Polymerization will occur in a controlla-
ble fashion, i.e., the molecular weight is a linear
function of conversion and the polydispersity
(PDI) is narrow, when the equilibrium is signifi-
cantly shifted to the left, i.e., kdeact � kact with K
¼ kact/kdeact in the range 10�4 to 10�9 as esti-
mated for Cu-complexes.35 If the deactivation is
not fast enough and the equilibrium constant is
larger, a catalyst is active but the control is poor
and the process proceeds as a conventional radi-
cal polymerization. If the equilibrium constant is
too low, the polymer chains grow controllably but
the polymerization is very slow. Thus, a good
ATRP catalyst should meet severe requirements;
though its performance could additionally be
improved by adding metal alkoxides (particu-
larly for the Ru-catalyzed processes),2,36–38

amines,39 amino alcohols,40 zero-valent met-
als.2,41 The additives increase the rate and in
some cases even improve the control. Matyjas-
zewski et al., suggested to enhance the control by
adding deactivator,42 a complex of copper(II) with
relatively high K, such as Me6TREN/CuBr2, that
readily reacts with a growing radical chain and
deactivates it to form a Cu(I) species, which
reduces [Mn þ 1HalLy] and by that increases the
overall effective rate constant kdeact (Scheme 1).

The basic principles described above for
designing a catalyst for living radical polymeriza-
tion of vinyl monomers are applied here for the
cationic cyclometalated complex [RuII(o-C6H4-py)
(MeCN)4]PF6 (1). Most of the ruthenium

Scheme 1. Generally accepted mechanism of ATRP; charges of complexes and the
termination step are not shown for clarity.
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complexes used so far for ATRP are either neutral
or phosphine containing compounds.1–5,9–11,26,30

We have described in a series of studies, the
highly effective synthesis of cationic ruthena-
cycles as well as preliminary results on the use of
such complexes as catalysts for living radical po-
lymerization.43–46 Cyclometalated complexes
have not practically been used for ATRP, though
cyclometalated compounds have certain advan-
tages as catalysts for this kind of polymerization.
We have found only one example of the catalysis
by a cyclometalated nickel(II) complex of con-
trolled polymerization of methacrylic mono-
mers.47 Stabilized by chelation, the metal-carbon
bond makes complexes such as (1) robust, and,
most importantly, reduces dramatically its reduc-
tion potential.43–45 In particular, a cyclometalated
2-phenylpyridine (phpy) ligand of charge �1 is
structurally similar to neutral 2,20-bipyridine
(bpy) but a replacement of bpy by phpy in the
coordination sphere of ruthenium reduces the
reduction potential by �0.7 to 0.8 V per single
substitution.44,45 The cationic nature of (1) could
also significantly improve the catalytic properties
of the complex as it has been observed for other
ruthenium compounds,48–50 which catalytic activ-
ity increased in atom transfer radical addition
reactions as well as in ATRP when the cationic
form of the same complex was used instead of the
neutral species. The cationic complexes have also
demonstrated better behavior in aqueous system
than their neutral analogues.48,49 Another impor-
tant advantage of cycloruthenated 2-phenylpyri-
dine complexes with coordinated acetonitriles is
an easy exchange of MeCN, photochemically or
thermally, by various ligands. If the ligands are
more electron donating than MeCN, the substitu-
tion results even in more reducing compounds.51

Third, the coordinative position trans to the ru-
thenium-carbon bond is strongly activated due to
the ground state trans influence of the phenyl car-
bon donor. Therefore, this site seems to be per-
fectly designed for the activation step driven by
kact (Scheme 1). Compound (1), which was
described and extensively characterized previ-
ously,52 has four MeCN ligands. Thus, the range,
within which the reduction potential can be var-
ied by substitution, is essentially unlimited. This
creates a whole spectrum of options for designing
and improving the catalyst performance. Herein
we investigated the influence of additives such as
aluminum isopropoxide, Al(OiPr)3, and reducing
tin(II) chloride on catalytic performance of (1). It
will be shown how by a proper adjustment of the

reaction mixture the (1)-mediated polymeriza-
tions switch from a typically radical to the living
radical polymerizations of MMA, n-butyl acrylate
(BA) and styrene (St).

EXPERIMENTAL

Materials

All chemicals were purchased from Aldrich
Chem. Co. except RuCl3�nH2O, which was a
Strem reagent. The monomers, MMA, BA, and
St, were dried over magnesium sulfate, distilled
under reduced pressure and kept under argon.
Other reagents and solvents were used as
received. Synthesis, characterizations, and X-ray
structural characterization of (1) was described
elsewhere.52 The freshly prepared complex has a
lemon-yellow color, it is not very stable in the
air and gradually turns yellowish green and
then dark green. To minimize undesirable side
effects the complex was synthesized prior to
every polymerization procedure.

Polymerization Procedures

All operations were carried out under a nitrogen
atmosphere. In a typical polymerization (1) and
Al(OiPr)3 were added to a round bottom flask
and degassed by vacuum/nitrogen cycles (three
times). Then the monomer was introduced via a
syringe into the flask and degassed by three
freeze-pump-thaw cycles. The resulting solution
was stirred for a half an hour at 40 8C until a yel-
low homogeneous solution was obtained. Finally,
the initiator was added to the mixture and the
flask was immediately immersed in an oil bath
previously heated to the desired temperature.
The polymerizations were conducted at 80 8C for
MMA and BA and 100 8C for St. The samples
were removed from the flask after certain time
intervals using degassed syringes. The polymer-
ization was stopped when the reaction mixture
became very viscous. Samples for GPC measure-
ments were dissolved in THF, the solution was
passed through Florisil 60–100 Mesh column and
concentrated by rotary evaporation.

Analysis

The conversions were determined gravimetri-
cally and from the concentration of residual
monomer by gas chromatography (GS) with
n-decane as an internal standard, using a
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Shimadzu GC-2010 gas chromatograph equipped
with a Restek 30 m stabilwax column. Analysis
conditions: injector temperature, 220 8C; detec-
tor temperature, 220 8C; temperature program,
4 min 40 8C, 15 8C/min until 220 8C, 2 min
220 8C. Additionally consumption of the initiator
was verified by GS-MS using gas-chromatograph
HP, Model 5890 series B connected with mass-
spectrometer Joel JMS-AX505HA. 1H NMR
spectra were recorded using a Bruker Avance
400 spectrometer. The molecular weights and
molecular weight distribution of the polymers
were analyzed by GPC (Waters 2695 ALLIANCE
Separation Module) equipped with two HSP gel
HR MB-L (molecular weight range from 5 3 102

to 7 3 105 and MB-B from 103 to 4 3 106) col-
umns in series and a RI Waters 2414 detector.
THF was used as the eluent at 35 8C with a
flow rate of 0.5 mL/min. Linear polystyrene and
poly(methyl methacrylate) standards were uti-
lized for the GPC calibrations. Theoretical mo-
lecular weights were calculated without taking
into account the end groups according to the
following equation: Mn,th ¼ ([Monomer]0/
[Initiator]0) 3 Conversion 3 MWmonomer, where
0 � Conversion � 1.

RESULTS AND DISCUSSION

General Observations

The (1) catalyst did promote polymerizations of
three different monomers, MMA, BA, and St in
the presence of Al(OiPr)3. Not even a trace of
polymer was detected without the aluminum
additive after heating for 24 h. A radical mecha-
nism of the process was verified applying the
radical scavenger (2,2,6,6-tetramethyl-1-piperidi-
nyloxy, TEMPO) methodology. Details of the
reactions have been reported elsewhere.46 The
standard molar composition of the reaction mix-
ture [M]0/[I]0/[(1)]0/[Al]0 used in this study
equals 200/1/1/1. Here M, I, (1), and Al stand for
monomer, initiator, catalyst, and Al(OiPr)3,
respectively. Under these conditions the poly-
merization occurs fast and uncontrollably as a
conventional free radical process. The molecular
weights were high from the beginning, much
higher than the calculated values, and did not
depend on conversion. The PDIs were also
broad, viz. 1.6–1.8 for MMA and St, and �2.2
for BA (Figs. 1 and 2, Tables 1–3). Such a
behavior is likely due to the fact that rapidly
established equilibrium 1 in Scheme 1 is not

Figure 1. Effect of concentration of each component
on kinetic and molecular weights in the EBiB initi-
ated polymerization of MMA at 80 8C; (l)–the basic
composition ratio of [M]0/[I]0/[(1)]0/[Al]0 ¼ 200/1/1/1 or
9.35 M/47 mM/47 mM/47 mM (n)–5-fold increase in
the initiator concentration, [M]0/[I]0/[(1)]0/[Al]0 ¼ 200/
5/1/1 or 9.35 M/234 mM/47 mM/47 mM; (~)–4-fold
increase in the Al(OiPr)3 concentration, [M]0/[I]0/[(1)]0/
[Al]0 ¼ 200/1/1/4 or 9.35 M/47 mM/47 mM/188 mM;
(u)–2.5-fold increase in the Ru(II) concentration, [M]0/
[I]0/[(1)]0/[Al]0 ¼ 200/1/2.5/1 or 9.35 M/47 mM/117 mM/
47 mM.

Figure 2. Effect of the concentration of the catalysts
and Al(OiPr)3 on the conversion and molecular
weights in the PEB initiated polymerization of MMA
at 80 C. (l)–the basic composition ratio [M]0/[I]0/
[(1)]0/[Al]0 ¼ 200/1/1/1 or 9.35 M/47 mM/47 mM/47
mM; (~)–4-fold increase in the Al(OiPr)3 concentra-
tion, [M]0/[I]0/[(1)]0/[Al]0 ¼ 200/1/1/4 or 9.35 M/47
mM/47 mM/188 mM; (u)–2.5-fold increase in the
Ru(II) concentration ([M]0/[I]0/[(1)]0/[Al]0 ¼ 200/1/2.5/1
or 9.35 M/47 mM/117 mM/47 mM). Kinetic of the EBiB
initiated polymerization at the 200/1/1/1 basic compo-
nent ratio is shown by dash line for comparison.
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sufficiently shifted to the left, i.e., the crucial
condition kdeact � kact does not hold. Significant
amount of Ru(III) species was formed within
first 5 min suggested by an observation of a
color change from yellow due to (1) to dark
green typical of less stable oxidized ruthenium
species which slowly turn into a black precipi-
tate.43 It is worth noting that (1) behaves simi-
lar in chlorinated solvents such as chloroform
and dichloroethane at 25 8C. The yellow homo-
geneous solution becomes dark green and a
black powder starts to precipitate after several
hours. A mechanism of the both processes is pre-
sumably similar, i.e. (1) reacts with a C-Hal
bond via eq 1 to afford a labile oxidized Ru(III)
intermediate, which is particularly unstable
under the polymerization conditions.

Three commonly accepted initiators were
used in the study: ethyl 2-bromoisobutyrate
(EBiB), methyl 2-bromopropionate (MBP), or 1-
phenylethyl bromide (PEB).

The polymerizations proceeded similarly with
all of them in an uncontrollable regime. How-
ever the molecular weights of polyMMA
obtained using EBiB was about 3 times higher
than those using PEB as an initiator (cf. Insets
to Figs. 1 and 2). Since the reaction conditions
were the same, such a big difference in the mo-
lecular weights should be due to a lower effi-
ciency of the EBiB initiator compared with the
PEB. This was confirmed by the GC-MS analy-
sis. Less than 20% of EBiB was consumed
within first 15 min of the reaction and its
amount did not change during next 3 h. In con-
trast, PEB was consumed completely in a mat-
ter of 15 min. The corresponding kinetic curves

Table 1. Polymerization of Methyl Methacrylate Promoted by 1 at 80 8C and Various Compositions of the
Reaction Mixture

Initial Compositions
and Molar Ratios Time (h) Conv. (%) Mn,th 3 10�3 (g mol�1) Mn,ex 3 10�3 (g mol�1) PDI

MMA/PEB/(1)/Al/Sn
200/1/1/1/0 0.5 10.5 2.1 38.4 1.62

1.5 44.2 8.9 45.6 1.53
200/1/2.5/1/0 0.5 11.2 2.3 20.5 1.52

1.5 41.3 8.3 20.3 1.54
200/1/1/4/0 0.5 28.1 5.6 40.9 1.68

1.0 51.6 10.3 41.4 1.60
200/1/1/1/0.5 1.0 4.2 0.8 16.8 1.30

4.5 21.6 4.3 28.9 1.19
200/1/1/4/0.5 1.0 16.7 3.3 38.1 1.62

3.0 64.4 12.9 37.6 1.64
200/1/2/1/0.5 1.0 3.5 0.7 1.4 1.28

4.0 22.0 4.4 5.0 1.20

Table 2. Polymerization of Styrene Promoted by 1 at 100 8C and Various Compositions of the Reaction Mixture

Initial Compositions
and Molar Ratios Time (h) Conv. (%) Mn,th 3 10�3 (g mol�1) Mn,ex 3 10�3 (g mol�1) PDI

St/PEB/(1)/Al/Sn
200/1/1/1/0 0.5 13.6 2.8 27.7 1.71

3.0 60.4 12.6 29.3 1.67
200/1/1/1/0.5 1.0 6.3 1.4 4.8 1.31

4.0 12.2 2.5 15.4 1.18
200/1/2/1/0.5 1.0 4.6 0.9 – –

4.0 11.0 2.3 2.8 1.25
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of the polymerizations are also different particu-
larly at early stages of the polymerizations (solid
and dash lines in Fig. 2). The curve for EBiB is
S-shaped presumably due to a slow initiation.
The PEB-initiated polymerization is faster at
the beginning and the curve is not S-shaped. In
spite of the structural resemblance of the dor-
mant species, the main rule in the choice of the
initiator in ATRP, EBiB was referred by several
authors as poor initiator for MMA polymeriza-
tion mediated by RuCl2(PPh)3 as well as by
highly active Cu-catalysts.53–55 The lack of effi-
ciency was explained by slow initiation due to
back strain effect. However, in the both cases
the polymerizations occurred rather controllably.
Meanwhile in our systems, where the polymer-
ization proceeds rather by a conventional radical
mechanism, the difference in the molecular
weights initiated by EBiB and PEB is too big to
be explained by steric effects. Therefore, we
assume that for the complex (1) used here the
efficiency of the initiation is determined by the
interaction between the alkyl halide and the
complex and thus the much lower efficiency of
EBiB could be due to the poor efficiency of the
bromine abstraction. It may be because of better
precoordination of the Ru(II) complex with PEB
since both phenyl and ester substituents contrib-
ute equally to stabilize the generated secondary
radicals.35

Influence of the Composition Components

The polymerization of MMA was investigated
under different concentrations of (1), initiator
(EBiB and PEB), and Al(OiPr)3 (Figs. 1 and 2;
Table 1). As expected, a 5-fold increase in the
EBiB concentration accelerated the polymeriza-
tion and lowered the molecular weight (Fig. 1)

but the S-shaped kinetic curve and the lack of
control were still observed. The molecular
weights dropped from �120,000 to < 40,000, but
the difference between the calculated and meas-
ured molecular weights stays about the same.
Similarly, an increase in Al(OiPr)3 concentration
in the EBiB initiated system increased the rate
even more (Fig. 1), practically eliminated the S-
character and caused an decrease in the molecu-
lar weights by a factor of two. These facts indi-
cate a faster and more efficient initiation. The
chromatographic data showed that the consump-
tion of EBiB was drastically improved by the
presence of 4-fold excess Al(OiPr)3, the initiator
was completely consumed within 15 min. The
rate of PEB-initiated polymerization also
increased when the concentration of Al(OiPr)3
was raised (Fig. 2) but it had little effect on the
molecular weights as they remained of the same
order as those obtained under the standard 200/
1/1/1 molar ratio (Inset to Fig. 2). Such a differ-
ence between the two initiating systems may be
explained in terms of the initiators consumption.
However, an increase in Al(OiPr)3 content did
not improve the control in any of the cases. The
color change during the polymerization was
exactly the same as observed for the 200/1/1/1
systems. The Al(OiPr)3 additive accelerated the
polymerizations catalyzed by Ru, Ni, Fe, Os, Re,
and Cu complexes2,56,57 through either activat-
ing the C-Hal bond of the initiator or by
interacting with the catalyst. In some cases the
acceleration was even accompanied by an
improvement of the controllability of the poly-
merizations.36 Recent studies suggest the inter-
action of Al(OiPr)3 with the oxidized metal com-
plex somehow stabilizes the complex in its high
oxidation state and thus shifts the equilibrium
to the active radical side.56,58 However this does

Table 3. Polymerization of n-Butyl Acrylate Promoted by 1 at 80 8C and Various Compositions
of the Reaction Mixture

Initial Compositions
and Molar Ratios Time (h) Conv. (%) Mn,th 3 10�3 (g mol�1) Mn,ex 3 10�3 (g mol�1) PDI

BA/MBP/(1)/Al/Sn
200/1/1/1/0 0.5 13.7 3.5 66.6 2.37

2.0 75.8 19.6 67.9 2.19
200/1/1/1/0.5 1.0 9.6 2.5 23.2 1.31

4.0 48.3 12.5 52.4 1.22
BA/PEB/(1)/Al/Sn
200/1/2/1/0.5 1.0 9.8 2.6 3.7 1.38

3.0 45.6 11.8 12.8 1.31
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not explain the fact that polymerization does not
proceed in the absence of the aluminum additive
as in our systems. Meanwhile interaction mech-
anism between Al(OiPr)3 and the original Ru(II)
complex, which we propose below, provides a
better explanation. Since the polymerization
does not occur without Al(OiPr)3, complex (1)
does not react with any of the initiators. The
reduction potential of (1) in MeOH equals 0.50
V (0.1 M KPF6, versus Ag/AgCl) and such might
be too high for reaction 1 in Scheme 1. Replace-
ment of MeCN in the coordination sphere of (1)
to form, for example, a complex such as (2)
(Scheme 2) should decrease the reduction poten-
tial and thus increase the driving force for reac-
tion 1. As a result, the activation of the C-Hal
bond becomes feasible accounting for a faster
consumption of EBiB at higher concentrations of
Al(OiPr)3. The fact that the control was not
improved suggested that equilibrium 1 is still
insufficiently shifted to the left. The concentra-
tion of plausible intermediate (4) was still too
high and needs to be minimized.

Changes in the concentration of (1) revealed
remarkable effects. It should be mentioned first
that it could not be decreased much because the
polymerization became too slow. Its increase is
also limited by the solubility in all the mono-
mers used. At a monomer-to-catalyst ratio of
200/1 the complex is completely soluble only at
80 8C and above. The solubility is incomplete at
[M]0/[(1)]0 ¼ 200/1.5 and the system is heteroge-
neous even at elevated temperatures. Therefore,
it was surprising to see that a 2.5-fold increase
in the catalyst concentration resulted in a drop
of the molecular weight in the both EBiB and

PEB systems, the polymerization rate being
practically unchanged (Figs. 1 and 2). The level
of control was again poor. The molecular weights
decreased by 2-fold (Insets to Figs. 1 and 2) but
they did not depend on the conversion. The color
of the heterogeneous reaction mixtures does not
convert into dark green as in the case of homo-
geneous systems. Instead they maintain the
light brown color during all the process and the
intact (1) remained in a solid phase after run-
ning the polymerization for 3 h. These observa-
tions are difficult to rationalize keeping in mind
that the system is heterogeneous, the catalyst
concentration remains constant, and the degra-
dation of (1) is substantially less. The concentra-
tion of (1) diminishes with time in the homoge-
neous system because of the fast degradation of
the oxidized complex but is approximately con-
stant under heterogeneous conditions. This
leads to a more efficient interaction between (1)
and the halogenated terminals during all the po-
lymerization and that in its turn is responsible
for decrease in the molecular weights. It is diffi-
cult to explain why it does not accelerate the poly-
merization. We speculate that the ruthenium
oxidized species are also stabilized in some way
and the equilibrium in Scheme 1 is being shifted
more to the dormant species compared with the
homogeneous system. All of the above can result
in a decrease in molecular weights without the
rate acceleration, but the control over the molec-
ular weights is still very poor. To this end, varia-
tion of the molar ratio of the components of the
reaction mixture affects the polymerization rate
and the molecular weights but suitable control-
lable conditions have not been found.

Scheme 2. Postulated plausible transformations of complex (1) related to step 1 in
Scheme 1.
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Effect of Reducing Agent SnCl2

The results described above indicate that the
molecular weights are affected by changing the
composition of the reaction mixture. Neverthe-
less the polymerizations have features typical of
the uncontrolled free radical process suggesting
that a high concentration of radicals R� is gener-
ated in reaction 1 (Scheme 1). Adding of reduc-
ing agents is an efficient approach to shift pseu-
doequilibrium 1 to the left as it was demon-
strated for the Cu-catalyzed polymerizations.59

We also reported the notable improvement of
the control for the Ru-mediated polymerization
by adding tin(II) chloride.46 Thus, 0.5 eq of
SnCl2 was introduced to the standard reaction
mixture ([M]0/[I]0/[(1)]0/[Al]0 ¼ 200/1/1/1) and
this affected the polymerizations of all three
monomers. The polymerization rate dropped sig-
nificantly in the presence of SnCl2 (conversion
after 24 h was �30, 25, and 50% for MMA, St,
and BA, respectively), the molecular weights
decreased as well, being now dependent on con-
version, and PDIs became narrower (Fig. 3, and
data in the Tables 1–3). The reaction mixture
maintained its original yellow color indicating
the dominance of Ru(II) species in the system.
However, though the molecular weights were a
function of conversion, the dependences were
not linear and had a noticeable jump at early
stages followed by linear portions. Exemplified
by EBiB- and PEB-initiated polymerizations of
MMA, the data are shown as inset to Figure 3.
It seemed that the system produced too many
radicals R� at the very beginning, the concentra-
tion of which was then reduced with the help of
SnCl2. Therefore, a delicate tuning of the
system required for minimizing the initial burst
of R�. Since addition of extra Al(OiPr)3 ([M]0/[I]0/
[(1)]0/[Al]0/[Sn]0 ¼ 200/1/1/4/0.5) resulted in
loss of any control (Table 1) though the polymer-
ization speeded up, we have used an excess of
no more soluble catalyst (1) for setting up the
conditions for the thoroughly controlled living
polymerization.

Setting Up Controlled/Living Polymerization

Bearing in mind that an increase in the concen-
tration of (1) decreased the molecular weights
and at the same time did not affect the rate, we
applied this strategy in the presence of SnCl2.
The PEB-initiated polymerization of MMA with
[M]0/[I]0/[(1)]0/[Al]0/[Sn]0 ¼ 200/1/2/1/0.5, i.e.,

using 2 eq of (1), proceeded with the same rate
as in the presence of 1 eq of (1), identical con-
versions being reached for the same time inter-
vals (Fig. 3). Importantly, a much better control
was achieved under these conditions (Fig. 3, Ta-
ble 1). There were no jumps in molecular
weights at low conversions observed in the 200/
1/1/1/0.5 systems. The molecular weights grew
linearly with conversion and the difference
between the experimental and calculated molec-
ular weights was negligible. PDIs were also nar-
row and demonstrated a tendency to get lower
with conversion. The PMMA sample of MnGPC

� 3700 and PDI ¼ 1.25 obtained under these
conditions was purified and analyzed by the 1H
NMR spectroscopy (Fig. 4). In general the spec-
trum is very similar to a spectrum of PMMA
prepared by a free radical method.60 There are
signals from the methyl (d 0.8–1.4), methylene
(a broad signal at d 1.8–2) and methoxy group
(ca. d 3.5) protons of the PMMA main chain.
The NMR spectroscopy is a powerful tool for the
identification and quantification of the end
groups.27,53,61–64 Thus, the signal at ca. d 3.7 is
attributable to the methoxy group protons next
to the halogen chain end (a in Fig. 4). A small

Figure 3. Polymerization of MMA in the presence of
SnCl2 at 80 8C: dependence of the conversion and the
molecular weights on the type of initiator and concen-
tration of the catalyst. The EBiB and PEB initiated
polymerizations at [M]0/[I]0/[(1)]0/[Al]0/[Sn]0 ¼ 200/1/1/
1/0.5 or 9.35 M/47 mM/47 mM/47 mM/23 mM are
shown by * and l symbols correspondingly; n sym-
bol corresponds to PEB initiated polymerization
with 2-fold excess of the Ru(II), [M]0/[I]0/[(1)]0/[Al]0/
[Sn]0 ¼ 200/1/2/1/0.5 or 9.35 M/47 mM/94 mM/47 mM/
23 mM. The PEB initiated polymerization of MMA
without SnCl2 and at the basic component ratio is
shown by solid line for comparison.
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signal at ca d 2.5 presumably comes form the
methylene protons of MMA unit adjacent to the
x-end C-Br bond. The characteristic a-end sig-
nals from the initiator are seen at ca. d 7.2 and
7.7. A sharp peak at d 1.15 (b in Fig. 4) can also
be assigned to the methyl end group. The inte-
gration is complicated due to the signal overlap
and possible resonances from the residual cata-
lyst. Integration of the main chain methoxy
group signal at d�3.5 and the methoxy end
group signal at d�3.7 allows estimating the
Mn,NMR of �3000, which is consistent with that
found by GPC (�3700).

Similar features were observed for the poly-
merization of St and BA at [M]0/[I]0/[(1)]0/[Al]0/
[Sn]0 ¼ 200/1/2/1/0.5 (Fig. 5, Tables 2 and 3).

There were no jumps. Low molecular weights
obtained at the beginning grew linearly with con-
version in a good agreement with the calculated
values. The PDIs were also satisfactorily narrow
in the range of 1.2–1.5 depending on the mono-
mer. The fastest polymerization rate and the
broadest PDIs were recorded for BA because of
its highest polymerization constant kp that
makes it difficult to polymerize this monomer
controllably. Nevertheless, the acceptable con-
trollability was achieved for BA as well, the PDIs
were less than 1.5 from the very beginning and
the molecular weights were close to the calcu-
lated values.

Mechanistic interpretations of the results
reported in this work could only be tentative at
a moment. The initiating systems are rather
complex (an initiator, the Ru(II) catalyst, a
reducing agent, and an Al additive), but the con-
trol was achieved only in the presence of all the
components. As it was shown and described
above no polymerization proceeds without
Al(OiPr)3, but only the presence of SnCl2
improves the level of control. Increase of the cat-
alyst concentration without addition of the
SnCl2 did not make important difference in
character of the polymerizations, they still pro-
ceeded by free radical mechanism. The polymer-
ization proceeded in ‘‘living’’ fashion only when
all these components were added at certain pro-
portions. All our attempts to clarify the mecha-
nism and the role of every component in the sys-
tem did not lead to direct conclusions and there-
fore the mechanism of this heterogeneous

Figure 5. Evolution of Mn, PDIs and GPC chromatograms with conversion for
PEB-initiated polymerization of St (n Mn and u PDI) and BA (l Mn and * PDI) in
the presence of SnCl2 at the composition ratio [M]0/[I]0/[(1)]0/[Al]0/[Sn]0 ¼ 200/1/2/1/
0.5 or 8.72 M/44 mM/88 mM/44 mM/22 mM for St and 6.95 M/35 mM/70 mM/35 mM/
17 mM for BA. Dash line–calculated Mn for poly(butyl acrylate). Dash-dot-dot–calculated
Mn for poly(styrene).

Figure 4. 1H NMR spectrum of polyMMA (solvent
CDCl3) obtained in the system [M]0/[PEB]0/[(1)]0/[Al]0/
[Sn]0 ¼ 200/1/2/1/0.5 at 80 8C.
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process and exact roles of SnCl2 and Al(OiPr)3
could be too speculative at the moment. The
most valuable fact is achieving the controllable
polymerizations by adding a slight excess of (1)
which is only partially soluble in the reaction
mixtures. Thus the system becomes heterogene-
ous, but we do not consider any special superfi-
cial reactions that lead to the better control over
the polymerizations. We rather believe that the
insoluble part of the complex serves as a ‘‘stock’’
of fresh catalyst which might slowly dissolve
while the dissolved catalyst being decomposed
or releases small quantity of acetonitrile as pro-
posed later. This does not affect the polymeriza-
tion rate, as it could be anticipated because the
concentration of (1) in solution does not
increase, but set ups the control when combined
with the reducing agent SnCl2. The action of the
octahedral 18e complex (1) in the polymerization
should be accompanied by dissociation of one,
two, or even more acetonitrile ligands as tenta-
tively shown in Scheme 2.65 Otherwise step 1 is
not possible or should involve a seven-coordi-
nated 19e ruthenium(III) intermediate formed
as a result of addition of halide to (1). This case
is also problematic. If steps such as shown in
Scheme 2 do hold, acetonitrile should disfavor
reaction 1, shift it to the left, and thus decrease
the concentration of radicals generated. It was
verified that even a small excess of free MeCN
added to the system, inhibits the polymerization
completely (0.11 mL of acetonitrile was added to
2 mL of the reaction mixture). Therefore, it can
be postulated that the role of insoluble extra (1)
with four dissociable acetontrile ligands is in
releasing of small amount of MeCN in the bulk.
This extra free acetonitrile is involved in slow-
ing down the apparent rate constant kact
through the mass-law retardation and shifting
equilibrium 1 to the left thus setting up the con-
ditions for controllable polymerization.

CONCLUSIONS

Radical polymerization of vinyl monomers MMA,
BA and St promoted by the cyclometalated cati-
onic complex (1) occurs in the presence of
Al(OiPr)3. At the standard ratio of the compo-
nents of the reaction mixture [M]0/[I]0/[(1)]0/[Al]0
of 200/1/1/1 no control over molecular weights
was achieved for neither of the monomers. Varia-
tion in the [M]0/[I]0/[(1)]0/[Al]0 ratio did affect the
polymerization rate and molecular weights but

did not improve the control. The molecular
weights did not depend on conversion and
remained practically unchanged during the poly-
merization; PDIs were also broad. Some level of
control was achieved when SnCl2, as a reducing
agent, was added to the formulation. Tin(II) chlo-
ride strongly decreased the polymerization rate,
made the molecular weights dependent on con-
version, and narrowed PDIs. The control was
though unsatisfactory due to the jump in molecu-
lar weights at the beginning of the process. The
universal formulation for the ‘‘living’’ polymeriza-
tion of all three monomers has been achieved by
using a 2-fold ‘‘excess’’ of complex (1) in the reac-
tion mixture. Under these reaction conditions (1)
was not completely soluble any more and the in-
soluble part of the complex probably serves as a
‘‘stock’’ of fresh catalyst. This is the first example
of successful application of a cyclometalated
ruthenium(II) compound for the living radical po-
lymerization in a tunable system. Though these
polymerization systems are complex and involve
many ingredients they seem to be promising for
the controlled polymerization of vinyl acetate,
which it is very difficult to achieve through the
existing ATRP catalysts.66,67
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