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An exquisite catalysis in polymer and materials chemistry implies
an efficient, convenient, and versatile transformation from common
reagents into functional designer materials. In terms of the efficiency
and convenience, “tandem catalysis”1 would be a candidate in which
a simple one-pot synthetic approach involves multiple reactions
concurrently or sequentially proceeding in a single reaction vessel
without isolation of intermediates. Such methodologies have been
extended to certain precision polymer syntheses coupled with
hydrogenation,2 racemization,3 side chain functionalization,4 and
different polymerization systems.5

Transition metal-catalyzed living radical polymerization,6 due
to the high tolerance to polar functional groups including protic
alcohols, now affords such functionalized polymers as end-
functionalized,7 star,8 and gradient.9 In these controlled radical
processes, some additional cocatalysts6,10 often play a vital role,
in addition to initiators (organic halides) and metal complex
catalysts. Among these cocatalysts are included metal alkoxides,
which are quite effective not only in a ruthenium-mediated system10

but also in transesterification of esters with alcohols.11

Intrigued by this particular aspect of metal alkoxides, we herein
report a concurrent tandem living radical polymerization via in situ
monomer transformation,12 or a novel synthetic strategy for the
synthesis of gradient copolymers (Scheme 1), whose efficiency,
convenience, and versatility are clearly superior to those of the two
conventional methods, one based on comonomer reactivity differ-
ences and the other on gradient feeding of comonomers.9 The key
is to employ a metal alkoxide [Al(Oi-Pr)3 or Ti(Oi-Pr)4]

10 and an
alcohol solvent (ROH) in the ruthenium-catalyzed living radical
polymerization of unsaturated ester monomers such as methyl
methacrylate (MMA) and methyl acrylate (MA). Combination of
these metal alkoxides and alcohol solvents induces an in situ
transesterification of the pendent esters just in the monomers and
not in the polymers, concurrently with propagation, and thereby
allows gradual changes in feed monomer composition and, in turn,
in copolymer composition along the main chain. Note that, for this
to be achieved, the propagation should be living or practically free
from termination and chain transfer.

Gradient Copolymers via In Situ Transesterification. First,
transesterification of MMA was examined with Al(Oi-Pr)3 or Ti(Oi-
Pr)4 in ethanol (EtOH)/tolunene (1/1, v/v) at 80 °C (Supporting
Information: Figure S1A). Both metal alkoxides efficiently catalyzed
the reaction to give ethyl methacrylate (EMA) in high yield (>80%),
where the activity of Al(Oi-Pr)3 was lower than that of Ti(Oi-Pr)4

[50 h, conversion 75% (Al), 95% (Ti)].
To well synchronize the gradual compositional change in

monomer and their copolymerization, Al(Oi-Pr)3 was employed as
a cocatalyst for MMA; catalyst, [RuCl(Ind)(PPh3)2, Ind ) η5-
C9H7];

7 initiator, ethyl 2-chloro-2-phenylacetate (ECPA)2; solvent,
EtOH/toluene (1/1, v/v) at 80 °C. The polymerization smoothly
proceeded to a high total monomer conversion, and the molecular
weight distribution (MWD) of the obtained polymers, as measured
by SEC, was narrow and shifted to higher molecular weight as the
conversion increased (48 h: 93%, Mn ) 11 300, Mw/Mn ) 1.32)
(Figure 1A, 1B; Table S1). Direct 1H NMR analysis of the
polymerization mixtures actually revealed the gradual increase of
EMA contents (Figure 1A: dash lines and 1C).

The cumulative EMA content (Fcum, EMA), obtained by 1H NMR
for each conversion, gradually increased from 0 to ca. 45%, while
that of MMA (Fcum, MMA) in turn decreased (Figure 1D: blue solid

Scheme 1. Concurrent Tandem Living Radical Polymerization for
Gradient Copolymers via In Situ Monomer Transformation of MMA

Figure 1. Concurrent tandem living radical copolymerization of MMA
via in situ transesterification: (A) total conversion and monomer contents
of MMA and EMA in polymerization solution and (B) SEC curves of
products during the polymerization; (C) monomer contents in polymerization
solution and (D) cumulative (Fcum) or instantaneous (Finst) monomer contents
in products as a function of total conversion; [MMA]0 ) 2.0 M; [ECPA]0

) 20 mM; [Ru(Ind)Cl(PPh3)2]0 ) 2.0 mM; [Al(Oi-Pr)3]0 ) 20 mM in
toluene/EtOH (1/1, v/v: [EtOH]0 ) 6.5 M) at 80 °C.
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line; Figure S2). The instantaneous EMA content (Finst, EMA, Figure
1D: blue dash line), calculated from the differential increase in
Fcum, EMA, also gradually increased with the total conversion
from 0 to 68%, suggesting that gradient copolymers were obtained
via a concurrent tandem living radical polymerization (Table S2,
Figure S3).9

Mechanism. In the absence of A1(Oi-Pr)3, no pendent trans-
esterification proceeded, and the polymerization was also retarded
in the latter stage where the originally brown solution turned dark
brown indicating some catalyst deactivation (Figure S4). These
indicate a dual role of A1(Oi-Pr)3 as a transesterification catalyst
in one part and a polymerization cocatalyst in the other. More
importantly, the pendent group transformation proceeded specifi-
cally on MMA monomer and not on its polymers, as indicated by
a separate observation that a poly(MMA) sample (Mn ) 12 500,
Mw/Mn ) 1.14) was not transesterified with A1(Oi-Pr)3 in EtOH
under similar conditions (Figure S5). In addition, the ruthenium-
catalyzed random copolymerization of MMA and EMA gives
almost the same monomer reactivity ratios (Figure S6). Thus, the
instantaneous composition (MMA/EMA ratio) in products (Finst)
is in fact determined only by the corresponding in situ monomer
composition (Figure 1C and 1D: dash lines).

Therefore, these results strongly support the proposed tandem
catalysis (Scheme 2) where A1(Oi-Pr)3-catalyzed selective trans-
esterification of MMA with EtOH gradually produces EMA during
the polymerization and thereby continuously varies the monomer
composion in the solution (A to B), finally giving well-con-
trolled gradient copolymers of MMA and EMA (C). In addition,
A1(Oi-Pr)3, after treatment with EtOH, completely turned into
A1(OEt)3, which would be a true cocatalyst in this tandem
copolymerization (Figure S7).

Versatility. We then applied various alcohols such as isopropanol
(secondary), benzyl alcohol, 1-dodecanol (long alkyl), and poly-
(ethylene glycol) (PEG) methyl ether (polymeric), to the tandem
copolymerization of MMA (Table 1, entries 2-5; Figures S8-12).
Ti(Oi-Pr)4

10 was employed as a metal alkoxide to realize transes-
terification with various alcohols (Figure S1B). All these reactions
efficiently produced well-controlled gradient copolymers derived
from the corresponding alcohols (Table 1, Figure S14). This system
can be further extended to methyl acrylate (MA) (entry 6, Figure
S13), giving acrylic gradient copolymers.

Physical Properties. The gradient copolymers showed unique
physical properties, differentiating them from the corresponding
random and block counterparts. For example, the copolymers with
1-dodecanol exhibited a broad glass transition temperature (by
differential scanning calorimetry) (Figure S15).13 Additionally, the
solubility of the PEG-bearing gradient copolymers in 2-propanol
(3 wt %) was thermosensitive with an upper critical solution
temperature (UCST: ca. 19 °C) clearly lower than that for the
corresponding random copolymers (ca. 37 °C) (Figure S16).8b

In conclusion, we developed a novel concurrent tandem living
radical polymerization, where metal-catalyzed copolymerization and

metal alkoxide-catalyzed transestrification of a simple methyl
(meth)acrylate with various alcohols were synchronized with
propagation to produce controlled gradient copolymers, efficiently,
conveniently, and in one pot. This methodology opened up new
vistas to produce well-defined materials from simple and common
alcohols.
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Scheme 2. Proposed Mechanism of Concurrent Tandem Living
Radical Polymerization for Gradient Copolymers via In Situ
Transesterification of MMA

Table 1. Various Gradient Copolymers via Concurrent Tandem
Living Radical Polymerizationa

entry alcohol time
(h) Mn

b Mw/Mn
b Fcum,M(M)A/Fcum,R(M)A

c

1 EtOH 36 11 200 1.36 28/72
2 i-PrOH 33 11 900 1.37 55/45
3 BzOH 22 12 900 1.45 55/45
4 Dodecanol 22 20 700 1.21 56/44
5d PEG-OH 10 28 000 1.17 69/31
6e EtOH 72 7700 1.66 45/55

a [MMA]0 ) 2.0 M; [ECPA]0 ) 20 mM; [Ru(Ind)Cl(PPh3)2]0 ) 2.0
mM; [Ti(Oi-Pr)4]0 ) 20 mM in toluene/alcohol (1/1) at 80 °C; Conv. >
80%. b Measured by SEC. c Calculated from 1H NMR. d [MMA]0 ) 0.5
M; [ECPA]0 ) 5.0 mM; [Ru(Ind)Cl(PPh3)2]0 ) 2.0 mM; [Ti(Oi-Pr)4]0 )
20 mM in PEG-OH. e [MA]0 ) 2.0 M; [Ethyl 2-bromoisobutyrate]0 )
20 mM; [Ru(Cp*)Cl(PPh3)2]0 ) 2.0 mM; [Al(Oi-Pr)3]0 ) 20 mM;
[n-Bu3N]0 ) 20 mM. Cp*: η5-C5(CH3)5.
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