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Introduction

“Transition-metal-catalyzed living radical polymerization”[1]

is a family of precisely controlled, chemo- and regioselec-
tive, repetitive radical-addition reactions towards alkenes
(monomers), mediated by transition-metal catalysts such as
ruthenium, copper, iron, and nickel complexes (Scheme 1).
A key process therein is the metal-assisted reversible and
selective generation of a growth-active carbon radical from
an alkyl halide carrying a conjugating, and thus, radical-sta-
bilizing a-substituent; the precursor halide may be a small
molecule (initiator) or a polymeric analogue (dormant spe-
cies) thereof.
In this metal-assisted living process, as its name implies,

the metal complex is vital. Its low-valence form catalyzes
the homolytic dissociation of the alkyl-halide initiator or the
dormant end, whereas the higher-valence form does the
back reaction, that is, the regeneration of the halogen-

capped dormant species from the growing radical. In sum-
mary, the catalysis involves a reversible one-electron redox
process, in which the halogen is exchanged between the
halide and the metal catalyst by the active carbon radical.
The dynamic-fast-exchange process maintains the instanta-
neous radical concentration much lower than in the conven-
tional radical polymerization, thereby suppressing the bimo-
lecular radical termination and other side-reactions inherent
to radicals, whereas ensuring all the dormant ends have a
virtually equal probability to dissociate and grow, and ensur-
ing a very narrow molecular-weight distribution (MWD) of
the polymer product.
With such an unprecedented precision control, along with

the availability of highly versatile and tunable metal cata-
lysts, metal-catalyzed living radical polymerization is now a
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Scheme 1. Transition-metal-catalyzed living radical polymerization.
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universal “tool” to design and synthesize not only well-de-
fined polymers but also tailored and functionalized polymer-
ic materials. The widespread application of this reaction, in
turn, now requires more active and versatile catalysts to
enable element-economical processes with a high catalytic
turn-over efficiency, and also, that may readily be removed
and possibly recycled, so as to obtain cleaner products.
This paper addresses these current requisites for the

metal-catalyzed living radical polymerization with rutheni-
um (RuII) catalysts. The primary objectives include the de-
velopment of highly active catalyts, with an additional re-
movability, by the design of phosphine ligands and amine
cocatalysts (additives).
For living radical polymerization, a variety of transition-

metal catalysts have evolved,[1,2] some of which are actually
directed towards their enhance catalytic activity and facile
removal for more simplified and cost-effective processes.
For example, in the copper-catalyzed living radical polymeri-
zation (atom-transfer radical polymerization), highly active
catalytic systems have been developed with the use of re-
ducing agents,[3] improved ligands,[4] and/or zero-valence
metal Cu0 for a CuI catalyst.[5]

As demonstrated in the representative ruthenium-cata-
lyzed organic reactions and polymerizations, including those
pioneered by Noyori and Grubbs,[6] ruthenium complexes
offer quite attractive catalysts, particularly with regards to
the high tolerance to functional groups and facile tunability
by a variety of ligands. This is equally the case for living rad-
ical polymerization, and RuII-based catalysts have extensive-
ly been developed since our first discovery.[7] For example,
half-ruthenocene complexes [e.g., [RuACHTUNGTRENNUNG(Ind)Cl ACHTUNGTRENNUNG(PPh3)2]; Ind=

h5-C9H7] are active, versatile, and applicable to high-molecu-
lar-weight polymers and block copolymers.[8–10] Their catalyt-
ic efficiency is thus intrinsically low (typically, [catalyst]0/[in-
itiator]0=1:10) but not low enough, and their removal is not
efficient.
This work is more specifically directed to the systematic

design of ligands and cocatalysts for ruthenium (RuII) cata-
lysts, by which new, highly active, and removable complexes
are generated in situ, while retaining the advantage of the
functionality tolerance of the RuII catalysts. Herein, we
focus on pentamethylcyclopentadiene [Cp*: h5-C5ACHTUNGTRENNUNG(CH3)5]-
based ruthenium complexes ([Ru ACHTUNGTRENNUNG(Cp*)Cl ACHTUNGTRENNUNG(PR3)2]; PR3=

alkyl and aryl phosphines; Scheme 2). The Cp* family
would be potentially active and versatile, as judged from the

low redox potential[11] and our recent studies with the PPh3
derivative[9,10] , demonstrating fast halogen exchange with
alkyl halides and applicability to both methacrylate and sty-
rene. Another advantage is that [RuACHTUNGTRENNUNG(Cp*)Cl ACHTUNGTRENNUNG(PR3)2] can
readily be prepared in situ by mixing a tetrameric precursor
[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4 and a PR3 ligand

[12] .
Our objectives specifically include the design of more

active and removable [RuACHTUNGTRENNUNG(Cp*)ClACHTUNGTRENNUNG(PR3)2] catalysts by sys-
tematically examining the electronic and steric effects of the
PR3 on the catalytic activity and controllability, in conjunc-
tion with the use of bifunctional amine cocatalysts in the
polymerization of methyl methacrylate (MMA).

Results and Discussion

Ligand Design

According to Scheme 2, Cp*-based ruthenium complexes
[Ru ACHTUNGTRENNUNG(Cp*)Cl ACHTUNGTRENNUNG(PR3)2] were prepared in situ by the reaction of
[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4 with two equivalents of a phosphine (PR3)-
bearing different substituent(s) with varying electronic and
steric (bulkiness) factors. Without isolation and purification,
the prepared complexes were directly employed as catalysts
for the MMA polymerization, coupled with a chloride initia-
tor [H-(MMA)2-Cl] and dibutylamine (nBu2NH; additive or
cocatalyst)[13,14] in toluene at 80 8C. Herein, these combina-
tions of a metal catalyst, PR3, and an amine cocatalyst are
coined as catalyst systems. The overall results are summar-
ized in Table 1, along with some physical properties of the
ligands.

para-Substituted Triphenyl Phosphines: Effects of the
Electronic Properties. First, we compared a series of para-
substituted triphenyl phosphines [-H: PPh3; -CH3: PACHTUNGTRENNUNG(p-Tol)3;
-OCH3: PACHTUNGTRENNUNG(p-Ani)3; -F: PACHTUNGTRENNUNG(F-Ph)3; -Cl: PACHTUNGTRENNUNG(Cl-Ph)3] to examine
the electronic effects on living radical polymerization, in
terms of the reaction rate (catalytic activity) and molecular-
weight control (controllability; Figure 1). The electronic
factor was estimated by the pKa of the phosphineLs conju-
gate acid (PR3H

+);[15] the larger the pKa, the higher the ba-

Abstract in Japanese:

Scheme 2. In-situ preparation of [Ru ACHTUNGTRENNUNG(Cp*)Cl ACHTUNGTRENNUNG(PR3)2] for living radical
polymerization of MMA.
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sicity or the stronger the electron donation. Para-derivatives
were favorably compared because their bulkiness is consid-
ered virtually the same (cone angle=1458).
Figure 1 shows time-conversion curves for the MMA poly-

merization and size-exclusion chromatography (SEC) curves
of PMMAs obtained therein at about 90% conversion. Con-
trary to our prediction that electron-donating ligands facili-
tate the generation of radicals by a one-electron transfer
from the catalyst, the relevant phosphines [PACHTUNGTRENNUNG(p-Tol)3 and P-
ACHTUNGTRENNUNG(p-Ani)3] invariably resulted in slightly slower polymeri-
zations than that observed with the nonsubstituted ligand
(PPh3). The electron-withdrawing counterparts [P ACHTUNGTRENNUNG(F-Ph)3
and PACHTUNGTRENNUNG(Cl-Ph)3] also led to a polymerization rate similar to
that observed using PPh3.
Given the strong electron donation by the Cp* ligand,

therefore, the electronic contribution from phosphine li-
gands may be less influential. Alternatively, the phosphineLs
strong electron donation occurs and would generate too

much oxidized RuIII complex at
the early stage of the reaction,
which in turn, would lead to the
termination of some of the in-
cipient radicals, and thereby, to
a slower polymerization. The
initial polymerization rate was
in fact slower with more elec-
tron-donating phosphines
(Figure 2). However, no signifi-
cant effects were observed on
the MWD (Mw/Mn) of the poly-
mers.
Methyl-Substituted Triphenyl

Phosphines with Different Posi-
tions: Steric Effects. More visi-
ble effects were observed with
the three methyl-substituted tri-

phenyl phosphines [P ACHTUNGTRENNUNG(o-Tol)3, P ACHTUNGTRENNUNG(m-Tol)3, and P ACHTUNGTRENNUNG(p-Tol)3], in
which the bulkiness around the coordinating P-atom, as de-
fined by the cone angle (q),[15,16] increased in the order: PACHTUNGTRENNUNG(o-
Tol)3 (1948)>PACHTUNGTRENNUNG(m-Tol)3 (1658)>PACHTUNGTRENNUNG(p-Tol)3 (1458), while
keeping the electron donation ability practically unchanged
(pKa=3.08–3.84; Table 1).
PACHTUNGTRENNUNG(m-Tol)3 and PACHTUNGTRENNUNG(p-Tol)3 induced smooth polymerizations

reaching >90% MMA conversion without losing the activi-
ty (Figure 3). In sharp contrast, the ortho-counterpart [PACHTUNGTRENNUNG(o-
Tol)3] resulted in the deceleration beyond 70% conversion.
Molecular-weight control was clearly dependent on the posi-
tion of the methyl group: the meta-derivative gave quite a
narrow MWD (Mw/Mn<1.10), whereas the ortho-counter-
part gave broad distributions. These results demonstrate
that the ligand bulkiness is more important in determining
the controllability, as further discussed in the following sec-
tion.

Table 1. Effects of Ligands on the Polymerization of MMA Coupled with [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4.
[a]

Entry Ligand pKa
[b] Cone angle, q[c] t [h] Conv [%] Mn (calcd)

[d] Mn (obsd)
[e] Mw/Mn

[e]

1 PPh3 2.73 145 30 90 9300 13000 1.20
2 P ACHTUNGTRENNUNG(o-Tol)3 3.08 194 30 72 7500 61000 2.24
3 P ACHTUNGTRENNUNG(m-Tol)3 3.30 165 34 87 9000 10900 1.07
4 P ACHTUNGTRENNUNG(p-Tol)3 3.84 145 34 88 9100 11000 1.15
5 P ACHTUNGTRENNUNG(p-Ani)3 4.59 145 50 94 9700 10800 1.31
6 P ACHTUNGTRENNUNG(F-Ph)3 1.97 145 30 91 9400 10900 1.13
7 P ACHTUNGTRENNUNG(Cl-Ph)3 1.03 145 30 93 9600 13400 1.19
8 P ACHTUNGTRENNUNG(nPr)3 8.64 132 30 73 7600 10500 1.39
9 P ACHTUNGTRENNUNG(nBu)3 8.43 132 30 88 9100 10000 1.24
10 P ACHTUNGTRENNUNG(tBu)3 11.40 182 28 92 9500 73500 1.85
11 PCy3 9.70 170 22 97 10000 14700 1.74
12 PPh2Cy 5.05 153 50 95 9800 12000 1.10
13 PPhCy2 - 162 28 88 9100 19000 1.32

[a] Reaction conditions: [MMA]0=4.0m ; [H-(MMA)2-Cl]0=40 mm ; [[RuCp*ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [PR3]0=

8.0 mm ; [nBu2NH]0=40 mm ; in toluene at 80 8C. [b] Ref [15], for the conjugate acid (PR3H
+) of the phosphine

ligand (PR3). [c] Ref [15] and [16]. [d]Mn (calcd)=m(H)+m ACHTUNGTRENNUNG(MMA)N(2+DPn)+m(Cl); DPn= [MMA]0/[H- ACHTUNG-
TRENNUNG(MMA)2-Cl]0N(% conv)/100; based on the structure [H-(MMA)2-(MMA)n-Cl]; m(X) is the molecular or
atomic weight of X, in which m(X)=1, 100.12, and 35.5 for X=H, MMA, and Cl, respectively. [e] By size-ex-
clusion chromatography calibrated with PMMA standards.

Figure 1. Effects of the electronic properties of ligands (PR3) on the poly-
merization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/PR3/nBu2NH in
toluene at 80 8C: [MMA]0=4.0m ; [H-(MMA)2-Cl]0=40 mm ; {[RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4}0=1.0 mm ; [PR3]0=8.0 mm ; [nBu2NH]0=40 mm.

Figure 2. Effects of the electronic properties (pKa values of R3PH
+) of li-

gands (PR3) on the initial kinetics constant (k, h�1) and the Mw/Mn of
PMMAs in the polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4/PR3/nBu2NH in toluene at 80 8C: [MMA]0=4.0m ; [H-(MMA)2-
Cl]0=40 mm ; [[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [PR3]0=8.0 mm ; [nBu2NH]0=

40 mm.
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Effects of Phosphine Ligands on Polymerization. Table 1
summarizes the polymerization results obtained with various
phosphine ligands. It is observed that the electronic factor
(pKa) seems less influential to either polymerization rate or
controllability (Mw/Mn). Even with basic ligands such as
PCy3 and PACHTUNGTRENNUNG(tBu)3 (pKa=170 and 182, respectively), the rate
still did not show a considerable increase (entry 10 and 11).
In contrast, ligand bulkiness appears to be correlated with

the MWD of the polymer. Figure 4 plots Mw/Mn against the

cone angle (q). In the range of q=135–1658, the MWD be-
comes increasingly narrower with bulkier ligands, but
abruptly broadens beyond q>1708. Such trends suggest that
a moderate bulky ligand may be best for [RuACHTUNGTRENNUNG(Cp*)Cl-
ACHTUNGTRENNUNG(PR3)2]. With their 18-electron configuration, these com-
plexes must release one of the two ligands, before or upon
radical formation, from the dormant end by accepting the
terminal halogen,[17] and the released phosphine would

sooner or later re-coordinate to the Ru center. The en-
hanced repetition of ligand release and re-coordination
would consequently facilitate the dormant-active species
(Scheme 1), and would in turn narrow the MWD of the po-
lymer. For such a dynamic contribution, moderately bulky
ligands may be best suited, both for release by some steric
repulsion and for re-coordination that would be difficult for
too bulky phosphines.

Cocatalyst Design

Although controllability or the control of the MWD was im-
proved with the moderately bulky phosphines, catalytic ac-
tivity was not dramatically enhanced. Thus, we turn our at-
tention to another component, that is, the amine cocatalysts
in place of nBu2NH, for the PACHTUNGTRENNUNG(m-Tol)3-based Cp* ruthenium
catalyzed system.
Amine Cocatalysts for Activity Enhancement. We have

already reported that the addition of butyl amine (nBuNH2)
considerably accelerates the MMA polymerization with
[RuCl2ACHTUNGTRENNUNG(PPh3)3]

[13] or [RuACHTUNGTRENNUNG(Ind)Cl ACHTUNGTRENNUNG(PPh3)3],
[14] but the strongly

basic cocatalyst also deteriorates the controllability, proba-
bly by generating a very active catalyst in situ that forms too
many radicals. In contrast, when coupled with [RuCl-
ACHTUNGTRENNUNG(Cp*){P ACHTUNGTRENNUNG(m-Tol)3}2], the same amine induced a fast polymeri-
zation without a loss of controllability (Mw/Mn=1.10)
(Figure 5). The polymerization rate was further enhanced at
a higher temperature (100 8C), at which the MMA conver-
sion reached 86% in 5 h (Mw/Mn=1.09).

A similar rate enhancement worked with the primary dia-
mines [NH2ACHTUNGTRENNUNG(CH2)nNH2, n=2, 4, 6] (Figure 6). All these bi-
functional amines clearly accelerated the polymerization,
most notably with the hexayl derivative (n=6), which led to
a 92% conversion in 1.5 h. However, controllability was de-
pendent on the spacer length between the amino groups,
with the MWD of the polymer narrowing in the order of
n=2<4<6, most likely because ethylene diamine (n=2)

Figure 3. Effects of the steric properties (cone angle, q) of tritolylphos-
phine on the polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4/PR3/nBu2NH in toluene at 80 8C: [MMA]0=4.0m ; [H-(MMA)2-
Cl]0=40 mm ; [[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [PR3]0=8.0 mm ; [nBu2NH]0=

40 mm.

Figure 4. Dependence of Mw/Mn of the prepared PMMAs on the cone
angle (q) of ligands (PR3) for the polymerization of MMA with H-
(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/PR3/nBu2NH in toluene at 80 8C: [MMA]0=

4.0m ; [H-MMA)2-Cl]0=40 mm ; [[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [PR3]0=

8.0 mm ; [nBu2NH]0=40 mm.

Figure 5. Polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P-
ACHTUNGTRENNUNG(m-Tol)3/nBu2NH or nBuNH2 in toluene at 80 or 100 8C: [MMA]0=4.0m ;
[H-(MMA)2-Cl]0=40 mm ; [[RuCp*ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [P ACHTUNGTRENNUNG(m-Tol)3]0=

8.0 mm ; [amine additive]0=40 mm.
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undergoes a chelate coordination to form a too stable com-
plex with a five-membered ring. 31P NMR analysis on the
mixture of the ruthenium complex and NH2ACHTUNGTRENNUNG(CH2)6NH2

(Figure 7) indicated that one of the two phosphine ligands
exchanged with the amine (52 and 2 ppm are assigned to a
singly coordinating and a free PACHTUNGTRENNUNG(m-Tol)3, respectively;
44 ppm is assigned to geminally coordinating phosphines
without a neighboring amine).[18] The detection of a free
amine indicates the in situ generation of a more active cata-
lyst, [Ru ACHTUNGTRENNUNG(Cp*)Cl{P ACHTUNGTRENNUNG(m-Tol)3}NH2ACHTUNGTRENNUNG(CH2)6NH2], whose mixed-
ligand structure would enhance the dynamic amine–phos-
phine exchange between free PACHTUNGTRENNUNG(m-Tol)3 and NH2

ACHTUNGTRENNUNG(CH2)6NH2.

Reduction of Catalyst Dose. The fast living polymeri-
zation with the diamine enabled us to decrease the RuCp*
catalyst concentration (Figure 8). The best system seems to

be a combination of Ru/amine=1.0:80 mm (MMA 4.0m),
leading to 89% conversion in 4 h and Mw/Mn=1.11. Impor-
tantly, despite the lower catalyst dose, the MWD is among
the narrowest for RuCp*. The excess of amine cocatalyst is
apprarently needed, and the 1.0:40 mm system in fact slight-
ly decelerated the reaction (87% conversion in 5 h) and
broadened the MWD.
Under the best conditions, the products are virtually free

of an olefin terminal [~~~~CH2C ACHTUNGTRENNUNG(CO2CH3)=CH2, 5.4–
6.3 ppm by 1H NMR, <1%], demonstrating the near ab-
sence of disproportionation.[13,14] These results indicate the
possibility of further reduction of the catalyst dose by de-
signing the cocatalysts and varying their relative amounts.
Hydrophilic Amines for a Removable Catalyst System.

The facile in situ ligand exchange of an added amine proved
effective, not only in the activity enhancement, but also in
the modulation of the catalyst solubility. Thus, a hydrophilic
amine, 4-amino-1-butanol [NH2ACHTUNGTRENNUNG(CH2)4OH], was employed
as a cocatalyst for the [RuClACHTUNGTRENNUNG(Cp*){P ACHTUNGTRENNUNG(m-Tol)3}2] catalyst
(Figure 9). The polymerization proceeded as fast as with its
hydrophobic analogue NH2ACHTUNGTRENNUNG(CH2)6NH2, and the molecular
weight was well-controlled (being directly proportional to
the conversion), though the MWD broadened (Mw/Mn~
1.40).
After the polymerization, the reaction mixture (Ru=

1000 ppm to monomer) was washed with a solution of HCl
(0.1n) and then water, three times each, to give a nearly col-
orless, transparent solution. Also, the solution of the isolated
polymers in CHCl3 (3 wt%) was colorless, in contrast to the
yellow-brown solution obtained from the nBuNH2 cocatalyst
in place of the aminoalcohol, under otherwise the same re-
action conditions.
According to the quantitative elemental analysis by induc-

tively coupled plasma-atomic emission spectrometry (ICP-

Figure 6. Polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P-
ACHTUNGTRENNUNG(m-Tol)3/NH2 ACHTUNGTRENNUNG(CH2)nNH2 in toluene at 100 8C: [MMA]0=4.0m ; [H-
(MMA)2-Cl]0=40 mm ; [[RuCp*ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [P ACHTUNGTRENNUNG(m-Tol)3]0=

8.0 mm ; [NH2 ACHTUNGTRENNUNG(CH2)nNH2]0=40 mm.

Figure 7. 31P NMR spectra showing the ligand exchange onto the rutheni-
um complex in toluene at 100 8C: a) P ACHTUNGTRENNUNG(m-Tol)3=2.0 mm, b) [RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4/P ACHTUNGTRENNUNG(m-Tol)3=0.25/2.0 mm, c) [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P ACHTUNGTRENNUNG(m-Tol)3/NH2

ACHTUNGTRENNUNG(CH2)6NH2=0.25/2.0/80 mm. Capillary tube was used with a [D8]toluene
and (C2H5O)2POH as an internal standard for the adjustment of the
chemical shift.

Figure 8. Polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P-
ACHTUNGTRENNUNG(m-Tol)3/NH2 ACHTUNGTRENNUNG(CH2)6NH2 in toluene at 100 8C: [MMA]0=4.0m ; [H-
(MMA)2-Cl]0=40 mm ; [[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4]0=0.25 or 1.0 mm ; [P ACHTUNGTRENNUNG(m-
Tol)3]0=2.0 or 8.0 mm ; [NH2 ACHTUNGTRENNUNG(CH2)nNH2]0=40 or 80 mm. [[RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4]0/[P ACHTUNGTRENNUNG(m-Tol)3]0/ ACHTUNGTRENNUNG[NH2 ACHTUNGTRENNUNG(CH2)nNH2]0: 1.0/8.0/40 mm (*); 0.25/2.0/80 mm

(~); 0.25/2.0/40 mm (&).
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AES), the ruthenium residue in the colorless PMMA was
63 ppm (97% removal), much lower than that for the con-
ventional samples (400 ppm) obtained with nBuNH2.
These observations have demonstrated that the simple

use of a hydrophilic amine as a cocatalyst realizes a near-
quantitative facile removal of the metal residue, while re-
taining a fair catalytic activity of the RuII catalysts without
serious deterioration of the molecular-weight controllability
of the polymer.

Conclusions

The systematic search and design of ligands and cocatalysts
in the transition-metal-catalyzed living radical polymeri-
zation produces highly active and sometimes readily remov-
able RuII catalysts, that also enables precise molecular-
weight control (conv.=89% for 4 h, Mw/Mn=1.11). Among
the best combinations is the [RuACHTUNGTRENNUNG(Cp*)Cl{P ACHTUNGTRENNUNG(m-Tol)3}2] com-
plex coupled with NH2ACHTUNGTRENNUNG(CH2)6NH2 as cocatalyst; the catalyst
may conveniently and cleanly be prepared in situ from a tet-
rameric precursor [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4 and a carefully selected
phosphine. It is shown that, in the selection of the phosphine
ligands, moderate steric bulkiness is the most effective,
whereas electron donacity seems unimportant. The highly
active catalyst, in fact, works at a low concentration (mono-
mer/RuII=4000:1) with a high turn-over efficiency (1:40 rel-
ative to the initiator or the dormant end) to give the poly-
ACHTUNGTRENNUNG(MMA) with a high and controlled molecular weight.
The use of a hydrophilic amine, NH2ACHTUNGTRENNUNG(CH2)2OH, provided

a simple and efficient way to simultaneously realize both
the catalytic activity and controllability with a ready and
near quantitative removal of the catalyst residue (>97% re-
moval, 63 ppm). The key to these systems is apparently a
facile in situ ligand exchange between the phosphine on the
metal and the added amine cocatalyst.

Experimental Section

Materials

MMA (Tokyo Kasei; >99%) was distilled from calcium hydride under
reduced pressure after drying overnight over calcium chloride. All the li-
gands and materials of ruthenium complexes were used as received with-
out further purification and handled in a glovebox under a moisture- and
oxygen-free argon atmosphere (H2O<1 ppm, O2<1 ppm): triphenyl-
phosphine (Aldrich, 99%), tri-o-tolylphosphine (Strem, 99%), tri-m-tol-
ylphosphine (Strem, 98%), tri-p-tolylphosphine (Strem, 98%), tri-p-me-
thoxyphenylphosphine (Strem, 98%), tris(4-fluorophenyl)phosphine (Al-
drich, 98%), tris(4-chlorophenyl)phosphine (Aldrich, 95%), tri-n-propyl-
phosphine (Strem, >95%), tri-n-butylphosphine (Strem, 99%), tri-tert-
butylphosphine (Strem, 99%), tricyclohexylphosphine (Strem, 97%), cy-
clohexydiphenylphosphine (Aldrich), dicyclohexyphenylphosphine (Al-
drich, 95%), ruthenium ACHTUNGTRENNUNG(III) chloride hydrate (Wako, 99.9%), 1,2,3,4,5-
pentamethylcyclopentadiene (Strem, 98%), lithium triethyl-hydridobo-
rate (Aldrich, 1.0m solution in THF). The initiator [H-(MMA)2-Cl] was
prepared according to the literature.[19] Toluene (Kishida Kagaku;>
99.5%) was purified by passage through a purification column (Seca Sol-
vent System manufactured by Glass Contour Company) before use. An
internal standard for gas chromatography, n-octane (Wako,>99%), was
dried overnight over calcium chloride, distilled twice over calcium hy-
dride, and handled with dry nitrogen for more than 15 min before use.
Amine additives were used as received, all from Tokyo Kasei: tributhyla-
mine (>98%), n-butylamine (>99%), ethylenediamine (>98%), 1,4-bu-
tanediamine (>98%), 1,6-hexanediamine (99%), 4-amino-1-butanol (>
98%).

Preparation of Ruthenium Complexes

Dichloro(pentamethylcyclopentadienyl)-ruthenium, [(Cp*)RuCl2]n, was
prepared by the reaction of RuCl3·nH2O (6.0 g, 26.6 mmol) with pentam-
ethylcyclopentadiene (9.5 mL, 60.7 mmol) in refluxing ethanol (100 mL)
for 3 h according to the literature.[20] The obtained [(Cp*)RuCl2]n (2.03 g,
6.60 mmol for Ru) was reacted with lithium triethylborohydride
(6.60 mL, 1m solution in THF, 6.0 mmol) at room temperature according
to the literature.[12] The formation of [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4 was confirmed by
elemental analysis. Calcd (%) for C40H60Ru4Cl4: C 44.20, H 5.56,
Cl 13.05; found: C 43.49, H 5.55, Cl 12.24.

Polymerization Procedures

Polymerization was carried out by the syringe technique under dry argon
in baked and sealed glass vials. A typical example for the polymerization
of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P ACHTUNGTRENNUNG(m-Tol)3/nBu2NH is
given. In a round-bottomed flask (50 mL) was placed [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4
(8.7 mg, 0.032 mmol), P ACHTUNGTRENNUNG(m-Tol)3 (19.48 mg, 0.064 mmol), and toluene
(2.60 mL). The solution was heated for introduction of phosphine at
80 8C for 12 h, at which point the color changed from black-brown to red-
brown. After cooling the flask to room temperature, n-octane (0.40 mL),
MMA (3.42 mL, 32.0 mmol), a solution of nBu2NH (0.8 mL, 400 mm in
toluene), and a solution of H-(MMA)2-Cl (0.40 mL, 809.9 mm in toluene)
were added, in which the total volume was 8.00 mL. Immediately after
mixing, five aliquots (0.5 mL–1.0 mL each) of the solutions were injected
into baked glass tubes. The reaction vials were sealed and placed in an
oil bath kept at 80 8C. In predetermined intervals, the polymerization was
terminated by cooling the reaction mixtures to �78 8C. Monomer conver-
sion was determined from the residual monomer measured by gas chro-
matography with n-octane as an internal standard. The quenched reac-
tion solutions were diluted with toluene, washed with water, and evapo-
rated to dryness to give the polymers, which were subsequently dried
overnight under vacuum at room temperature.

Measurement

The MWD, Mw, and Mw/Mn ratios of the polymers were measured by
SEC in chloroform at 40 8C on three linear-type polystyrene-gel columns
(Shodex K-805 L; pore size=20–1000 S, 8.0 mm i.d.N30 cm, flow rate=

1.0 mLmin�1) connected to a Jasco PU-980 precision pump and a Jasco
930-RI refractive index detector. The columns were calibrated against 11

Figure 9. Polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P-
ACHTUNGTRENNUNG(m-Tol)3/NH2 ACHTUNGTRENNUNG(CH2)4OH in toluene at 100 8C: [MMA]0=4.0m ; [H-
(MMA)2-Cl]0=40 mm ; [[RuCp*ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [P ACHTUNGTRENNUNG(m-Tol)3]0=

8.0 mm ; [NH2 ACHTUNGTRENNUNG(CH2)4OH]0=80 mm. Pictures are of PMMA solutions in
CHCl3 (3 wt%) after washing with a solution of HCl (0.1n) and water,
three times for each.

Chem. Asian J. 2008, 3, 1358 – 1364 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1363

Highly Active and Removable Ruthenium Catalysts



standard poly ACHTUNGTRENNUNG(MMA) samples (Polymer Laboratories, Mw=630–220000,
Mw/Mn=1.06–1.22). 1H NMR spectra of the obtained polymers were re-
corded in CDCl3 at 25 8C on a JEOL JNM-LA500 spectrometer operat-
ing at 500.16 MHz. Polymer samples for 1H NMR analysis were fractio-
nated by preparative SEC (column: Shodex K-2002).
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