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ABSTRACT: A series of pentamethylcyclopentadienyliron(Il) complexes, ligated by one carbonyl (CO)
and one phosphine [Cp*Fe(CO)(LP™%)Br; Cp* = CsMes; LP'®* = PPhs, PMePh,, PMe,Ph, P(im-tol)s, and
P(p-tol);], were employed for living radical polymerization. In conjunction with a bromide initiator
[H=(MMA),—Br], these Cp*Fe complexes catalyzed living radical polymerization of methyl methacrylate
(MMA) better controlled than those with the corresponding cyclopentadienyl (Cp) complexes
[CpFe(CO)(LPP)Br; Cp = CsHs]. The finer control was demonstrated by successful monomer-addition
experiments, a wider range of controllable molecular weight (M,, = 10*~10° or DP,, = 100—1000), and
narrower molecular weight distributions (M,,/M, ~ 1.2). FT-IR analysis of initiator—catalyst model
reactions showed that an efficient carbonyl release from the original coordinatively saturated 18e complex
into the unsaturated 16e form is important in the catalysis to generate a growing radical from the
initiator. The higher catalytic activity allowed controlled polymerizations of other monomers that are not
available for the Cp catalysts, such as methyl acrylate and a functional methacrylate with poly(ethylene

glycol) pendent group.

Introduction

Transition-metal-catalyzed living radical polymerization is
one of the powerful tools to prepare controlled polymeric
architectures for a wide variety of commodity as well as func-
tional monomers (Scheme 1).! In this system, a metal catalyst is
critical in controlling molecular weight and its distribution,
polymerization rate, and versatility in terms of monomers and
reaction conditions. The catalyst (Mt"; n = valence number)
activates the carbon—halogen bond in an initiator (R—X; X =
halogen) or in a dormant polymer terminal (~~C—X) via
homolytic cleavage to generate a carbon-centered growing
radical (R* or ~~C"), while undergoing one-electron oxida-
tion from Mt" to Mt""!. The radical species are capable of
initiating radical propagation, and after some growing steps
with monomers, they are capped with the halogen in the oxidized
catalyst (Mt""!), thereby to regenerate a dormant species and
the original lower valence-state complex (Mt"). Among transi-
tion metals, ruthenium (Ru)” and copper (Cu)® complexes are
highly active and induce not only living homopolymeriza-
tions but also random and block copolymerizations of many
monomers.

Iron complexes offer another class of transition metal catalysts
that are increasingly getting important: environmentally benign,
safe, less toxic, biocompatible, and abundant.* Since the first
successful report with FeCL(PPhs),,” the potency of divalent iron
(Fe') complexes in living radical polymerization has in fact been
demonstrated.®" !> However, as polymerization catalysts, iron
complexes are generally inferior to ruthenium and copper coun-
terparts, especially in terms of versatility and tolerance of polar
monomers and solvents.

*Corresponding authors. E-mail: ouchi@living.polym.kyoto-u.ac.jp
(M.O.), sawamoto@star.polym.kyoto-u.ac.jp (M.S.).
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To overcome these problems, a saturated (18-electron) half-
metallocene iron complexes would be promising for active cata-
lysts, if we follow our previous structural design for active ruthe-
nium-based vanguards [e.g., (Ind)RuCl(PPh;),”* and Cp*RuCl-
(PPhs),;*!' Ind (indenyl) = CyH; Cp* (pentamethylcyclopenta-
dienyl) = n-CsMes], whose metal belongs to group 8 as with iron.
The stronger electron donation from the multiple ligands would
enhance catalytic activity for the living radical polymerization
involving one electron redox. Most importantly, it has been
proposed that the saturated “18¢” complexes need to turn into
unsaturated “16e” forms via a ligand release to accept a halogen
on the activation process. The transformation should be one of
the most essential processes for superior catalysis or polymeriza-
tion control.?

We thus focused on 18e “heteroligated” cyclopentadienyl iron
complexes coordinated with a carbonyl (CO) and a phosphine
[CpFe(CO)(LP"%)Br; LP"* = phosphine] and expected that
either ligand would be selectively and smoothly released on the
activation.”® Because of the coordinatively saturated 18e struc-
ture and the robust coordination of a CO ligand, these catalysts
indeed turned out to be highly active in living radical polymer-
ization of methyl methacrylates (MMA) and, when isolated, to be
so stable as to be handled even under air at room temperature.
Once they encounter an initiator (R—Br) at 60 °C, however, they
immediately and irreversibly release the CO ligand to generate in
situ a real active catalyst [CpFe(LP"%)Br] that is active enough to
induce living radical polymerization of MMA. However, their
catalytic activity is insufficient to polymerize acrylates and polar
functional methacrylates.

In this work, therefore, we designed pentamethylcyclopen-
tadienyliron(IT) complexes [Cp*Fe''(CO)(LP"**)Br] with a simi-
lar carbonyl—phosphine heteroligation toward further improve-
ment of the Cp—iron catalyst family, i.e., to be more active, easier
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to handle, and more versatile and tolerant of functional mono-
mers. The design is in part based on ruthenium complexes that the
high electron ability of Cp* ligand enhances catalytic activity.*'*
Thus, a series of Cp*Fe(CO)(LP"*)Br were prepared by the
reactions of Cp*Fe(CO)zBr with phosphine under UV-irradia-
tion (Scheme 2).>> They accordingly showed better catalytic
performances in MMA polymerization than the CpFe catalysts
in terms of molecular weight control and sustained activity (up to
>90% conversion). More importantly, some Cp* complexes gave
controlled polymers even from methyl acrylate (MA) and a metha-
crylate (PEGMA) carrying a poly(ethylene glycol) pendent group.

Experimental Section

Materials. MMA (TCI; purity >99%) was dried overnight
over calcium chloride and purified by double distillation from
calcium hydride before use. MA (TCI; purity >99%) was dried
overnight over calcium chloride and purified by distillation from
calcium hydride before use. Poly(ethylene glycol) methyl metha-
crylate [PEGMA; CH,=CMeCO,(CH,CH,0),Me; Me =
CHj3; n = 8.5 on average] (Aldrich) and N,N'-dimethylaminoe-
thyl methacrylate (DMAEMA) (TCI; purity >98%) were of
commercial source and purified by passing through an inhibitor
removal column (Aldrich) and degassed by reduced pressure
before use.

The MMA dimer bromide [H—(MMA),—Br; H—(CH»-
CMeCO,Me),—Br] as an initiator was prepared according to
the literature.”® Cp,Fe,(CO),4 (Aldrich; purity >99%) and
Cp*,Fey(CO)4 (Azmax; purity >98%) were used as received
and handled in a glovebox (M. Braun Labmaster 130) under a
moisture- and oxygen-free argon atmosphere (H,O <1 ppm; O,
<1 ppm). Triphenylphosphine (PPhs: Aldrich, purity >99%),
methyldiphenylphosphine (PMePh,: Aldrich, purity >99%),
dimethylphenylphosphine (PMe,Ph: Aldrich, purity >97%),
tri-p-tolylphosphine [P(p-tol);: Wako, purity >98%], and tri-m-
tolylphosphine [P(m-tol);: Aldrich, purity >97%] were used as
received.

Toluene, THF, CH,Cl,, and n-hexane (Kishida Kagaku;
purity >99%) were passed through purification columns
(Solvent Dispensing System; Glass Contour) and bubbled with
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dry nitrogen for more than 15 min immediately before use.
CHCl; (Wako Chemicals, anhydrous; purity >99%) was
bubbled with dry nitrogen for more than 15 min immediately
before use. Cyclohexane (Wako, anhydrous) was used as re-
ceived. n-Octane (internal standard for gas chromatography)
and 1,2,3,4-tetrahydronaphthalene (tetralin; internal standard
for '"H NMR analysis) were dried over calcium chloride and
distilled twice from calcium hydride.

Catalyst Synthesis. CpFe(CO),Br?” and CpFe(CO)(PMe-
Ph,)Br*® were synthesized according to the literature. Cg*Fe-
(CO),Br was synthesized by the method of King et al.*® IR
(CHCl5): 2028, 1979 cm ~! »(CO). Anal. Caled for C,H;s-
BrFeO,: C, 44.08; H, 4.62; Br, 24.44. Found: C, 44.31; H, 4.45;
Br, 24.65.

A series of Cp*Fe(CO)(LP™%)Br were synthesized by the
method of Barras et al. as follows:*> A cyclohexane (100 mL)
and THF (7.0 mL) mixed solution of Cp*Fe(CO),Br (1.0 g, 3.06
mmol) and 1.5 equiv of phosphine [LP"** = PPh;, PMePh,,
PMe,Ph, P(m-tol);, or P(p-tol);] was magnetically stirred and
was irradiated under UV (Riko, UVL-400P; 400 W) at 25 °C for
4 h under dry argon. The solutions changed from rust to green
irrespective of phosphine employed. The reaction mixture was
evaporated, and then the residue was washed with n-hexane
(15 mL x 2). The residue was extracted in toluene (60 mL) and
filtered at 25 °C to remove precipitates, and the filtrate was
evaporated in vacuo to dryness to remove the solvent. The crude
product was dissolved in CH,Cl, (7.0 mL) and recrystallized by
gradual addition of n-hexane (60 mL), followed by standing at
—30 °C for 72 h. The supernatant solvent were removed by
a cannula with filter paper, and the crystal was washed with
n-hexane (2.0 mL x 2) and dried under vacuum. The complexes
were characterized by elemental analysis, IR spectroscopy at
room temperature in CHCl; on a JASCO FT/IR 4200, and
500 MHz "H NMR spectroscopy at room temperature in CDCly
on a Jeol INM-ECAS500 spectrometer.

Cp*Fe(CO)(PPh;)Br: isolated yield, 75%. "H NMR (ppm):
1.3—1.5 (m, 15H, Cp—CHs;), 7.3—7.6 (m, 15H, Ar—H). IR
(CHCly): 1931 cmf1 v(CO). Anal. Calcd for C29H30BrFeOP:
C, 62.06; H, 5.39; Br, 14.24. Found: C, 62.04; H, 5.32; Br, 14.31.

Cp*Fe(CO)(PMePh,)Br: isolated yield, 35%. 'H NMR
(ppm): 1.4—1.6 (m, 15H, Cp—CH3), 2.00 (d, 3H, P—CH,),
7.4—7.8 (m, 10H, Ar—H). IR (CHCI3): 1928 cm ™! »(CO). Anal.
Calcd for C,4H»3BrFeOP: C, 57.74; H, 5.65; Br, 16.01. Found:
C, 57.74; H, 5.54; Br, 16.14.

Cp*Fe(CO)(PMe,Ph)Br: isolated yield, 72%. 'H NMR
(ppm): 1.4—1.5 (m, 15H, Cp—CH;), 1.60 (d, 3H, P—CH;),
1.86 (d, 3H, P—CH3), 7.4—7.7 (m, 5H, Ar—H). IR (CHCI;):
1925 cm™! »(CO). Anal. Caled for C,9H,¢BrFeOP: C, 52.20; H,
6.00; Br, 18.28. Found: C, 52.01; H, 5.93; Br, 18.03.

Cp*Fe(CO)[P(m-tol);]Br: isolated yield, 70%. 'H NMR
(ppm): 1.3—1.5 (m, 15H, Cp—CHs3), 2.29 (m, 9H, Ph—CH3),
7.1=7.3 (m, 12H, Ar—H). IR (CHCI5): 1931 cm ™' #(CO). Anal.
Calcd for C3,H34BrFeOP: C, 63.70; H, 6.01; Br, 13.24. Found:
C, 64.56; H, 5.95; Br, 12.58.

Cp*Fe(CO)[P(p-tol);]Br: isolated yield, 67%. 'H NMR
(ppm): 1.2—1.3 (m, 15H, Cp—CH3), 2.31 (m, 9H, Ph—CH3),
7.1-7.4 (m, 12H, Ar—H). IR (CHCI5): 1930 cm ™' #(CO). Anal.
Calcd for C3,H34BrFeOP: C, 63.70; H, 6.01; Br, 13.24. Found:
C, 62.57; H, 5.84; Br, 16.11.

Polymerization Procedures. Polymerization was carried out
by the syringe technique under dry argon in baked glass tubes
equipped with a three-way stopcock or in sealed glass vials.
A typical procedure for MMA polymerization with H—
(MMA),—Br/Cp*Fe(CO)(PMePh,)Br was as follows. In a 50
mL round-bottom flask Cp*Fe(CO)(PMePh,)Br (25.0 mg, 0.05
mmol), toluene (2.23 mL), n-octane (0.27 mL), MMA (2.14 mL,
20 mmol), and H—-(MMA),—Br (0.36 mL of 553.4 mM in
toluene, 0.20 mmol) were added sequentially under dry argon
at room temperature where the total volume of reaction mixture
was thus 5.0 mL. Immediately after mixing, aliquots (0.80 mL
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each) of the solution were injected into glass tubes which were
then sealed (except when a stopcock was used) and placed in
an oil bath kept at desired temperature. In predetermined
intervals, the polymerization was terminated by cooling the
reaction mixtures to —78 °C. Monomer conversion was deter-
mined from the concentration of residual monomer measured
by gas chromatography with n-octane as an internal standard.
The quenched reaction solutions were diluted with toluene (ca.
20 mL), washed with water three times, and evaporated to
dryness to give the products that were subsequently dried over-
night under vacuum at room temperature.

For MA, the same procedures as descried above were applied,
and for PEGMA, the same procedures as described above were
applied except that monomer conversion was determined by 'H
NMR from the integrated peak area of the olefinic protons of
the monomers with tetralin as internal standard. The products
were similarly isolated but without washing with water because
of their hydrophilicity.

Measurements. For poly(MMA) and poly(MA), M, and M,/
M, were measured by size-exclusion chromatography (SEC) in
chloroform at 40 °C on three polystyrene gel columns [Shodex K-
805 L (pore size: 20—1000 A; 8.0 mm i.d. x 30 cm); flow rate, 1.0
mL/min] connected to a Jasco PU-980 precision pump, a Jasco 930-
RI refractive index detector, and a Jasco 970-UV ultraviolet
detector. The columns were calibrated against 13 standard poly-
(MMA) samples (Polymer Laboratories; M,,=630—1200 000, M,/
M, = 1.06—1.22) as well as the monomer. For poly(PEGMA),
DMF containing 10 mM LiBr was applied as an eluent.

Cyclic voltammograms were recorded by using a Hokuto Denko
HZ-3000 apparatus. A typical procedure is as follows: Cp*Fe-
(CO)(PMePh,)Br (17.5 mg, 0.035 mmol) was dissolved into a
100 mM solution of n-BuyNPF (supporting electrolyte) in CH,Cl-
CH,Cl (7.0 mL) under dry argon in a baked glass tube equipped
with a three-way stopcock. Voltammograms were recorded under
argonat ascanrate 0.1 Vs~ ! in a three-electrode cell equipped with
a platinum disk as a working electrode, a platinum wire as a counter
electrode, and an Ag/AgCl electrode as a reference.

FT-IR spectra of the Cp*Fe complexes were recorded by
using a JASCO FT/IR 4200. The sample was prepared that
Cp*Fe(CO)(PMePh,)Br (2.5 mg, 5.0 x 107° mmol), H—
(MMA),—Br (5.6 mg, 0.020 mmol), and toluene (1.0 mL) were
added into the baked glass tube equipped with a three-way
stopcock under dry argon. After mixing at 60 °C for 8 h, the
solvent was evaporated. The residue was dissolved in degassed
CHCIl; and purged in the sealed liquid KBr cell where the
thickness was 0.1 mm. Measurements were carried out under
an inert atmosphere.

Results and Discussion

Ligand Effects on the Catalytic Performance of Cp*Fe-
(CO)(LP"%)Br. To investigate the effects of the phosphine
ligands in heteroligation, we first employed a series of Cp*-
Fe(CO)(LP"*)Br [LP"* = PPh;, PMePh,, PMe,Ph, P(m-
tol)s, and P(p-tol);] and their common dicarbonyl precursor
[Cp*Fe(CO),Br] for living radical polymerization of MMA
in toluene at 60 °C ((MMA]y/[H—(MMA),—Br]o/[iron com-
plex]o = 4000/40/10 mM) (Figure 1). All the heteroligated
complexes induced smooth polymerization, and monomer
conversion reached over 90% within 48 h (Figure 1A). The
molecular weights of the obtained PMM As were increased in
direct proportion to monomer conversion and were close to
the calculated values assuming that one initiator produced
one polymer chain (Figure 1B). After the polymerizations,
the brown color, derived from the catalyst, was disappeared
to be transparent by water washing, indicating “catalyst
removal” possible. On the other hand, the dicarbonyl ver-
sion resulted in a slower polymerization, a limited con-
version (~50%), and poorly controlled molecular weight
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Figure 1. Ligand effects of Cp*Fe(CO)(LP"**)Br on living radical poly-
merization of MMA with H-(MMA),—Br in toluene at 60 °C:
[MMA], = 4000 mM; [H—(MMA),—Br], = 40 mM; [Cp*Fe(CO)-
(LPP%)Br]y = 10 mM. Ligand: CO (O); PPh; (a); P(p-tol); (O); P(m-
tol); (®); PMePh,(a); PMe,Ph (H). (A) Time—conversion plots. (B)
Conversion—M,, plots. (C) SEC curves.

distributions MWDs; M,/M, > 2). In this case, the catalyst
color was not disappeared via the water-washing procedure
after the polymerization. Thus, the heteroligated complexes
were more active and better catalysts.

Within the Cp*Fe family, polymerization rate was depen-
dent on the phosphine ligands: P(p-tol); ~ P(m-tol); ~
PMePh, > PPh; > PMe,Ph. This would be linked to the
structural conversion of the saturated 18e complex into the
corresponding unsaturated 16e variant upon the halogen
abstraction from the dormant carbon—halogen terminal, as
demonstrated for CpFe(CO)(LP"*)Br.>?

Model Reactions with Dormant End Model. Thus, model
reactions of the Cp*Fe catalysts with the initiator [H—
(MMA),—Br] at the polymerization temperature (60 °C)
were analyzed by monitoring changes in the carbonyl ligands
by FT-IR; H-(MMA),—Br was considered as the smallest
homologue of the dormant PMMA species capped with
bromine. Figure 2 shows IR spectra (1600—2200 cm™ ' region)
of a catalyst—initiator equimolar mixture before (upper) and
after (down) the reactions. The peaks at around 1900—
2000 cm ™! are derived from the C=O0 stretching of the ligand
and those around 1730 cm ™! from the ester C=0 in the initiator.

Notably, upon mixing with the dormant model, the car-
bonyl signals of all Cp*Fe(CO)(LP"**)Br catalysts but the
PMe,Ph derivative almost disappeared (Figure 2A—D), sug-
gesting conversion of the saturated and heteroligated 18e
complexes into carbonyl-free unsaturated 16e complexes
Cp*Fe(LP"%)Br.

The same model systems were also analyzed by *'P NMR
spectroscopy to see the phosphine coordination status. Even
after mixing with the dormant model, the signals of the
phosphine ligands remained unchanged regardless of the
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Figure 3. Comparisons between CpFe(CO)(LPP%)Br and Cp*FeBr(CO)(LP"**)Br on living radical polymerization of MMA with H—(MMA),—Br in
toluene at 60 °C: [MMA], = 4000 mM; [H—(MMA),—Br], = 40 mM; [iron catalyst], = 10 mM. Iron catalyst: CpFe(CO)(PPh;)Br (O); CpFe(CO)-
[P(m-tol);]Br (2); CpFe(CO)(PMePh,)Br (O); Cp*Fe(CO)(PPh3)Br (®); Cp*Fe(CO)[P(m-tol);|Br (a); Cp*Fe(CO)(PMePh,)Br (H).

phosphine structures, and no peaks indicative of free phos-
phines were observed, either, all excluding the possible
phosphine rather than carbonyl elimination.

With a vacant site for halogen extraction from the dormant
end (~~C—Br) now available, the 16e complexes would be real
“active” catalysts for living radical polymerization, as recently
observed with CpFe(CO)(LP'®)Br catalysts.”> Comparison
with similar model reactions for the CpFe family indicates
that the 18e—16e conversion apparently occurs faster with the
Cp*Fe derivatives, which accounts for the faster polymeriza-
tions and the narrower MWDs with these catalysts.

In contrast, the C=0 peak for the PMe,Ph complex ob-
viously remained intact after the reaction (Figure 2E), suggest-
ing a slow carbonyl release and thereby a slow transformation
into the 16e complex. This is consistent with the slower
polymerization and the broader MWDs (especially at the
initial stage) observed with this catalyst (Figure 1A,C).

Specifically for the triphenylphosphine-based complexes
[LPRS = PPhs, P(p-tol)s, P(m-tol)s], two minor peaks newly

emerged at higher wave numbers (1980 and 2030 cm™ ') upon
the disappearance of the carbonyl 1900—2000 cm ™' bands,
and the positions of the new signals were exactly the same as
for the dicarbonyl complex [Cp*Fe(CO),Br] (Figure 2A—C).
Such byproduct did not form from similar CpFe complexes or
from Cp*Fe(CO)(PMePh,)Br. Given the poor catalytic per-
formance of the dicarbonyl complex (see above and Figure 1),
however, the real active catalysts should be the in situ formed
carbonyl-free 16e complexes [Cp*Fe(LP"*)Br]. The role of the
dicarbonyl complex is under investigation, but it might con-
tribute to the deactivation process (radical—halogen coupling)
because the polymer MWDs at the final conversions were
obviously narrower than that with Cp*Fe(CO)(PMePh,)Br,
which did not give the dicarbonyl complex.

Comparison with Cp-Based Complexes. Let us focus on the
difference between the Cp- and the Cp*-based complexes
[(Z)Fe(CO)(LP™%)Br; Z = Cp, Cp*] in the catalysis for
MMA polymerization. Figure 3 shows conversion—AM,
plots and SEC curves at around 90% conversion for the
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Table 1. Cyclic Voltammetry Analyses of CpFe(CO)(LP"%)Br and

Cp*Fe(CO)(LP"*)Br*
ligand Epy (V) Epe (V) Ein(V)  AE(V)
PPh; Cp 0.90 0.72 0.81 0.18
Cp* 0.63 0.46 0.55 0.18
P(m-tol)s Cp 0.83 0.65 0.74 0.18
Cp* 0.62 0.40 0.51 0.22
PMePh, Cp 0.88 0.71 0.79 0.17
Cp* 0.63 0.44 0.53 0.19

“[Iron complex]y = 5mM, [n-BuyNPF¢], = 100 mM in CH,CICH,Cl
at 25°C. Eyjp = (Epy + Epo)/2, AE = Epy — Epe.

3.0
T T T M,
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11200
(1.12)

1.0 T T T
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Figure 4. Monomer-addition experiment in the polymerization of
MMA with H-=(MMA),—Br/Cp*Fe(CO)[P(m-tol);]Br in toluene at
60 °C: [MMA]y = [MMA],q¢ = 4000 mM; [H—(MMA),—Br], = 40
mM; [Cp*Fe(CO)[P(m-tol);]Br]y = 4.0 mM.

polymerizations with both catalyst series carrying PPhs,
P(m-tol);, and PMePh,. There was little difference in overall
polymerization rate (i.e., time to reach ~90% conversion)
between the two categories with the same phosphine ligand.
On the other hand, polymer MWDs were obviously nar-
rower, and molecular weights better controlled (closer to the
calculated), for the Cp* complexes, especially with PPhz and
P(m-tol);. From these results, the Cp* complexes catalyzed a
faster reversible activation between dormant and active
species with a higher initiating efficiency.

The contribution of Cp* as a conjugated electron-donat-
ing group was indeed supported by the lower redox poten-
tials measured by cyclic voltammetry (CV) (Table 1). The
half-wave oxidation potentials (£} ») are invariably lower for
Cp* by > 0.2V for three phosphine ligands. Within the Cp or
Cp* families, the oxidation potential also depended on the
phosphine ligands, and the observed order PPhy > PMePh,
> P(m-tol);, though not very significant, agrees with the rate
order in MMA polymerization (see above and Figure 1).

High Catalytic Activity and Controllability. To demon-
strate the high catalytic activity and controllability of
Cp*Fe(CO)(LP")Br, we performed a monomer-addition
experiment with the m-tolyl—phosphine complex [LP'* =
P(m-tol);]. When a conversion reached around 90% in the
polymerization of MMA, a fresh MMA was added to the
polymerization solution. Even in the second phase, MMA
was smoothly consumed to give an additional 85% conver-
sion (total 175% relative to the first feed) (Figure 4). Beyond
the second monomer addition, molecular weight increased in
direct proportion with conversion, and the SEC (MWD)
curves shifted to higher molecular weight keeping narrow
distributions (M /M, = 1.16), although a slight tailing was
detected. As a concurrent addition of the catalyst was not
required, the catalytic activity seemed to be kept during the
second-stage polymerization.

The high catalytic activity of Cp*Fe(CO)[P(m-tol);]Br
encouraged us to synthesize higher molecular weight poly-
mers with narrow MWDs. We thus varied the monomer/
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Figure 5. Synthesis of high molecular weight PMMA targeted 100-mer
(A), 200-mer (B), 400-mer (C), and 1000-mer (D) with H—-(MMA),—
Br/Cp*Fe(CO)[P(m-tol);]Br in toluene at 60 °C: [MMA]y/[H—
(MMA),—Br]o/[Cp*Fe(CO)[P(m-tol);]Br], = 4000/40/10 mM (A),
4000/20/4.0 mM (B), 4000/10/2.0 mM (C), and 5000/5.0/1.0 mM (D).

initiator feed ratio from 100 through 400 to 1000, targeting
M, up to 10° at 100% conversion (Figure 5). Under all these
conditions, conversion reached over 90%, and the molecular
weights invariably agreed well with the calculated values
based on the feed ratio and conversion, keeping fairly narrow
MWDs (M,/M, < 1.4). These results demonstrate a high
catalytic activity or a high turnover frequency of the Cp*Fe
catalyst.

Polymerization of Functional Monomers. The higher cata-
lytic activity of the Cp* catalysts also promised application
for other monomers, especially functional monomers. We
then addressed a polymerization of a methacrylate
(PEGMA) carrying a poly(ethylene glycol) pendant, one of
the popular functional monomers. Figure 6 shows a compar-
ison of the PEGMA polymerizations with Cp*Fe(CO)-
(PMePh,)Br and CpFe(CO)(PMePh,)Br. The Cp catalyst
gave a decelerated polymerization with a limited conversion
(~70%), whereas the Cp* derivative induced an almost
quantitative polymerization (conversion >90%). More-
over, the latter produced better-controlled polymers with
narrower MWDs [M,/M,, = 1.29 (Cp*) vs 1.51 (Cp)]. Thus,
the enhancement of electron density by the Cp* ligand was
found to improve catalytic activity for a functional mono-
mer.

However, this catalyst was still insufficient for an amine-
containing monomer, N,N'-dimethylaminoethyl methacry-
late (DMAEMA), for which polymer MWD was much
broader, though conversion reached high (>90%) in 25 h.
The interaction of the amino moiety with the catalyst would
disrupt the equilibrium balance between dormant and active
species. Further ligand design is required for such functional
monomers with higher polarity and coordinating nature.

Given the catalytic activity of Cp*Fe(CO)(PMePh,)Br for
PEGMA, a sequential block copolymerization of MMA and
PEGMA was performed with H—(MMA),—Br (Figure 7).
MMA (100 equiv to initiator) was first polymerized in
conjunction in toluene at 60 °C. When MMA conversion
reached 80% in 25 h, PEGMA (50 equiv) and an additional
feed of the catalyst (2.0 mM) were added into the reaction
mixture. The added PEGMA was smoothly consumed, and
its conversion reached around 80% within 48 h (total 72 h).
SEC curves shifted to higher molecular weight, indicative of
long-lived growing species, but small shoulders were seen on
both sides of the main peak, probably due to dead and
coupling polymers.

Polymerization of MA. As reported in our previous paper,
a heteroligated Cp-based complex [CpFe(CO)(PMePh,)Br]
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Figure 6. Comparisons between CpFe(CO)(PMePh,)Br and Cp*Fe(CO)(PMePh,)Br on living radical polymerization of PEGMA with H—
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Figure 8. Polymerization of MA with H—(MMA),—Br/Cp*Fe(CO)-
(LPP%)Br in toluene at 80 °C: [MA], = 4000 mM; [H—(MMA),—
Br]y = 40 mM; [Cp*Fe(CO)(LP"%)Br]y = 10 mM. Cp*Fe(CO)(LP")-
Br: (A) Cp*Fe(CO)[P(m-tol)s]Br; (B) Cp*Fe(CO)[P(p-tol);]Br; (C)
Cp*Fe(CO)(PPh;)Br; (D) Cp*Fe(CO)(PMePh,)Br.

that is effective for MMA (My/M,, ~ 1.3) is less active and
cannot control polymerization of MA (M,,/M, > 2).** For
MA, the growing radical is inherently reactive, and thus a
faster halogen-capping (deactivation) would be particularly
significant. Additionally, the less bulky monomer possibly
interacts with the catalyst and thereby disrupts the ligand
configuration to interfere catalytic performance. From these
viewpoints, the Cp*Fe derivatives were promising, relative
to the CpFe, because of their lower redox potential and the
more bulky structure.

Thus, MA was polymerized with four Cp*Fe(CO)(LP"*)Br
catalysts [LPP® = PPhs, PMePh,, P(m-tol)s, P(p-tol)s] in con-
junction with H—(MMA),—Br in toluene at 80 °C ([MA]y/
[initiator]g/[catalyst], = 4000/40/10 mM) (Figure 8). With
P(m-tol); and P(p-tol); ligands, fairly narrow MWDs and
molecular weight increase were observed, although the poly-
merizations markedly slowed down at a limited conversion
(~60%) (Figure 8a,b). On the other hand, the PPh; or
PMePh, complexes gave uncontrolled polymers (Figure 8c,
d). These results show that, with bulkier and more electron-
donating Cp* and phosphine ligands, Cp*Fe(CO)(L)Br is
relatively effective for MA polymerization but that further
ligand design might improve its catalytic performance for
acrylates.

Conclusions

A series of heteroligated Cp*Fe(II) complexes with carbonyl
and phosphine ligands [Cp*Fe(CO)(LP"**)Br; LP'* = PPhs,
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PMePh,, PMe,Ph, P(m-tol);, P(p-tol);] were found to be active
catalysts for living radical polymerizations of MMA, MA,
and a PEG-functionalized methacrylate (PEGMA). Importantly,
the introduction of the Cp* ligand, relative to Cp, allowed a
better polymerization control for a functional methacrylate
(PEGMA) and acrylate (MA). FT-IR analysis on model
reactions revealed a fast carbonyl release that transforms the
original 18e complex [Cp*Fe(CO)(LP"%)Br] into an unsaturated
16¢ form [Cp*Fe(LP"**)Br], most probably acting a true “active”
catalyst with a high turnover frequency in the dormant—active
equilibrium.

Such an in situ transformation of a stable precursor into a true
“active” catalyst would be useful for actual applications. We
have also tried to prepare the 18e diphosphine Cp* com-
plexes [Cp*Fe(LP"),Br], which likely turn into the same 16e
intermediate [Cp*Fe(LP™)Br] during the polymerization.
However, they were rather impractical because the starting
complexes are too unstable to be isolated. As another way
for such an in situ generation of the intermediate catalyst, we
have found that a direct usage of 18e dicarbonyl iron complex
with pentaphenylcyclopentadienyl ligand [(CsPhs)Fe(CO),] in
the presence of a phosphine ligand was also available for the
living radical polymerization. This will be presented in the
immediate future.
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