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ABSTRACT: In this article, we report the evolved system of iron-complex-catalyzed living radical polymerization
of methyl methacrylate (MMA), through design of the ligand, combination of the halogen in the initiator/catalyst,
and optimization of the polymerization conditions, toward improvement of the activity and the polymerization-
controllability with the applicable catalysts. Introduction of the more basic ligands such as PMaBaHhpn-

Busz in place of PPk in the conventional iron catalyst [FefPPh),; X = CI, Br] improved the catalytic
performances such as the activity/controllability. In particular, the butylphosphine bromide derivativg(lfFeBr
n-Bug),] in conjunction with a bromide initiator [(MMAgBr] allowed a faster and more precise polymerization,
where the conversion reached over 90% without serious deactivation and the molecular weights and their
distributions of the obtained PMMAs were fairly controlledl{/M, = 1.2—1.3). The high efficiency of the
system was demonstrated by the successful monomer-addition experiment and block copolymerization with buthyl
methacrylate (BMA).

Introduction Scheme 1. Transition-Metal-Catalyzed Living Radical

. . . o Polymerization
Transition metal-catalyzed living radical polymerization has Y

come in most feasible and useful method for synthesis of well- Mono,:;er
defined polymerd.The pivotal mechanism is reversible and Catalyst =, R Monomer
homolytic activation of carbonhalogen bond (€X) by a R'-X <=_R" xm™! R, R_CHZ_(':_X —
transition metal complex (W) as a catalyst (Scheme 1). Here, Initiator -M" ||22 m"
the catalyst in low oxidated state extracts a halogen (leaving
group) from a carborhalogen bond in initiator or polymer '}3 Mn ']?3
chain end through undergoing oxidation (one electron release R‘WNW‘”CHz-(l?—X — R1WWVWCH2-(|3' XM
from catalyst) to give an “activated” carbon radical. During this R? R2

Dormant Species Active / Radical Species

activation, the radical species repeat an attack to double bonds
of a few monomers to propagate a polymer chain. Then, the
oxidized complex returns a halogen to the terminal to give a
“dormant” carbor-halogen bond, where it is reduced to be an

original complex. Now it is well recognized that the living . o - . 5

radical polymerization proceeds by repeating this catalytic cycle. rSa}d|ca:hpoIf)_/rrclj§nzat|on was first otl)servehd W'tg F,@(@Pr@)zt. 2 ith

Importantly, for living-fashion, fast equilibrium between dor- Ince this finding, SOME Iron COMPIEXES have been reported wi
various ligands: nitorogen-based multidentate ligaidsy-

mant and activated species is required to reduce the concentra—I tadi C ; vl cvl tadi c
tion of radical species leading to prevent from side reaction such ¢lopenta |enef _( P pentametnyl Cy osﬁeq adiene (. p*:)
as coupling/disproportionation. The catalyst should be a most |m:daz?él.dgne’iéjsopzthal!g ellckcfﬁ d';lm'gﬁ‘ ddnrglnopyrldlfnti,

important player and hence a variety of complexes with various salicyaldimingld; and pyridylpnosphin€. indeed, Some o them

central metals such as ruthenidrappper iron 5 nickel$ etc. demonstrated acceptable activity or controllability; however they

have been developed through ligand design according to themight _pe less appropriate with respect to cpntrollability,
metal for more effective living radical polymerization system. versatility of monomers, and tolerance to functional groups,

Recently, attempts have been also made to develop WorkableeSpeCia”y compared to ruthenium or copper complexes. As seen

AR . .
catalysts because of growing interests in practical application. N the early work on the topit; an mtroduc_t|0n of appropriate
For example, high activity/efficiency, easy removability from ligands should lead to more efficient/functional catalytic system

products, and economic features have been desirable as well ag‘"tl? an LLon'b%SEdk compcllex. it ted luti §FeX
high controllability of polymerization. In these views, an iron- rom these backgrounds, we attempted an evolution oy-e

(PRs)2-based complex through design of phosphinesjRRd
halogen (X), to develop effective iron catalysts for living radical
polymerization (Chartl). As mentioned above, some groups have

based complex should be a potential candidate because the metal
is more harmless for humans and richer in natural resources on
earth than others. The catalysis of an iron complex in living
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Chart 1. Structures of Catalyst, Initiator, and Monomer in This 1: FeCly(PMePh,),
Conv. M,
Work 100 T (Time) MM,
Catalyst I X! Initiator I Monomerl FeCl,(PPh,), 1: FeCly(PMePh,),
i i 91% 14,300
Fe' CH CH CH < (13 h) (1.61)
X \PRg s re, [ =
PR, CH3-([:—CH2-(I:—X CH2=C|2 i FeCly(PPhs),
1 (X" = Cl, PRy = PMePh,) ([:=o c=0 <|:=o £ 50 " RuCly(PPhg); 7| 94% 10,100
2 (X" =Br, PRy = PPhy) OCH; OCHj OCH; g (49 h) (142)
3 (X' = Br, PR; = PMePh © 1 RuCl,(PPhj)
a :x‘ - Br, PR, = Pn-Bu ;) (MMA);-X? (X* = C1, Br) MMA o6% 17,000
It (367 h) (2.34)
i . . . 0F L L T T T
polymerization behavior. The catalytic performance apparently 0 50 100 10° 0% 10°

. L i Time, h Mw
depended on the ligands and other polymerization conditions; _. 'm_e . ) .
Figure 1. Polymerization of MMA with (MMA)Cl/catalyst in toluene

a bromide complex with butyphosphine [Fe@tn-Bus),] £80°C: IMMAT . = 2.0 M: [(MMA)-Cllo = 20 mM: [Catalyst) =
exhibited higher activity, where the conversion reached 90% ?o mM. [ lo=20M [ )Clo mM; [Catalysty

in only 5 h even without additives. The butyphosphine catalyst
also permitted successful monomer addition for further chain- Kyowaad-2000G-7 (Mg-Al .40+ 19; Kyowa Chemical] to remove

extension and quantitative block copolymerization withutyl the metal-containing residues. After the absorbent was separated
methacrylate (BMA), which indicates the high controllability by filtation (Whatman 113V), the filtrate was washed with water
of this catalyst. and evaporated to dryness to give the products, which were
subsequently dried overnight under vacuum at room temperature.
Experimental Section Measurements. The MWD, M,, and M,/M, ratios of the

Materials. MMA (Tokyo Kasei; >99%) and BMA (Tokyo polymers were measured by SEC in chloroform af@0on thre_e
Kasei; >99%) were purified by reduced distillation with calcium IzlréeizairétggeApoéygtyr;?g gel ng’mrr:f (ﬂShodre>t< ES&)%L,rﬁBrne]_?ze
hydride after drying overnight over calcium chloride. Iron halides P 1.d. x cm, flow rate= L. in)
(FeCh, FeBp, Aldrich; >98%) and phosphines [Aldrich; PRk connegteq to a Jasco PU-980 precision pump gnd a JaschSO-RI
99% I‘D(MePbg > 99% P(-Bu)s > 97%] were used as received.  efractive index detector. The columns were calibrated against 11
The initiators [[MMA)CI,” (MMA) ,Br8] were prepared according Z?ggggq,\ﬂo/%w?osénipg (1IP—|OINym;r Labotratorfllfﬁ; - S?O_ d
to literature. Toluene (Kishida Kagake;99.5%) was purified by | e recorded C)Dg}it 25°Cspe?lirzaoi JN‘IS\/IOLA?E;IBS
passage through purification column (“Seca Solvent System” polymers were recorded in on y

manufactured by Glass Contour Co.) before use. An internal Eﬁ%trevrgfge;rggfggg{]egdaé 50?;2&':2 Zgém(igfﬂplegﬁgéex

standard for gas chromatographypctane (Wako,>99%), was K-2002) y prep umn.

dried overnight over calcium chloride, distilled twice over calcium :

hydride, and handled with dry nitrogen for more than 15 min before

use. Catalysts were handled in a groove box (M. Braun Labmaster

130) under a moisture-free and oxygen-free atmosphes® H1 More Active Iron Catalyst: FeCl(PMePh),. One of the

ppm; & < 1 ppm). effective strategies to enhance catalytic activity in living radical
Preparation of Fe Complexes.FeXy(PRs), was prepared by  polymerization should be an elevation of an electron density of

stirring a mixture of FeX and the corresponding RBRn reflux central metal through the attached ligands, since the catalyst

benzene or THF under dry nitrogen for-3 h according to the gives one electron to the dormant polymer chain to activate the

literature? FeXoP(MePh), [X = CI (1), Br (3)] and FeBp(PPh), . )
(2) were recrystallized from the reaction mixture and washed by terminal bond. Actually, some ruthenium-based catalysts have

Results and Discussion

n-hexane three times. Only for FeBP-n-Bus), (4) was recrystal-  P€en evolved to active catalysts according to this stratedy.
lization difficult because of the sticky shape. All the complexes From this finding, we first attempted a new iron catalyst [ReCl
were characterized by elemental analysis. (PMePh);], where a more basic phosphine (PMgPhwas
FeCh(PMePh), (1). Anal. Calcd for GgHp6Clo.FeR: C, 59.24; installed in place of PRhof a conventional catalyst [Fe£l
H, 4.97; Cl, 13.45. Found: C, 58.28; H, 4.79; Cl, 13.39. (PPh)].
FeBr(PPh), (2). Anal. Calcd for GeHzoBr.FeR: C, 58.41; H, The methyl diphenyl phosphine catalyst was employed for
4.09; Br, 21.59. Found: C, 58.34; H, 4.11; Br, 21.68. polymerization of MMA in conjunction with (MMA)CI as an
FeBr(PMePh), (3). Anal. Calcd for GeHzeBrFeR: C, 50.69; initiator without an additive in toluene at 80C ([MMA] o
H, 4.25; Br, 25.94. Found: C, 50.60; H, 4.27; Br, 25.80. [((MMA) ,Cl]/[FeCLPMePh]o = 2000/20/10 mM). As shown

FeBr(Pn-Bus), (4). Anal. Calcd for G4HsBrFeR: C, 46.47,

H. 8.77: Br, 25.76. Found: C. 44.52: H. 8.46: Br. 24.85. in Figure 1, this catalyst led to smooth MMA polymerization

) o
Polymerization Procedures.Polymerization was carried out by and the conversion reached 91% in only 13 h. Importantly, the

the svringe technigue under drv araon in baked and sealed glasd &t€ IS clearly larger than the conventional iron catalyst [EeCl
vials.yA gtypical gxample for ypol;glmerization of MMA witk? (PPh)z]>2as well as ruthenium derivative [RuqPPH)s] under
(MMA) ,Br/FeBr(P-Bus), is given. In a 50 mL round-bottomed  the none-additive condition, which would indicate that enhanced
flask was placed FeB{P-n-Bus), (19.4 mg, 0.031 mmol), toluene  ligand-basicity allows higher activity, and iron complexes are
(3.52 mL),n-octane (0.39 mL), MMA (3.34 mL, 31.2 mmol), and  potentially active catalysts. However, under the condition with
a solution of (MMA)Br (0.53 mL of 590.4 mM in toluene) atroom  the chlorine initiator, the prepared polymers were not so
temperature, where the total volume was 7.8 mL. Immediately after controlled with broader molecular weight distributiond,{M,
mjxingafiy? alti)qllj(ot; ((|).5 mtl_—é.o m_ll__heach) (zf the splltjtions were o 1.7-2.0).

injected into baked glass tubes. The reaction vaials were seale "
arlld placed in an oil t?ath kept at 8Q. In predetermined intervals, . .Ef'fects .Of Halogens n Inltlator/Cg talyst. In metal-cata!yzed
the polymerization was terminated by cooling the reaction mixtures I|V|ng radical polymerlzatmn, ch0|_ce_3_of halogen SPecies as a
to —78°C. Monomer conversion was determined from the residual '€aving group derived from an initiator or a catalyst is a
monomer measured by gas Chromatography \withctane as an dominant factor to achieve controlled pOlymerlzatlon accord|ng
internal standard. The quenched reaction solutions were diluted withto monomer and catalyst. Then, to improve the controllability,
toluene and rigorously shaken with a solid, porous absorbent effects of leaving groups—Cl vs —Br) were examined with
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2.0 T T T Conv. M, Conv. My
< T 1 (Time) (My/My) o B(T)ir?:; (My/Mp)
£, 5 4 xx? f-5us
§1'5 T ci(ayc 89% 12,000
i 1 97% 14,700 e (47 h) (1.27)
1.0 . L . (21 h) (1.71) % P(MePha, (3)
15 T T ° eFhz)s
FeX,(PMePhs), /A/‘ Br(3)/CI 2 82% 10,300
L (MMA) X 1 92% 10,800 2 (75 h) (1.39)
(7 h) (2.18) 8 PPhy (2)
3
o 10F 7oA eiayer FeBr,(PR;), 77% 8,000
% I 7 Caled]  91% 11100 i | [C:-:talyt]o _.4 mM (21 h) (1.30)
s ©h) (1.45) 0 50 100 10° 10° 10°
sk x'x? Time, h MW
2 A CI()CI Br(3)/Br ) L . .
| ®:Br(3)Cl | gy, 11,400 Figure 4. Polymerization of MMA with (MMA)Br/FeBr(PRs), in
éi g'(;)/IBB' (12 h) (1.31) toluene at 80C: [MMA] o = 4.0 M, [(MMA),Br]o = 40 mM; [FeBk-
o , | O Br3yer : , : (PR):]lo = 4.0 mM. @) FeBi(P-Bus); (4); (a) FeBr(PMePh), (3);
0 50 100 10° 10% 10° (W) FeBr(PPh): (2).
Conversion, % Mw
Figure 2. Effects of halogen-combination in catalyst [FefPMePh),: 15 - | ' ((1:.?':;) (M”/"‘M )
X! = Cl, Br] and initiator [(MMA),X% X2 = Cl, Br] for polymer- ©.0: 80°C W
ization of MMA in toluene at 80C: [MMA] o = 4.0 M; [(MMA) 2X?]o LA 60 °C A ‘;"1;‘: 12.800
= 40 mM; [FeX,(PMePh);]o = 10 mM. ol WmO:40°C (55 ,':) ’
Conv. M, T? <
100 (Time) (MyiM,) x T ~Caled | &
P(n-Bu); (4) s
90% 15,400 5r 128
- (5 h) (1.42) X 2.0 80°C
S P(MePhy); (3) ‘ 11.5 (47 h)
® 50 90% 11,400 0 . I : 1.0 : , ,
2 (12 h) (1.31) 0 50 100 10° 104 10°
§ Conversion, % MW
PPh; (2 . - -
FeBry(PR;3), ;;o/: 12.800 Figure 5. Effects of temperature on polymerization of MMA with
[Catalyt], = 10 mM (51 h) (2’.34) (MMA) ;Br/4 in toluene: [MMA]o = 4.0 M, [(MMA) :Br]o = 40 mM;
[4]o = 4.0 mM. @, O) 80 °C; (a, A) 60 °C; (m, OI) 40 °C.

0 1 I L 1 L T T T
0 5 10 15 105 104 103

Time, h Mw
Figure 3. Polymerization of MMA with (MMA),Br/FeBr(PRs), in

these, where the conversion reached 90% in only 5 h. However,
the controllability with every catalyst was worse to give broader

toluene at 80C: [MMA] o= 4.0 M, [(MMA),Br]o = 40 mM:; [FeB- MWD. , N

(PRy)z]o = 10 mM. @) FeBr(P-n-Bus), (4); (a) FeBr(PMePh), (3); Then, we attempted to improve the controllability by decreas-

(W) FeBir(PPh); (2). ing the catalyst concentration from 10 to 4 mM (Figure 4).
Triphenyl phosphine2) and methyl diphenyl phosphine)(

four combinations of two initiators [(MMA)X: X = ClI, Br] derivatives obviously resulted in stagnation of the conversions

and two catalysts [FeXPMePh),: X = ClI (1), Br (3)]. Figure at around 80%. In contrast, the butylphosphine badgdlipowed

2 shows the plots of the number-averaged molecular weightto keep the activity even at later stage and to reach higher
(Mp) and molecular weight distributionM,/My) against the conversion £ 90%), although the total rate was decreased.
MMA-conversion and SEC curves of the prepared PMMAs. Importantly, the MWDs of the obtained polymers became
As shown in Figure 2, the bromine initiato®( O) is superior narrower My/Mp = 1.27, conversion 89%) than those under
to the chlorine counterparta( A) in conjunction with either 10 mM condition. Such difference in activity/controllability
catalysts, in terms of narrowness of the MWDs and cor- between the ligands might be caused by the thermal stabilities
respondence to the theoretical molecular weight calculated from of the catalysts or their three-valence complexes (oxidiz&d);
the assumption that one polymer is generated from one initiator. would be more stable tha&and 3, possibly due to the more
Additionally, matched combination of the halogea, (O) basic ligand.

induced better control than mismatchex, @), which would Effects of Temperature with FeBry(P-n-Bus),. We exam-
due to the effects of halogen exchange between leaving groupined the FeBi(P-n-Bus),-catalyzed polymerization at lower
and catalyst; the mismatched combinations would lead to two temperature (40 and 6TC) to further improve the polymeri-
kinds of polymer terminal. The bromide combination [initiator:  zation control (Figure 5). The activity of this catalyst seems to

(MMA) ,Br, catalyst: FeBi(PMePh);] led to relatively well- be high enough to catalyze the polymerization even at@0
controlled polymerization (MWDB= 1.2—1.3) with a reasonable  however MWDs of the polymres obtained at 40 became
polymerization rate (conversion 90%, 12 h). broader Mw/M,, > 1.4), which might be due to the slower

Effects of Phosphines with FeB§(PRs),. To investigate the exchange reaction between dormant and active. On the other
effects of ligand basicity and develop more ideal catalysts, three hand, for the polymerization at 60C, better controlled-
bromide-derivatives with different phosphines [F&BR;)2; PRs polymerization was achieved to give 1.20 /M, at 90%
= PPh (2), PMePh (3), Pn-Buz (4)] were compared in conversion. Interestingly, the time required for 90% conversion
conjunction with (MMA)Br for MMA polymerization (Figure was 36 h, rather shorter than that for the polymerization at
3; (IMMA] o/[(MMA) 2Br]o/[FeBr(PRs)2]o = 2000/20/10 mM)). 80 °C (>47 h), which would indicate that the thermal stability
Predictably, the polymerization rate increased as phosphineof the catalyst or the oxidized form is not so high. Thus, we
basicity [basicity: Pa-Bus (4) > PMePh (3) > PPh (2)19. found that 60°C is appropriate temperature for control of
The butylphosphine based)(exhibited highest activity among  polymerization with FeBi(P-n-Bus),.
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Conv.

T T T T n
’ ' ' ' (Time) (MoM,)
92% ; 11,100
Y. Monomer P (40 h) H (1.30)
T Addition - H
e s
x ¢ Caled | =& 157% ; 19,800
£ (40+4 h) b (1.30)
=, | 5
. < 115 188% i 24,700
4 : | (40+20 h) H (1.40)
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Figure 6. M,, My/M,, and MWD curves of poly(MMA) obtained in
a monomer-addition experiment with (MM#Br/4 in toluene at
60°C: [MMA] o = [MMA] aga = 4.0 M, [(MMA) 2Br]o = 40 mM; [4]o
= [4]add4-0 mM.

Conv. . M,
o, wwa cHy  MMABMA ) 0y
_ — _ '\ Mma
H{CHZ (|:>;Br — H{CH2 ?5;3" i \Homopolymer
=0 4: FeBr,(Pn-Buy), T 92/-% 11,100
OCHj OCH; (40 h) (1.30)
| MMA-BMA
BMA (I:H3 ?H3 ! Block Copolymer
—» H{CH —C>—<CH -C}*Br :
e { 27)n 2T m 99/93% 27,200
¢=0 ¢=0 (40+20 h (1.41)

6<:H3 On-C4Hg ;
MW 108 10 10°
Figure 7. SEC curves of poly(MMA) and MMA-BMA block

copolymer obtained with (MMABI/4 in toluene at 60C: [MMA] o
= [BMA] add= 4.0 M, [(MMA) 2Br]o =40 mM,; [4]0 = [4]add4-0 mM.

Nature of Living Polymerization. (a) Monomer Addition
Experiment. To examine the living nature of the polymerization
with FeBr(Pn-Bus),, a fresh feed of MMA was directly added
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(A) MMA Homopolymer ¢

a a

b T fHa

H*(CH:—?)TCHZ—?—Br _b
n-
=0 c=0 c'
| | '“J
OCH,3 OCH;
c 7

(B) MMA-BMA Block Copolymer adi
—_——
a d
CH CH
b N /e I\
H‘(CHZ—?HCHZ—(I; Br
n Ly f nim
§—o ¢—° F| 99/90 (NVR)
OCH;3 OCH,CH,CH,CH; 99793 (GC)
¢ f g h i L
5 4 3 2 1 ppm

Figure 8. 'H NMR spectra of MMA homopolymer (A) and MMA
BMA block copolymer (B) obtained with (MMAPBI/4 in toluene at
60 °C: See the polymerization condition in Figure 7.

the relative peak intensities of MMA pendant methoxy group
(—COO3, c) to BMA pendant methylene next to oxygen
atom (-COOH,CH,CH,CHja, f) was 99/90 (MMA/BMA), in
good agreement with the calculated ratio (99/93) from the
consumption of the both monomers measured by GC. Addition-
ally, the terminal methoxy proton 'jcobserved in pre-PMMA
disappeared in the spectrum of the block copolymer. These
results suggest that the BMA was quantitatively polymerized
from PMMA terminal to give a block copolymer (PMMAlock
PBMA).

Along with these catalytic performances, the F£Bin-Bus),
appeared to excel in removability as other similar iron com-
plexes!! which was supported by that the red-brown color of
polymerization solution, originated from catalyst, turned into
colorless via water-washing. The efficient removability would

to the polymerization solution when the polymerization was pe helpful for actual application.

almost finished (conversior 90%). After the addition, the rate

In conclusion, evolution of FeXPRs), for living radical

of the MMA-consumption was obviously reduced and finally - polymerization of MMA was achieved through the ligand design

the polymerization stopped. Possibly, a part of the loadedFeBr  (phosphine/halogen), the halogen matching in initiator/catalyst,
(Pn-Bug)2 was decomposed at the later stage, and thus theand the optimization of polymerization conditions. The bu-

catalyst was also added simultaneously with the monomer- ty|phosphine derivative [FeB{P-Bus);] exhibited predominant

addition, as seen in NiB{PPh),-mediated polymerizatioff.
Consequently, the addition of Fel#?Pn-Bus), in MMA solution
([FeBry(Pn-Bus)z]agd = 4.0 mM, [MMA]agg= 2.0 M) induced

further monomer consumption, and the conversion reached

188% in the additional 20 h (Figure 6). Tihé, increased in

direct proportion to monomer-conversion even at the second-
phase, and it agreed closely with the calculated values assuming
that one molecule of the initiator generates on polymer chain.
The MWD curves of the polymers shifted to higher molecular

weight keeping the narrow distributions{/M, ~ 1.3—1.4).
(b) Block Copolymerization of MMA/BMA. The success

in monomer addition experiment promoted us to perform a block

copolymerization of MMA withn-buthyl methacrylate (BMA)
with FeBr(Pn-Bug),. As the MMA-addition experiment, ad-
ditional catalyst (4.0 mM) was injected along with BMA. The

performance about the activity/controllability to achieve the
monomer addition experiment and the block copolymerization
with BMA.
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