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(6 H, (CH3)2), 2.6 (1 H, CHI, 3.1 (2 H,  CHpCO), 4.0 (2 H, CHpN); 
13C NMR (CDCl3 with Me&) 6 19.5 (CH3), 34.5 (CH), 38 
(CHpCO), 41 (CHzN), 174,181 ( C 4 ) ;  IR (KBr) 1720-1680 cm-1. 
2d (pale yellow powder materials): 1H NMR (CDCl3 with Me&) 

(four signals, total 1 H); IR (KBr) 1660, 1780 cm-1. 2e (pale 
yellow powdery materials): 1H NMR (CDCl3 with MerSi) broad 
signals 6 3.3 (2 H, CHp), 6.1 (1 H, CHN), 7.5 (5 H, CeH& 8.9 (1 
H, CHO); IR (KBr) 1780,1690-1660 cm-1. 

Thermal  Polymerization. A nitrobenzene solution of mono- 
mer la (0.35 mol/L X 7 mL = 2.45 mmol) was heated a t  120 
"C for 120 h in a sealed tube under nitrogen. The tube was 
opened and 0.1 mL of methanol and 0.4 mL of dimethylforma- 
mide were added to  the solution. Then the mixture was poured 
into a mixed solvent of diethyl etherln-hexane (110 mL/40 mL). 
The precipitated polymer materials were collected by filtra- 
tion, washed three times with 10 mL of diethyl ether, and dried 
in vacuo to  give 0.188 g of pale brown powder polymers (68% 
yield). Spectroscopic data were almost identical with those of 
polymer 2a obtained by the cationic polymerization. The molec- 
ular weight was 1600. 

Similarly, the thermal polymerization of monomer le was car- 
ried out in acetonitrile at 110 "C for 45 h. After workup pro- 
cedures, pale gray powdery polymers were obtained in low yield 
(31%). Spectral data were almost identical with those of poly- 
mer 2e obtained by the cationic polymerization except for the 
lack of an IR band at 1780 cm-1. This shows that the polymer 
obtained by the thermal polymerization has a regular structure 
given by 2e. 

Measurements. 1H NMR and 13C NMR spectra were taken 
respectively by a Hitachi 60-MHz R-20B NMR spectrometer 
and a Hitachi 22.6-MHz R-900 Fourier-transform NMR spec- 
trometer. IR spectra were recorded on a Hitachi 260-50 infra- 

6 2.4-3.1 (2 H, CHzCO), 3.2-3.9 (2 H, CHpN), 7.0, 8.0, 8.4, 9.2 

red spectrophotometer. The molecular weights of polymers were 
determined by vapor pressure osmometry with a Corona 117 
instrument in chloroform a t  35 "C. 
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ABSTRACT: The novel, visible-light-mediated living polymerization of epoxides was developed by using 
as initiators zinc N-methylated tetraphenylporphyrin complexes ((NMTPP)ZnX; X = SCHzCHCH3 (lb), 
OCH(CH3)p (IC)) in benzene a t  room temperature. The NMR studies demonstrated that  the polymeriza- 
tion is initiated by the attack of the axial group of the initiator onto the monomer, affording a (N-meth- 
yltetrapheny1porphinato)zinc alkoxide as the growing species. The polymerization of 1,2-epoxypropane 
with lb  proceeded with immortal character in the presence of a protic compound such as 1-propanethiol or 
methanol to give the polymer of narrow molecular weight distribution with the number of the molecules 
corresponding to the sum of those of lb  and the protic compound. The polymerization of an episulfide, 
followed by an epoxide under visible light irradiation, afforded a block copolymer consisting of poly- 
thioether and polyether blocks of uniform block lengths. 

Introduction nication, we have reported a different type of photoin- 
duced polymerization, developed in the addition poly- 
merization of methacrylic esters with methylaluminum 
porphyrin, which is initiated upon irradiation with visi- 
ble light by the nucleophilic attack of the Al-CHS bond 
of the initiator to the monomer and proceeds without 
any side reactions (living character) via a (porphinatdalu- 
minum enolate as the growing species.2 Detailed stud- 

Photoinduced polymerization is a matter of fundamen- 
tal interest as well as practical importance. For the ring- 
opening polymerization of epoxides, some photoinitiat- 
ing systems have been developed, most of which serve as 
cationic initiators upon photodecomposition to generate 
protons or carbonium species.' In a preliminary commu- 
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ies demonstrated that both the init iating and propagat- 
ing steps are accelerated b y  irradiation with visible light 
owing to the enhanced reactivities of the central alumi- 
num atom-axial ligand bonds  of aluminum porphyrins 
by light. 

I n  th i s  paper ,  we wish t o  report  t h e  novel, visible-light- 
mediated living and immortal  ring-opening polymeriza- 
t ions of epoxides using as init iators zinc N-methyl te t ra-  
p h e n y l p o r p h y r i n s  ( ( N M T P P ) Z n X  (1);  X = SCHZ- 
CHzCHs (lb), OCH(CH3)z (IC)).  

(NMTPP)ZnX (1) 

Experimental Section 
Materials. N-Methyl-5,10,15,20-tetraphenylporphine 

(NMTPPH) was synthesized by the reaction of 5,10,15,20-tet- 
raphenylporphine (TPPH2)3 with methyl iodide in chloroform 
containing 7.5% acetic acid in a sealed tube at  65-70 "C for 7 
days.4 The crude reaction mixture was chromatographed on 
silica gel followed by basic alumina by using dichloromethane 
containing chloroform or n-hexane as eluent, and the bright 
green band collected was subjected to  recrystallization from 
chloroform/methanol, to give NMTPPH as purple crystals. Dieth- 
ylzinc (ZnEtz) was distilled in a nitrogen atmosphere under 
reduced pressure. Benzene and benzene-& ( c a s )  were refluxed 
over sodium wire and distilled in a nitrogen atmosphere. Com- 
mercial chloroform-d (CDC13) was used without further purifi- 
cation. 1-Propanethiol was distilled over calcium sulfate under 
nitrogen. Methanol and 2-propanol were distilled over magne- 
sium treated with iodine under nitrogen. 1,2-Epoxypropane (pro- 
pylene oxide, PO) was distilled over a mixture of potassium 
hydroxide and calcium hydride in a nitrogen atmosphere. 
Epoxyethane (EO), stirred with a mixture of potassium hydrox- 
ide and calcium hydride, was collected in a trap cooled with 
liquid nitrogen. 1,2-Epithiopropane (propylene sulfide, PS) was 
stirred with calcium hydride and distilled into a trap cooled 
with liquid nitrogen. 

Procedures. Preparation of (NMTPP)ZnSPr (lb). A 
round-bottom flask (50 mL), wrapped in aluminum foil and 
equipped with a three-way stopcock, containing NMTPPH (0.2 
mmol) and a Teflon-coated magnetic stirring bar, was purged 
with dry nitrogen, and a benzene solution (4 mL) of ZnEtz (0.3 
mmol) was added by means of a hypodermic syringe in a nitro- 
gen stream. After the mixture was stirred magnetically for 1.5 
h a t  room temperature in the dark, the volatile fractions were 
removed from the reaction mixture to  leave (NMTPP)ZnEt (la) 
as a purple powder.5 To this flask, wrapped in aluminum foil, 
was added benzene (8 mL) to  dissolve la, followed by 3.3 equiv 
of 1-propanethiol in a nitrogen stream. After the mixture was 
stirred overnight a t  room temperature in the dark, volatile frac- 
tions were removed under reduced pressure at room tempera- 
ture, and the residue was heated a t  90 "C for 2 h under reduced 
pressure to  leave (NMTPP)ZnSPr (lb) as a green powder.6.7 

Preparation of (NMTPP)ZnOiPr (IC). IC was prepared 
similar to  the above by the reaction of la with 2-propanol. To  
the flask, wrapped in aluminum foil, containing a benzene solu- 
tion (8 mL) of la (0.2 mmol) under nitrogen, was added 50 equiv 
of 2-propanol, and the reaction mixture was stirred magneti- 
cally a t  50 "C for 4 days in the dark. Then, the volatile frac- 
tions were removed from the reaction mixture a t  room temper- 
ature under reduced pressure to  leave (NMTPP)ZnOiPr ( IC) 
as a purple powder.7 

Polymerization of Epoxides. T o  a 50-mL flask, fitted with 
a three-way stopcock, containing a benzene solution (2 mL) of 
(NMTPP)ZnSPr (lb) or (NMTPP)ZnOiPr (IC) (0.1 mmol) under 
nitrogen, was added a prescribed amount of epoxide through a 

three-way stopcock by a syringe in a nitrogen stream. For the 
polymerization under irradiation, the mixture was illuminated 
with a 500-W Xenon arc lamp (Ushio UXL-500D) from a dis- 
tance of 35 cm through a glass filter (Kenko type L42, Kenko 
Co., Ltd.) to  cut out light of wavelength shorter than 420 nm. 
For the dark reaction, the flask was wrapped in aluminum foil. 
In both cases, the reaction mixture was stirred magnetically a t  
room temperature (-25 "C) or 26 "C (thermostated). An ali- 
quot of the reaction mixture was periodically taken out by a 
syringe from the polymerization system in a nitrogen stream 
and subjected to 1H NMR analysis to  determine the monomer 
conversion.* The conversion was also determined on the basis 
of the weight of the residue after evaporation of the reaction 
mixture to dryness. The nonvolatile material, thus obtained, 
was filtered through a microporous Teflon membrane (a = 0.5 
pm) and subjected to gel permeation chromatography (GPC). 
For NMR studies, C6D6 was used as solvent for the reaction, 
and a portion of the reaction mixture was transferred in a nitro- 
gen stream into an NMR tube, which was sealed off. The poly- 
merization a t  70 "C was carried out in a sealed ampule in the 
dark. 

Block Copolymerization of 1,t-Epithiopropane and 1,2- 
Epoxypropane. To a round-bottom flask, wrapped in alumi- 
num foil, fitted with a three-way stopcock containing a ben- 
zene solution (1 mL) of (NMTPP)ZnSPr (lb, 0.05 mmol) under 
dry nitrogen, was introduced 100 equiv of 1,2-epithiopropane 
by a syringe in a nitrogen stream, and the mixture was stirred 
magnetically a t  room temperature in the dark for 4.7 h to attain 
40% monomer conversion.9 The volatile fractions were then 
removed from the reaction mixture under reduced pressure, and 
benzene (0.7 mL) as solvent and 150 equiv of 1,2-epoxypropane 
were successively added. The mixture was stirred magneti- 
cally under irradiation for the first 3.5 h and in the dark for 
the next 19 h and subjected to evaporation under reduced pres- 
sure at room temperature. The residue was dissolved in dichlo- 
romethane, and the solution was added dropwise to a large vol- 
ume of hexane with vigorous stirring and then centrifuged. The 
supernatant solution was evaporated to dryness to  leave vis- 
cous liquid, which was subjected to  1H NMR and gel perme- 
ation chromatography (GPC) analyses. 

Polymerization in the Presence of Protic Compounds. 
To a flask equipped with a three-way stopcock containing 
(NMTPP)ZnSPr (lb, 0.05 mmol) under dry nitrogen was added 
a mixture of 400 equiv of 1,2-epoxypropane and a protic com- 
pound such as 1-propanethiol or methanol (0.5 mmol) by means 
of a syringe, and the mixture was stirred under irradiation a t  
room temperature. After a definite time, the reaction mixture 
was subjected to 1H and 13C NMR measurements. Then, the 
volatile fractions were removed from the reaction mixture, and 
the nonvolatile residue was subjected to gel permeation chro- 
matography. 

Measurements. 1H and 13C NMR measurements were per- 
formed in or CDCl3 using a JEOL Type GSX-270 spec- 
trometer, where the chemical shifts were determined with respect 

77.1) for 1% NMR. For the quantitative end-group analyses 
of polymers, 13C NMR spectra were measured without NOE by 
applying the pulse delay time of 15 s. Gel permeation chroma- 
tography (GPC) was performed a t  38 "C on a Toyo Soda HLC 
Model 802A gel permeation chromatograph equipped with a 
differential refractometer detector, using tetrahydrofuran as eluent 
at  the flow rate of 1.1 mL min-l. The column set consisted of 
four Styragel columns (60 cm) of porosity ratings 7000-3000 8, 
(two), 3000 8, (one), and 2000 8, (one). The molecular weight 
calibration curve was obtained by using standard polystyrenes 
[M, = 2.89 X 106 (Mw/Mn = 1.09), 4.22 X lo6 (1.05), 1.07 X 106 
(l.Ol), 4.39 X lo4 (LOl), 1.67 X lo4 (1.02), 6.2 X lo3 (1.02), and 
2.8 x 103 (1.1) from Toyo Soda Manufacturing Co., Ltd., and 
1.0 X lo4 (1.06), 9.0 X 103 (1.06), 4.0 X 103 (LlO), and 2.1 X lo3 
(1.10) from Pressure Chemical Co.] together with poly(propy- 
lene glycols) [ M ,  = 2.0 x 103 and 1.0 x 103 ( M w / M ,  close to 
unity) from Lion Fat & Oil Co., Ltd.]. 

Results and Discussion 
Polymerization of 1,2-Epoxypropane (2, R = CH3)  

with (NMTPP)ZnSPr ( lb)  as Initiator. The poly- 

to C6H6 (6 7.40) for 'H NMR and C6D6 (6 128.0) or CDC13 (6 
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Time in min. 
Figure 1. Polymerization of 1,2-epoxypropane (PO) initiated 
with (NMTPP)ZnSPr (lb) ([PO]O/[lb]o = 40) at 26 "c in C6D6 
in the dark for the initial 100 min, followed by irradiation (>420 
nm) for 80 min: time-conversion curve. 
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I 

I ,  I I 

50 55 60 65 Count 
8.3 1.6 0.4 0.1 M i c p o x  l o 4  

Figure 2. Polymerization of 1,2-epoxypropane (PO) initiated 
with (NMTPP)ZnSPr (lb) ([PO]o/[lb]o = 430) at room tem- 
perature (-25 "C) in benzene under irradiation (>420 nm) for 
the initial 40 min, followed by stirring in the dark: GPC pro- 
files at 24% (I), 59% (II), and 88% (111) conversion (M(GPc) 
based on standard polystyrenes). 

merization of 1,2-epoxypropane (PO) with (NMTP- 
P)ZnSPr (1 b) was found to take place very rapidly under 
irradiation with Xenon lamp (visible region, X > 420 nm). 
A typical example is shown by the polymerization with 
the initial monomer-to-initiator mole ratio ([Polo/ 
[lblo) of 40 in C6D6 thermostated at 26 "C (Figure l ) ,  
where the polymerization did not occur in the dark for 
100 min but was initiated rapidly upon irradiation and 
completed in 80 min. I t  should be also noted that the 
polymerization, once photoinitiated, did not subside upon 
turning off the light. 

The GPC profiles of the polymerization with the mole 
ratio [PO]o/ [ lb]~  of 430, initiated by irradiation for 40 
min, are shown in Figure 2, where the produced polymer 
exhibited unimodal, sharp chromatogram, which shifted 
toward the higher molecular weight region as the poly- 
merization proceeded. The number-average molecular 
weight (M,) of the polymer, estimated from the GPC chro- 
matogram, increased linearly with the monomer conver- 
sion, while the ratio of the weight- and number-average 
molecular weights (Mw/Mn) was almost constant at 1.05 
(Figure 3). Furthermore, the M,, values based on GPC 
are close to those (broken line in Figure 3) calculated by 
assuming that every initiator molecule produces one poly- 
mer molecule.1° When 200 equiv of 1,2-epoxypropane 
(PO) was again added to the polymerization system 

calculated,,' 1.75 

1 1'51....,, .o , I  11.50 

7 ,,,' 1.25 
0.5 ,*' 

I 
0.0 0 2 0 4 0 8 0 8 0 1 0 0  1 .oo 

Conv. in % 

Figure 3. Polymerization of 1,2-epoxypropane (PO) initiated 
with (NMTPP)ZnSPr (lb) (reaction conditions, see Figure 2): 
relationship between Mn (0) or M w / M ,  (m) and conversion ( M ,  
and M w / M ,  as estimated by GPC based on standard polysty- 
renes). 
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Figure 4. Two-stage polymerizations of 1,2-epoxypropane (PO) 
initiated with (NMTPP)ZnSPr (lb) at room temperature (-25 
"C) in benzene. GPC profiles of the polymerization mixtures: 
the first stage, I, M ,  = 10 300, M w / M ,  = 1.07, [PO]~/[lb]o = 
100, 1 h (irradiation) + 31 h (dark), 100% conversion; the sec- 
ond stage, 11, M ,  = 24 900, M w / M ,  = 1.07, [PO]o/[lb]o = 200, 
22.5 h (dark), 100% conversion ( M ,  and M w / M ,  as estimated 
by GPC based on standard polystyrenes). 

([PO]o/[lb]o = 100; irradiation for the initial 1 h and 
then in the dark) after the complete consumption of the 
monomer, the second-stage polymerization ensued in the 
dark and was completed in 22.5 h. The GPC chromato- 
gram of the polymer (Figure 4) clearly shifted from curve 
I to curve 11, retaining the narrow molecular weight dis- 
tribution. Thus, the visible-light-mediated polymeriza- 
tion of 1,2-epoxypropane initiated with (NMTPP)- 
ZnSPr (1 b) has the character of living polymerization. 

I t  was also noted that the polymerization of 1,2- 
epoxypropane using l b  as initiator in benzene ([Polo/ 
[1blo = 100, [ l b ] ~  = 37.0 mM) took place even in the 
dark when conducted at 70 "C, affording the polymer 
with Mn and M,/M,, respectively, of 6100 and 1.07 after 
the completion of polymerization (102 min). 

Poly(l,2-epoxypropane) formed with l b  as initiator 
under irradiation showed virtually the same l3C NMR 
pattern as that for the polymer formed in the dark at 70 
"C, where the resonance due to the methyl group was 
very simple, indicating that the polymer consists of reg- 
ular head-to-tail linkages. The diad and triad tacticities 
of the polymer, as determined by 13C NMR,ll indicated 
the atactic structure: for the polymer formed under irra- 
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Scheme I 
7 R 

I DUV 
(NMTPP)ZnSPr + CH-CH, - (NMTPP)Zn-O-CH-CH2-SPr 
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2 
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Figure 5. Polymerization of 1,2-epoxypropane (PO) initiated 
with (NMTPPIZnSPr (lb) ([PO]o/[lb]o = 40) at 26 "C in C6Ds: 
1H NMR spectrum of the reaction mixture formed by stirring 
in the dark for the initial 100 min, followed by irradiation (>420 
nm) for 17 min (8.3% conversion). 

diation at  room temperature (-25 "C), i:s = 0.48:0.52, 
1:H:S = 0.23:0.49:0.28; for the polymer formed in the dark 
a t  70 "C, i:s = 0.49:0.51, 1:H:S = 0.24:0.50:0.26. 

Polymerization of Epoxyethane (2, R = H) with 
(NMTPP)ZnSPr ( lb)  as Initiator. The polymeriza- 
tion of epoxyethane with lb also proceeded by irradia- 
tion with visible light. An example is shown by the poly- 
merization with the mole ratio [EO]o/[lb]o of 190 in ben- 
zene a t  room temperature (-25 "C), where the monomer 
conversion after 205 min was very low (<2%, deter- 
mined by lH NMR) in the dark, while under irradiation 
the polymerization proceeded to 97% conversion in only 
80 min. The number-average molecular weight (Mn) of 
the polymer, as estimated from the GPC chromatogram, 
was 8700, which is in excellent agreement with the expected 
value of 8100 provided that the numbers of the mole- 
cules of the produced polymer and l b  are equal.1° The 
ratio Mw/Mn of the polymer (1.05) was close to unity, 
indicating the livingness of the visible-light-mediated poly- 
merization of epoxyethane initiated with (NMTP- 
P)ZnSPr ( lb) .  

Structure of the Growing Species of the Polymer- 
ization of Epoxides Initiated with (NMTPP)ZnSPr 
(lb). In the lH NMR spectrum of the mixture of (NMTP- 
P)ZnSPr ( lb)  and 1,2-epoxypropane ([PO]o/[lb]~ = 40) 
standing in the dark at  26 "C in C ~ D G  (Figure 5), the sig- 
nals a (6  -0.8 ppm), b (-0.45), and c (0.1) due to the axial 
propylthio group and d (-3.83) due to the N-CH3 group 
of the initiator ( lb)  were observed a t  the upfield region 
in addition to the signals e-g due to 1,2-epoxypropane, 
while the signals assignable to poly( 1,2-epoxypropane) 
were not detected. However, when the mixture was illu- 
minated by visible light for 17 min, the signals a-c dis- 
appeared completely, the signal due to the N-CH3 group 
slightly shifted to 6 -3.9 ppm (d') retaining the original 
intensity, and the signals due to the polymeric units (E, 
6 1.4 (CH3); F, G, 3.7 (CH2, CH)) appeared. In addition 
to these spectral changes, new signals e' and g' appeared 
a t  the upfield region (6 -1.17 and -0.35 ppm), which are 
assignable to a (N-methy1porphinato)zinc alkoxide group 

at  the terminal of the growing polymer (3 (R = CH3) in 
Scheme I), taking into account the 3:l intensity ratio of 
the signals e' and g' together with the similarity of their 
chemical shift values to those of the corresponding sig- 
nals of (NMTPP)ZnOiPr (IC) separately prepared (CCH3, 
6 -1.33; OCH, 0.13; N-CH3, -3.89 ppm, in C6D6). The 
reaction mixture of 1,2-epoxypropane with (NMTP- 
P)ZnSPr (lb) in C6D6 a t  70 "C without irradiation pro- 
vided essentially the same 'H NMR profiles as those in 
Figure 5. 

The 1H NMR spectrum in C6D6 of the reaction mix- 
ture of epoxyethane (EO) with lb with the mole ratio 
[EO]o/[lb]o of 15 at  100% conversion (30 min under irra- 
diation plus 17 h in the dark) showed three characteris- 
tic signals at  the upfield region, two of which a t  6 0.07 
and 0.91 ppm are assignable to the terminal alkoxide struc- 
ture of the living polymer (NMTPP)ZnOCHzCH2- and 
the other a t  6 -3.9 ppm assignable to N-CH3 of the por- 
phyrin ligand. Besides these signals, the signals due to 
poly(oxyethy1ene) chain centered a t  6 3.7 ppm and those 
due to the porphyrin moiety (P + Ph) were also observed. 
In this case, the signals assignable to the initiating ter- 
minal of the polymer chain, -0CH2CH2SCH2CH2CH3, 
were clearly observed a t  6 2.79 (OCCH2, t), 2.55 (SCH2- 
Et, t), 1.67 (CH2Me, m), and 1.07 (CH3, t).12 

All the above NMR profiles demonstrate that the poly- 
merization of epoxides with (NMTPP)ZnSPr (lb) is ini- 
tiated by the attack of the axial propylthio group of l b  
onto the monomer, affording a (NMTPP)Zn alkoxide (3) 
as the growing species (Scheme I). 

Polymerization of 1,2-Epoxypropane (2, R = CH3) 
with (NMTPP)ZnOiPr (IC) as Initiator. The poly- 
merization of 1,2-epoxypropane (PO) with (NMTP- 
P)ZnOiPr (IC), which is a model compound of the grow- 
ing species (3, Scheme I), takes place in the dark even a t  
room temperature. For example, the polymerization with 
the initial mole ratio [Polo/ [ lcl0 of 200 in benzene a t  20 
"C in the dark proceeded to 80% conversion in 9 h. This 
result is in conformity with the observation that the poly- 
merization of epoxides with (NMTPP)ZnSPr (lb),  once 
photoinitiated to generate 3, proceeds under the dark con- 
ditions. However, the acceleration effect by visible light 
is also remarkable in the polymerization initiated with 
IC. For example, the polymerization with [Polo/[ l c ] ~  
of 29 proceeded to 50% monomer conversion in 1 h under 
irradiation at  room temperature. A similar result was 
obtained for the polymerization of 150 equiv of 1,2-ep- 
oxypropane (PO) a t  room temperature initiated with the 
living poly(l,2-epoxypropane) (3 (R = CH3), Mn = 590, 
M,/M, = 1.08; prepared a t  70 "C in the dark), which 
was completed in 1.7 h under irradiation but required 4 
days in the dark to attain 74% conversion. 

Block Copolymerization of 1,2-Epithiopropane (4, 
R' = CH3) and 1,2-Epoxypropane (2, R = CH3) Initi- 
ated with (NMTPP)ZnSPr (lb).  (NMTPP)ZnSPr (lb) 
is also an excellent initiator for the polymerization of 1,2- 
epithiopropane (PS), producing the living polymer car- 
rying a (NMTPP)Zn thiolate growing terminal (5, R' = 
CH3) (Scheme II).9 Thus, the polymerization of 1,2-ep- 
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Scheme I1 
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Figure 6. GPC profile of the block copolymerization of 1,2- 
epoxypropane (PO) initiated by the living prepolymer of 1,2- 
epithiopropane (PSI obtained with (NMTPPIZnSPr (lb) ([PS]o/ 
[ l b ] ~  = 100, in the dark for 4.7 h in benzene, 40% conversion), 
[PO]o/[living prepolymer]~ of 150 (I) prepolymer, M ,  = 3400, 
M,/M, = 1.06 (poly(propy1ene glycols) as standard); (11) block 
copolymer formed at 99.5% conversion (3.5 h (irradiation) + 
19 h (dark)), M,, = 20 300, M,/M, = 1.06 (polystyrenes as stan- 
dard). 

oxypropane (PO) from the living polymer of 1,2-epithi- 
opropane (5,  R' = CH3) was attempted by adding 150 
equiv of 1,2-epoxypropane to a benzene solution of 5 (R' 
= CH3; M,, = 3400, Mw/M,, = 1.06; preparation, see Exper- 
imental Section). The polymerization of 1,2-epoxypro- 
pane was observed to start upon irradiation with visible 
light and proceeded a t  room temperature up to 99.5% 
monomer conversion after 22.5 h (3.5 h under irradia- 
tion plus 19 h in the dark). The GPC chromatogram of 
the polymerization mixture (Figure 6) showed a unimo- 
dal, sharp elution pattern (curve 11; Mn = 20 300, M w / M n  
= 1.061, which clearly shifted from that of the prepoly- 
mer (curve I). Thus, the product is a block copolymer 
consisting of polythioether and polyether blocks with uni- 
form block lengths. The polyether content in the block 
copolymer, as determined by lH NMR,13 was 80.8%, which 
is in good agreement with the calculated value (78.2%) 

h f 

f 

B O  60  4 0  do ( 8  dpm) 

Figure 7. Polymerization of 1,2-epoxypropane (PO) with 
(NMTPP)ZnSPr (lb) in the presence of 1-propanethiol (PrSH) 
with [PO]o/[PrSH]o/[lb]oof 400/10/1 without solvent at room 
temperature. 13C NMR spectrum in CeDe of the reaction mix- 
ture obtained at 93% conversion under irradiation for 45.5 h. 
M denotes the signals for the monomer remaining unreacted. 

based on the amounts of the two monomers reacted. The 
successful block copolymerization of 1,2-epoxypropane 
from the living polymer 5 confirms the fact that the poly- 
merization of epoxides with (NMTPP)ZnSPr (lb) is ini- 
tiated by the insertion of monomer into the Zn-S bond 
of lb. 

Polymerization of l&Epoxypropane Initiated with 
(NMTPP)ZnSPr ( lb)  in the Presence of Protic 
Compounds. We have recently established the concept 
of "immortal" polymerization in the polymerizations of 
epoxides and lactones initiated with aluminum porphy- 
rin in the presence of a protic compound, where the poly- 
mers of uniform molecular weight are formed with the 
number of the molecules equal to the sum of those of 
aluminum porphyrin and the protic compound.14 This 
is due to the rapid, reversible chain-transfer reaction 
between the molecules of growing polymer and the pro- 
tic compound, which takes place much faster than the 
propagation reaction. Thus, the polymerization of 1,2- 
epoxypropane (PO) with (NMTPP)ZnSPr ( lb )  was 
attempted in the presence of a protic compound (HX) 
such as 1-propanethiol (PrSH) or methanol (MeOH) under 
the irradiation by visible light with the initial mole ratio 
[PO]o/[HX]o/ [ lb]o of 400/10/1. 

In the presence of PrSH as a protic compound, the 
polymerization proceeded to 93% conversion in 45.5 h 
at room temperature under irradiation, producing the poly- 
mer with Mn and Mw/Mn of 1660 and 1.11, respectively. 
The number of the polymer molecules relative to that of 
lb (N , /Nzn) ,  as estimated from Mn and the yield of the 

Scheme 111 
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polymer,15 is 13.0, being close to the initial mole fraction 
([PrSHIo + [lb]o)/[lb]o of 11. The 13C NMR spectrum 
in CsD6 of the polymerization mixture is shown in Fig- 
ure 7, where the signals assignable to the propylthio (PrS-) 
group (a, 6 13.5 ppm (CH3); b, 23.2 (MeCH,); c, 35.2 
(SCH2)) attached to the polymer terminal,16 the meth- 
ylene group of the terminal unit (d, 6 38.3) attached to 
the PrS- group, and the methine group (e, 6 66-67) on 
the other terminal of the polymer chain attached to the 
hydroxyl were observed in addition to the sig- 
nals due to the polymer chain (f (CH3), g (CH3, h (CH)). 
The degree of polymerization of the polymer, as esti- 
mated from the intensity ratio of the signals g and a, 
was 33.4, which nicely agrees to the mole fraction 
[PO],e,cted/([PrSH]o + [ l b ] ~ )  of 33.8. Thus, every poly- 
mer molecule carries one propylthio group. The poly- 
merization of 1,2-epoxypropane initiated with l b  in the 
presence of methanol proceeded also with immortal char- 
acter under similar conditions, giving a t  100% conver- 
sion (under irradiation, 18 h) the polymer with Mn and 
MwIMn, respectively, of 1680 and 1.08, and the number 
of the polymer molecules relative to l b  being 13.8. The 
13C NMR spectrum of the polymer showed a signal at  6 
58.9 ppm due to the terminal methoxy group,14c in addi- 
tion to one set of relatively weak signals due to the ter- 
minal propylthio group originating from lb.  The degree 
of polymerization of the polymer (34.7), as estimated from 
the intensities of these characteristic signals, was in good 
agreement with the  initial mole fraction [Polo/ 
([MeOHIo + [ l b ] ~ )  of 36.4. 

Thus, in the polymerization of 1,2-epoxypropane ini- 
tiated with (NMTPP)ZnSPr ( lb)  in the presence of a 
protic compound (HX) such as 1-propanethiol or meth- 
anol (Scheme III), exchange of the growing polymer (3) 
with HX to give (NMTPP)ZnX (1) and the polymer with 
a hydroxyl terminal ( 3 0 ~ ) ~  reinitiation of the polymer- 
ization by 1 to form the living polymer ( 3 9 ,  and revers- 
ible exchange between 3 0 ~  and 3' take place. Conse- 
quently, all the molecules of l b  and HX participate in 
chain growth. Narrow molecular weight distribution of 
the produced polymer indicates that the exchange reac- 
tion takes place much faster than the propagation reac- 
tion. 

Conclusion 
Zinc N-methyltetraphenylporphyrins are novel initia- 

tors for visible-light-mediated ring-opening polymeriza- 
tion of epoxides. The polymerization proceeds with liu- 
ing and immortal characters to afford the polymer of con- 
trolled molecular weight with narrow molecular weight 
distribution. The chain growth takes place at  the axial 
position of the initiator, where the reactivity of the ini- 
tiating and propagating species bound to the central zinc 
atom may be remarkably enhanced upon photoexcita- 

tion of the light-absorbable porphyrin ligand. 
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