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ABSTRACT 

Photoredox ring-opening polymerization of O-carboxyanhydrides allows for the synthesis 

of polyesters with precisely controlled molecular weights, molecular weight distributions, and 

tacticities. While powerful, obviating the use of precious metal-based photocatalysts would be 

attractive from the perspective of simplifying the protocol. Herein, we report the Co and Zn 

catalysts that are activated by external light to mediate efficient ring-opening polymerization of 

O-carboxyanhydrides, without the use of exogenous precious metal-based photocatalysts. Our 

methods allow for the synthesis of isotactic polyesters with high molecular weights (> 200 kDa) 

and narrow molecular weight distributions (Mw/Mn < 1.1). Mechanistic studies indicate that light 

activates the oxidative status of Co
III

 intermediate that is generated from the regioselective ring-

opening of the O-carboxyanhydride. We also demonstrate that the use of Zn or Hf complexes 

together with Co can allow for stereoselective photoredox ring-opening polymerizations of 

multiple racemic O-carboxyanhydrides to synthesize syndiotactic and stereoblock copolymers, 

which vary widely in their glass transition temperatures.  
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Introduction 

Polyesters have long been considered as environmentally friendly alternatives to 

petrochemical-based polyolefins because of their degradability and biocompatibility.
1-5

 Among 

many degradable polyesters, poly(α-hydroxy acids) (PAHAs) have been regarded as a type of 

industry applicable, degradable, and biocompatible polyesters, and a few of them (e.g., 

poly(lactic-co-glycolic acid)) have been approved by FDA (U.S. Food and Drug Administration) 

for clinical applications. However, the utility of PAHAs for applications that demand physico-

mechanical and thermal properties, such as high stiffness and high glass transition temperatures 

(Tgs), is greatly limited by the lack of side-chain functionality in PAHAs and in their lactone 

monomers.
6-8

 Early work by the Baker group shows that PAHAs synthesized from functionalized 

lactides (LAs) present a wide range of Tgs from −46 °C to 100 °C.
9-11

 Unfortunately, the multi-

step synthesis of functionalized LAs is challenging; monomers are afforded in low yields; while 

the polymerization reactivity significantly drops upon the introduction of pendant groups 

(Scheme 1, route i).
9, 12, 13

 

Alternative strategies have been developed to access monomers that can be easily 

synthesized and polymerized. Noticeably, a five-membered heterocycle 1,3-dioxolan-4-one that 

bears both ester and acetal groups has been recently developed by Miller
14

 and Shaver groups 

(Scheme 1, route ii).
15, 16

 Either through copolymerization with LAs for acetal retention,
14

 or 

ring-opening polymerizations (ROPs) via the deliberation of formaldehyde, this monomer 

provides an inexpensive strategy to prepare PAHAs. However, the ROP strategy for 1,3-

dioxolan-4-one requires further development as the obtained polymers had relatively low 

molecular weights (MWs, < 20 kDa) due to side reactions, and the ROP procedures demand 

constant removing of formaldehyde from the reaction solution.
15, 16

 

 

Scheme 1. Synthetic routes of poly(α-hydroxy acids) (PAHAs) from α-amino acids and α-

hydroxy acids via different monomers. 
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Since 2006, O-carboxyanhydrides (OCAs) have emerged as an alternative class of highly 

active monomers with pendant functional groups for the synthesis of functionalized PAHAs 

(Scheme 1, route iii).
6, 17, 18

 OCAs are readily prepared from amino acids or hydroxyl acids; 

however, the current ROP methods using organocatalysts cannot synthesize stereoregular and 

high-MW polyesters (Scheme 2A), and they cannot mediate stereoselective ROP of OCAs to 

prepare functionalized polyesters with different tacticities.
19-23

 Note that tacticity is one of the 

most critical determinants of the physical and mechanical properties of a polymer.
24, 25

 For 

example, the stereocontrolled ROP of rac- and meso-lactide can result in a wide range of 

poly(lactide) microstructures with different Tgs.
24

 On the other hand, many well-defined metal 

catalysts (e.g., Zn and Hf complexes) that mediate stereoselective living and polymerization of 

lactones have been evaluated for stereoselective ROP of OCAs (Scheme 2B).
24, 26-30

  

Nevertheless, extensive utilization of metal-catalyzed ROP of OCAs was limited because of their 

complicated reactivity and inability to prepare high-MW polyesters.
21, 22

 We have recently 

reported the controlled stereoselective ROPs of OCAs by using Ni/Zn/Ir-mediated photoredox 

ROP method,
22, 31

 and Co/Zn-mediated electrochemical ROP (eROP) of OCAs
32

 that all provide 

high MW (over 140 kDa) functionalized polyesters with narrow MW distributions (Ð < 1.1). 

Importantly, both photoredox ROP and eROP allow for tuning the polymerization kinetics by 

turning the light or electricity on or off.
31, 32

 

Despite the high efficiency, the photoredox ROP protocol requires expensive precious 

metal photocatalysts for decarboxylation, and only isoselective polymerization was achieved.
22, 

31
 Precious metal-based photocatalysts, such as Ru and Ir complexes, impose significant 

environmental footprints due to terrestrial scarcity.
33, 34

 The utilization of earth-abundant metals 

as visible-light photocatalysts has recently gained great interest in order to develop sustainable 

photocatalysts.
35

 Recently reported light-induced metal catalysts include Cu,
36-39

 Co,
40-43

 Ni,
34, 44-

46
 Mn,

47-49
 Ce

50-53
 and Fe

54, 55
 complexes. Such metal complexes usually involve photoinduced 

single-electron transfer between the substrate and the catalyst, and allow for reactions that occur 

directly from their photoexcited states, without the assistance of exogenous photocatalysts that 

harvest light to transfer electron or energy.
56, 57

 However, the use of earth-abundant 

photocatalysts in photo-polymerization could be hampered by the short excited-state lifetime, 

which is usually picoseconds to nanoseconds for first-row transition metals.
58, 59

 In our initial 

reports on the use of Co/Zn-mediated eROP of OCAs, we found that Co complexes could replace 

Ni/Ir in the photoredox ROP.
32

 To our knowledge, the use of photoactive organometallic 

complexes as polymerization catalysts has been rarely achieved.
60

 Considering our eROP method 

usually involves laborious workup to separate electrolytes from the solvent after electrochemical 

reactions,
32

 it is therefore crucial to develop viable earth-abundant metal catalysts that can 

mediate controlled polymerization to prepare high-MW polyesters with different tacticities. 

Herein, we report the development of photoactive Co catalysts that are amenable to 

efficiently polymerize enantiopure OCAs in the presence of Zn or Hf complexes, resulting in 

isotactic polymers with unprecedented high MWs (> 200 kDa) and narrow MW distributions (Ð 

< 1.1, Scheme 2C). Mechanistic studies implicate our Co complexes as underexplored 



alternatives to precious metal photocatalysts. We also demonstrate that these metal complexes 

can be used to prepare various syndiotactic and stereoblock polyesters from different racemic 

OCA monomers, with Tg values ranging over ~ 100 °C (Scheme 2C-D). 

 

Scheme 2. Ring-opening polymerization (ROP) methods of O-carboxyanhydrides (OCAs) 

for accessing functionalized polyesters: (A) the use of organocatalysts; (B) the use of metal 

catalysts; (C) Co/Zn or Co/Hf-mediated stereoselective photoredox ROPs in this work; (D) 

chemical structures of OCAs used in this work. MW, molecular weight. Colors in (A-C) 

highlight pros (blue) and cons (red) of different synthetic methods.  

 

Results and Discussion 

Discovery and optimization of Co/Zn complexes for photoredox ring-opening 

polymerization  

In our prior studies on Co/Zn-mediated eROP,
32

 we found that Co
II
 complexes could 

replace both the Ni catalyst and the Ir photocatalyst, and mediated photoredox ROP of OCA at 0 
o
C when irradiated with light from a blue LED (300-500 nm). Several Co

II
 complexes could lead 

to controlled photoredox ROP with Mn values close to MWcal of 103.7 kDa at the [L-1]/[Zn-1] 

ratio of 700/1 (Fig. S1; L-1, phenyl O-carboxyanhydride, see Scheme 2D; Mn, number-average 

MW; MWcal, calculated MW based on feeding ratios). However, when the [L-1]/[Zn-1] ratio was 

A. Organocatalysts for ROP of OCA B. Metal catalysts for ROP of OCA

C. This work D. OCA

L-1          L-2

L-3      L-4    L-5



elevated to 800/1, only 3 Co
II
 complexes led to controlled photoredox ROP with Mn values close 

to MWcal of 118.5 kDa at 0 °C (Fig. S1). Specifically, Co-1 (Co-1 = (bpy)Co[N(SiMe3)2]2, bpy = 

2,2'-bipyridine), Zn-1 (Zn-1 = Zn[N(SiMe3)2]2), and BnOH are all necessary for this controlled 

photoredox ROP (Table S1). However, when the initial [L-1]/[Co-1]/[Zn-1] ratio was 900/1/1, 

monomer conversion was only 43.7% (Fig. 1A, green line), indicating the occurrence of side 

reactions. When the photoredox reaction temperature was decreased to −15 °C (Scheme 3), the 

Mn values of the poly(L-1) products increased linearly with initial [L-1]/[Co-1]/[Zn] ratio up to 

1100/1/1 and were slightly higher than the MWcal values (Fig. 1A, blue line). Note that at this 

temperature, the Ð values of all of the obtained polymers were <1.1 (Fig. 1A; gel-permeation 

chromatography traces in Fig. S2). Additionally, the MWs of poly(L-1) showed linear correlation 

with the conversion of L-1 at the initial [L-1]/[Co-1]/[Zn-1] ratio of 1000/1/1 (Fig. S3). No 

epimerization of the α-methine hydrogen was observed in the homodecoupled 
1
H NMR spectra 

of the polymers, including high-MW poly(L-1) (Mn = 215.2 kDa, Fig. S4), suggesting that the Co 

complex did not affect the chirality of L-1 during the ROP. Moreover, electrospray ionization 

mass spectrometry (ESI-MS) analysis of oligo(L-1) confirmed attachment of the BnO– group to 

the oligomer (Fig. S5), indicating that a Zn-alkoxide was involved in ring-opening and chain 

propagation. Note that nearly all metal complexes can be readily removed by simply washing the 

polymer with methanol, as indicated by inductively coupled plasma mass spectrometry (Table 

S2). 

 

Scheme 3. Photoredox controlled ring-opening polymerization of L-1 mediated by Co-1/Zn-

1. 

 

We then examined the kinetics of photoredox ROP of L-1 at −15 °C by varying the 

concentration of each reaction component. The reaction was first-order with respect to L-1 (Fig. 

1B). To explore whether Co and Zn catalysts formed a coordinate complex to mediate the 

polymerization, we fixed the Co/Zn ratio at 1/1 in the kinetic study and found the reaction order 

was 5.06 ± 0.21 (Fig S5); whereas the reaction orders with respect to Co-1, Zn-1 and BnOH 

were 2.33 ± 0.20, 2.64 ± 0.03, and 0 respectively (Fig. S6). These results indicate that no 

formation of Co–Zn complex during the photoredox ROP, and the rate of chain propagation was 

independent of BnOH concentration. Therefore the kinetics of the photoredox ROP of L-1 

follows an overall kinetic law of the form: 

–d[L-1]/dt = kp [Co-1]
2.33

[Zn-1]
2.64

[L-1]
1
 (1) 

L-1 poly(L-1)



where kp is the rate constant of chain propagation. These observed kinetic rates are different from 

those in eROP even using the same Co/Zn catalysts (Fig. S7), presumably because of different 

reaction temperatures (eROP at 0 °C).  

We then examined whether Co/Zn-mediated photoredox ROP could allow for the 

temporal modulation of polymerization rates by turning the light on or off. Similar to our 

previous studies using Ni/Zn/Ir catalysts,
31

 we found that in the presence of Zn-2 (Figure 1C),  a 

Zn complex with a tridentate ligand, irradiation of the reaction solution for 15 min resulted in 47% 

conversion of L-1 ([L-1]/[Co-1]/[Zn-2]/[BnOH] = 800/1/1/1). When the light was then turned off, 

the conversion of L-1 slightly increased to 50% over 30 min. Once the current was resumed, the 

polymerization revived with a conversion of L-1 to 97% over 30 min (Fig. 1C, blue line). In 

contrast, in a similar reaction mediated by Zn-1, consumption of L-1 continued even after the 

light was turned off (Fig. 1C, green line). Such “light on–off” ROP could be repeated twice: each 

time the light was turned off, the ROP almost stopped, and it proceeded again rapidly when the 

irradiation was resumed (Fig. 1C, red line). 

 

 

Figure 1. Photoredox controlled ring-opening polymerization of L-1 mediated by Co/Zn 

complexes. (A) Plots of Mn and molecular weight distribution (Mw/Mn) of poly(L-1) versus [L-

1]/[Zn-1] at various reaction temperatures ([Co-1]/[Zn-1]/[BnOH] = 1/1/1); MWcal, molecular 

weight calculated from monomer/catalyst ratio; Mn, number-average molecular weight; Mw, 

weight-average molecular weight. * and ** indicated incomplete monomer conversions. (B) 

Logarithmic plots of L-1 conversion versus time at various Zn-1 concentrations, showing first-

order kinetics. [L-1] = 150 mM; [Co-1]/[Zn-1]/[BnOH] = 1/1/1; reaction temperature, −15 °C. 

(C) Dependence of the rate of L-1 conversion on the presence or absence of light irradiation onto 

the reaction at −15 °C ([L-1]/[Co-1]/[Zn-2]/[BnOH] = 800/1/1/1; [L-1] = 208.4 mM). The dashed 

lines indicate periods during which no light was applied; while solid lines indicate the period 

during which light was applied. 

 

With a set of optimized conditions in hand, we explored the generality of the Co/Zn-

mediated photoredox polymerization by carrying out reactions of other OCAs (L-2, L-3, L-4, and 

A                                                              B                                                          C



L-5, and their structures in Scheme 2D; Table S3). In all instances, polymerization proceeded 

smoothly, as was the case for the formation of poly(L-1); the Mn values of the obtained polymers 

were close to the MWcal values, most of Ð values were <1.1, and the α-methine hydrogens did 

not epimerize (Figs. S8–12). Note that considerable epimerization of L-5, which has an acidic α-

methine proton, is often observed during ROP,
20, 21, 61

 but this was not the case in our system (Fig. 

S11). Moreover, diblock copolymers and a triblock copolymer could be readily prepared by 

sequential addition of the monomers, and excellent control of the Mn and Ð values was achieved 

(Table S4; Figs. S13–21).  

 

Electrochemistry and photophysics studies of Co complex in photoredox ring-opening 

polymerization 

Photoredox catalysts such as Ir- or Ru-based polypyridyl complexes are often used in the 

presence of an exogenous reductant or oxidant.
33, 62-64

 Unlike in nearly all photo-polymerizations 

that use one photocatalyst to affect redox chemistry and a different catalyst to re-generate free 

radicals or radical ions for chain propagation,
65-70

 in our method a single Co-1 complex is 

responsible both for ring-opening of the OCAs and for photoredox decarboxylation to accelerate 

chain propagation. Given that no obvious oxidant or reductant was present in the reaction 

mixture and that light was required, we carried out electrochemistry and photophysics 

experiments to probe the mode of action of the Co catalyst.  

The cyclic voltammogram of Co-1 exhibited a reversible redox wave with an E1/2
red

 

[Co
III

/Co
II
] of 0.746 V versus SCE (SCE, saturated calomel electrode, the value equals 0.366 V 

vs Fc
+
/Fc; Fc, ferrocene; Fig. 2A). Notably, the addition of Ir-1 (E1/2

red
[*Ir

III
/Ir

II
] = 1.21 V versus 

SCE)
71

 resulted in incomplete monomer conversion (Scheme 4; Table S5, entry 2), presumably 

because electron transfer between Co-1 and Ir-1 led to inefficient chain propagation. This was 

also observed when adding another highly oxidizing photocatalyst, Ru(bpz)3
2+

 (bpz = 2,2'-

bipyrazyl; E1/2
red

[*Ru
III

/Ru
II
] = 1.45 V versus SCE).

72
 In contrast, photocatalysts that have lower 

excited-state reduction potentials (e.g., Ru(bpy)3
2+

 and fac-Ir(ppy)3; ppy = 2-phenylpyridine)
62

 

than those of Ir-1 did not affect the polymerization results (entries 3-4). The results indicated 

that the use of highly oxidative photocatalysts (Ir-1 and Ru-2 in Scheme 4) could disturb the 

electron transfer process in the photoexcited Co
III 

intermediate and resulted in observed 

inefficient polymerization. 

The involvement of radical intermediates in Co/Zn-mediated photoredox ROP was 

confirmed by the use of radical scavengers. We found that nitroxide-based radical scavengers, 

such as 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO), and N-tert-butyl-α-phenylnitrone, were 

ineffective at inhibiting the polymerization (Scheme 4; Table S5, entries 6 and 7), different from 

that in Ni/Ir-mediated photoredox reaction.
22

 This may be due to TEMPO’s inability to trap 

radicals in certain organometallic reactions.
73, 74 

However, another powerful radical scavenger, 



2,2-diphenyl-1-picrylhydrazyl (DPPH), effectively disrupted chain propagation (entry 8), 

indicating the possible formation of the photoexcited radical species.  

Scheme 4. Effects of the addition of precious-metal photocatalysts and radical scavengers 

into the photoredox ring-opening polymerization of L-1 
a 
 

 

a 
Abbreviations: Conv., monomer conversion; TEMPO, 2,2,6,6-tetramethylpiperidine-N-oxyl; PBN, N-

tert-butyl-α-phenylnitrone; DPPH, 2,2-diphenyl-1-picrylhydrazyl. For all polymerization reactions, [Co-1] 

= [Zn-1] = [BnOH]. E1/2
red  

values for photocatalysts are based on references.
62

 Detailed polymerization 

data in Table S5. 

 

We then found that the absorption spectrum of Co-1 exhibited a maximum around 398 

nm that did not correspond to the ligand (bpy, Fig. 2B). Upon photoexcitation at 298 K, a 

photoluminescence band with a lifetime of 3.9 ns was observed (Fig. 2C), which is longer than 

many first-row transition metal complexes.
57, 75

 This band likely corresponds to a metal-to-ligand 

charge-transfer excited state,
76

 a possibility that was supported by density functional theory 

calculations: the lowest unoccupied molecular orbital was located exclusively on the π-system of 

the bpy ligand in Co-1, whereas the highest occupied molecular orbital (HOMO), HOMO-1, 

E1/2
red[*IrIII/IrII] = 1.21 V E1/2

red[*IrIII/IrII] = 0.31 V  E1/2
red[*RuII/RuI] = 0.77 V   E1/2

red[*RuII/RuI] = 1.45 V

Ir and Ru photocatalysts

Radical scavengers

Conv.: 67 % Conv.: 70 %Conv.: 100 % Conv.: 100 %

[L-1]/[Zn-1]/[Co-1]/[BnOH] = 800/1/1/1;1 h; -15  C

Calculated MW: 118.5 kDa

Conv.: 83 % Conv.: 27 %Conv.: 100 %



HOMO-3 and HOMO-4, were dominated by contributions from the Co dyz, dxz, dxy, and dx
2
–y

2 

orbitals (Fig. S22). 

 

Figure 2. Electrochemical and photophysical studies of the photoredox decarboxylation 

reactions mediated by Co-1. (A) Cyclic voltammograms of Co-1 and the ring-opening reaction 

mixtures (1 equiv. of each) at various conditions. Scan rate: 100 mV/s. Solvent: 0.1 M 

tetrabutylammonium hexafluorophosphate in THF. Initial scanning direction: zero to positive. (B) 

UV/Vis absorption spectra of Co-1 and the reaction mixtures (1 equiv. of each). [Co] = 2.0 mM 

in THF in all samples. (C) Photoluminescence decay of Co-1 recorded in deaerated THF with 

excitation at 350 nm. (D) Emission spectra of Co-1 and the reaction mixtures (1 equiv. of each) 

with the excitation at 435 nm. [Co] = 2.0 mM in THF in all samples.  

 

Additionally, L-1/Co-1 exhibited a metal-to-ligand charge-transfer absorption band (Fig. 

2B). Notably, the time-dependent density functional theory computed absorption spectra of both 

Co-1 and L-1/Co-1 are in good agreement with our experimental spectra (Fig. S23). We also 

noticed that the intensity of the emission band at 499 nm was 11.6 times that of Co-1; and a 

CoII/CoIII CoIII/CoIV
A B   

C D   



broad peak with a maxima at 567 nm was also only found in L-1/Co-1 (excitation wavelength, 

435 nm; Fig. 2D). This suggested that a transient photoactive cobaltacycle adduct formed after 

oxidative insertion of Co-1 into L-1. Attempts to isolate such photoactive Co
III

 species were 

unsuccessful. Because no Co
II
/Co

I
 and minimal Co

IV
/Co

III
 (1.308 V versus SCE) redox couples 

were observed in the mixture of Co-1, Zn-1, BnOH and L-1 (1 equiv of each) under irradiation 

with light at −20 °C (Fig. 2A), the photoexcited Co
III

 complex (II in Scheme 5) likely functioned 

as a viable photo-oxidant. Calculations based on the photophysical and electrochemical results 

indicated that such a Co
III

 intermediate had an estimated E1/2
red

(*Co
III

/Co
II
) of 2.878 V (Table S6).  

Given the oxidation potential of the amino acid carboxylate (E1/2
red

 = 0.832 V vs SCE for N-

(carbobenzyloxy)-L-phenylalanine; Table S6) and literature reports,
77, 78

 the photoexcited Co
III

-

mediated decarboxylation process was thermodynamically feasible.
77

 

Next we explored the state of the Co complex after photoredox decarboxylation. 

Comparison of cyclic voltammograms (Fig. 2A), the absorption and fluorescence spectra (Fig. 

2B, D), and magnetic moments of Co-1 alone (4.78 μB) with those of the L-1/Co-1/Zn-1/BnOH 

mixture (1 equiv. of each) irradiated at −15 °C (4.94 μB) indicates that a Co
II
 complex was likely 

to have been regenerated after the decarboxylation. Note that the magnetic moment of a L-1/Co-1 

mixture decreased substantially from 4.78 to 4.16 μB, owing in part to the formation of a Co
III

 

adduct, which is assumed to have a lower magnetic moment than Co
II
.
79

 On this basis, we 

hypothesize that the reduced Co
II
 species and alkoxy radical III are likely generated via the 

successive loss of CO2 (Scheme 5). We note that considering the low-intensity absorption of the 

L-1/Co-1/BnOH mixture (Fig. 2B), it is less likely that a photoexcited Co-alkoxide species was 

involved in the decarboxylation. 

 

Scheme 5. Proposed Co/Zn-mediated photoredox ring-opening polymerization of O-

carboxyanhydrides 



 

 

Regioselective Co/Zn-mediated ring-opening of OCAs  

We then investigated whether Co
II
 could oxidatively add to the OCA in a regioselective 

manner (Scheme 6). We initially attempted to use 
13

C NMR spectroscopy to study the reaction of 

L-1 mediated by Co-1, Zn-1, and BnOH (1 equiv. of each), but the presence of the paramagnetic 

Co-1 complex resulted in less informative NMR spectra. We found that the use of 
13

C-labeled L-

1 allowed us to conveniently monitor the reaction intermediates in 
13

C NMR, because broad 

peaks can be avoided when using 
13

C-labeled compounds in 
13

C NMR to decrease nuclear 

relaxation rates.
80

 To differentiate the insertion site of Co
II
 complex in OCA, we prepared [

13
C2]-

L-1 and [
13

C5]-L-1 (Fig. S25). The peak for ester carbonyl carbon at 169 ppm in the spectrum of 

the photoredox reaction mixture obtained using [
13

C5]-L-1 at −20 °C suggested that Co-1 

probably inserted regioselectively into the O1–C5 bond of L-1 (Fig. 3), in a manner similar to that 

observed for ROP of N-carboxyanhydrides
81

 and our previously reported Ni/Zn/Ir-mediated 

photoredox ROP.
22, 31

 Only a small carbonate peak at 160 ppm was observed in the 
13

C NMR 

spectra obtained when [
13

C2]-L-1 was used in the photoredox reaction at −20 °C (Fig. 3, orange 

line), indicating that efficient photoredox decarboxylation occurred after the oxidative insertion. 

In contrast, in the absence of light at −20 °C, the same mixture showed multiple peaks at 163-

160 ppm in the 
13

C NMR spectrum (Fig. 3, green line), suggesting that decarboxylation was 

inefficient without light irradiation. Note that mixing Co-1 with BnOH in the absence of L-1 led 

to the formation of a precipitate, which rules out the possibility that a Co-alkoxide inserted into 

L-1.  

Scheme 6. Plausible oxidative insertion reactions between O-carboxyanhydrides and Co/Zn 

complexes 

Ln : ligand

Pn : polymer (degree of 

polymerization = n)  

I

II

III



 

 

 

Figure 3. 
13

C NMR studies of oxidative addition reactions between L-1 and Co/Zn 

complexes. To improve the 
13

C NMR spectra qualities (due to the paramagnetic Co complexes) 

and determine the regioselectivity, [
13

C2]-1 and [
13

C5]-1 were used to study the ring-opening 

reaction (600 MHz, THF-d8). The red area highlighted in spectra indicates 
13

C2(O) carbonate 

peaks. [L-1]/[Co-1]/[Zn-1]/[BnOH] = 1/1/1/1. 

 

C5-O1 insertion carbonate

C2-O3 insertion anhydride

δ (ppm)     180                170                160                150                140

[13C2]-1

[13C5]-1

[13C2]-1/Co-1/Zn-1/BnOH -20oC

[13C5]-1/Co-1/Zn-1/BnOH -20oC

[13C2]-1/Co-1/Zn-1/BnOH -20oC + hv

[13C5]-1/Co-1/Zn-1/BnOH -20oC + hv

carbonate



Additionally, the ESI-MS spectrum obtained for the reaction mixture of L-1/Co-1/Zn-

1/BnOH at room temperature rather than at −15 °C exhibited two sets of peaks, suggesting that 

side reactions occurred at room temperature (Fig. S26a). We initially speculated that 

decarbonylation at room temperature occurred, similar to the case of Ni/Zn/Ir-mediated ROP of 

OCA. However, Fourier transform IR spectroscopy indicated no obvious Co-carbonyl peaks 

(~1940 cm
-1

) were observed in the mixtures of L-1/Co-1 (1/1) and L-1/Co-1/Zn-1/BnOH (1 

equiv. of each), even in the presence of (PPh3)3RhCl, an extremely effective CO scavenger (Fig. 

S27).
82

 We thus hypothesized that the alkoxy radical species, which was generated following 

decarboxylation, could mediate a chain-scission side reaction at room temperature (Scheme 7). 

The alkoxy radical-mediated β-scission-like reaction has been recently reported in Ce and Mn 

mediated photoredox reactions.
53, 83-85

 It is also known that free primary alcohols are good O-

nucleophiles and prone to 2e
-
 oxidations that generate carboxylic acids or aldehydes under 

oxidative conditions.
52, 53

 We noticed that the absence of Zn complex seemed to not affect this 

side reaction (Fig. S26b). This radical-mediated side reaction can be completely suppressed in 

the cold temperature (Fig. S26c), which may explain the temperature’s influence on the chain 

propagation and MWs shown in Fig. 1A. 

 

Scheme 7. Plausible radical-induced chain scission side reactions at room temperature  

 

 

On the basis of our results, we propose the following mechanism (Scheme 5). First, 

regioselective oxidative addition of Co
II
 complex to OCA leads to a transient Co

III
 intermediate I, 

which can be photoexcited to produce a strong photo-oxidant II. Next, the photoexcited 

cobaltacycle undergoes decarboxylation, which is thermodynamically feasible based on 

photophysical and electrochemical studies, to generate alkoxyl radical species III and reduced 

Co
II
 species. Although it remains unclear how a reactive alkoxy radical mediates chain-scission 

side reactions at room temperature,
86, 87

 at this point, we believe that this radical species should 

be rapidly intercepted by the Zn complex to generate a reactive Zn-alkoxide terminus at low 

temperature, thereby enabling the regeneration of the Co
II 

 catalyst. 

 

Discovery of Co/Hf-mediated photoredox polymerization of OCAs 

Based on our success of using Co/Zn complexes for photoredox ROP of OCAs, it was 

conceivable that other metal alkoxides may replace Zn-alkoxides to promote chain propagation 

in the polymerization. We then began our investigation by screening the reactivity of different 



metal alkoxides, e.g., Zr, Hf, Y, and in-situ prepared Mg-alkoxides in the photoredox 

polymerization of L-1 in the presence of Co complexes at -15 °C (Table S7). We found that the 

use of Co-2 (Scheme 8), a Co
II
 complex with a less bulky pyridine ligand than that of Co-1, 

together with hafnium isopropoxide showed decent polymerization activities (entry 2 versus 1), 

yet with little control over the MWs when adjusting the monomer to catalyst feeding ratios 

(entries 2-4). Notably, the substitute of Co-2 with (bpy)Ni / Ir-1 resulted in the diminished 

reactivity (entry 5); and hafnium isopropoxide itself was unable to initiate polymerization (entry 

6). Other metal alkoxides (Zr, Y and Mg) were essentially unreactive towards L-1 (entries 7-9). 

The addition of macrodendate complex to Hf alkoxide that forms Hf-1 (Scheme 8) enhanced the 

reactivity with an increased Mn value of 91.0 kDa, and a narrow Ð of 1.02 (entries 10-11). 

However, such strategy did not work for Zr complexes (entry 12). Our results agree with the 

recent studies about the reactivities of metal alkoxides or silylamides towards ROP of OCAs by 

other groups,
88, 89

 which may be related to the decarboxylation capability of metal complexes.
90

 

To this end, the identification of the active Hf complexes allows us to carry out stereoselective 

photoredox ROPs to synthesize different stereoregular polymers (vide infra). 

 

Scheme 8. Co/Hf- or Co/Zn-mediated photoredox ring-opening polymerization 

 

 

Stereoselective photoredox ring-opening polymerization of OCAs  

We next explored whether our methods could be applied to stereoselective photoredox 

ROP of racemic OCAs. Similar to our studies in eROP, we found that the ligand of the Co 

complex markedly affected the polymerization stereoselectivity: under the optimized photoredox 

conditions at −15 °C, the use of Zn-2 and Co-1 ([L-1]/[D-1]/[Co-1]/[Zn-2]/[BnOH] = 

150/150/1/1/1; Scheme 9) afforded a stereoblock (sb) copolymer poly(sb-1) with a Mn of 67.0 

kDa, a narrow Ð of 1.05, and a high Pm of 0.96 (Pm, probability of meso dyad formation; Table 

S8, entry 1; Fig. S30a). In contrast, Co-2 / Zn-3 initiated controlled polymerization of rac-1 ([L-

1]/[D-1]/[Co-2]/[Zn-3]/[BnOH] = 100/100/1/1/1) and afforded syndiotactic copolymer poly(sd-1) 

with a Pr (probability of racemic dyad formation) of 0.88 (Mn = 57.7 kDa, Ð = 1.14; entry 2; Fig. 

S30b). Note that when Zn-2 was replaced with Zn-1, polymerization was not efficiently initiated 

(entries 3–4); when Co-2 was replaced by Co-1, the obtained polymer had a large Ð of 1.28 and 

a decreased Pr value (entry 5; Fig. S30c); Zn-2 or Zn-3 alone was incapable to initiate 

polymerization of rac-1 (entries 6-7). Either the increase of steric bulky group or introducing 

L-1 poly(L-1) Co-2 Hf-1 Zr-1



electron-withdrawing cyano substituent on the β-diimine ligand of Zn-3 could not improve the 

syndioselectivity of the polymerization (entries 8-9; Fig. S30d-e).  

Additionally, we found that the combination of Co-2 with Hf-1 (Scheme 9), a reported 

syndioselective Hf-alkoxide complex for rac-lactide and rac-4 polymerization,
88, 91

 provided 

syndiotactic copolymers when used for the photoredox ROP of rac-1 with a Pr of 0.89 ([L-1]/[D-

1]/[Co-2]/[Hf-1] = 200/200/1/1; Mn = 96.6 kDa, Ð = 1.06; Table S8, entry 10; Fig. S30f). 

Changing the [L-1]/[D-1] ratio from 1/1 to 2/1 or 1/2 markedly decreased the Pr value from 0.89 

to 0.77 ([Co-2]/[Hf-1] = 1/1, entries 12-13 versus 11), confirming our assigned tetrad peaks. 

Kinetic studies agreed well with our measured syndioselectivity that kRS ≫ kRR ~ kSS in both Co-

2/Zn-3 and Co-2/Hf-1 catalytic systems (Fig. S31a-b). The use of Hf-2 with less sterically bulky 

ligand compared to Hf-1 did not improve the Pr value (entry 15; Fig. S30g); whereas the sole use 

of Hf complexes was found to be essentially unreactive towards rac-1 (entries 16-17), different 

from the literature.
88

  

 

Scheme 9. Stereoselective photoredox ring-opening polymerization of racemic monomer 1 

mediated by Co/Zn and Co/Hf complexes to prepare polymers with stereoblock or 

syndiotactic microstructures 
a
  

 
a
 Abbreviations: Pm, maximum probability of meso dyad formation; Pr, maximum probability of racemic 

dyad formation; Tg, glass transition temperature; Tm, melting temperature; sb, stereoblock; sd, syndiotactic. 

See Table S8 for detailed polymerization data.  

 

We next demonstrated that such stereoselective photoredox ROPs could be extended to 

other OCA monomers (Scheme 10). Notably, the stereoselectivity trends that were observed in 

ROP of rac-1 varied in other monomers. For example, Co-1/Zn-2 and Co-2/Zn-3 exhibited 

similar isoselectivity in the photoredox ROPs of rac-2 and rac-4 (Scheme 10A; Table S9, entries 

Hf-1 Hf-2 Hf-3

poly(sd-1)

rac-1

poly(sb-1)

Co-2 / Zn-3

or Co-2 / Hf-1

hv, -15  C
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Pm = 0.96

Tg = 31  C
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Zn-2 Zn-3

Zn-4 Zn-5

Co-1 Co-2



1-2 and 4-5; Figs. S32-33). Intriguingly, the photoredox ROP of rac-4 using Co-2/Hf-1 resulted 

in stereoblock copolymers, with a Pm of 0.74 ([L-4]/[D-4]/[Co-2]/[Hf-1] = 200/200/1/1; Mn = 

32.8 kDa, Ð = 1.04; entry 6; Fig. S33c), contrast to a syndiotactic poly(sd-4) generated by Hf-1 

alone (Pr = 0.82; entry 7; Fig. S33d). Kinetic studies are consistent with the formation of a 

stereoblock copolymer: the copolymerization of rac-4 was much slower than the polymerization 

of either enantiomer separately at the same [4]/[Hf-1] ratio under the same conditions (Fig. 

S31c), which excludes the possibility that two isotactic polymers, poly(L-4) and poly(D-4), 

formed separately.  

On the other hand, Co-1/Zn-2 provided stereoblock copolymers in the photoredox ROPs 

of rac-3 and rac-5 (Scheme 10B-C; Table S9, entries 8 and 11), with Pm values of 0.94 and 0.77, 

respectively (Figs. S34a and S35a); whereas Co-2/Zn-3 exhibited moderate syndioselectivity 

(entries 9 and 12; Figs. S34b and S35b). However, Co-2/Hf-1 showed syndioselectivity towards 

rac-3 (entry 10; Fig. S34c), but could mediate isoselective synthesis of poly(sb-5) with a Pm of 

0.97 (entry 13; Fig. S35c). Furthermore, in the presence of Co-2, the replacement of Hf-1 with 

Hf-4 (Scheme 10), a dinuclear hafnium complex, resulted in the syndioselective photoredox 

ROP of rac-5 with a Pr of 0.91 (entry 14; Fig. 35d). Importantly, we found that Tg values increase 

as the syndiotacticity Pr values increase in poly(rac-1), higher than their stereoblock and isotactic 

counterparts (Table S10, entries 1-3; Fig. S36), similar to the cases in poly(methyl methacylate)
92

 

and poly(3-hydroxybutyrate).
93, 94

 However, such trend is reserved in the case of poly(5): 

obtained poly(sb-5) had a Tg of 97 °C, which was similar to that of poly(L-5) and much higher 

than that of poly(sd-5) (74 °C; Fig. S40; entries 11-15), similar to that observed in 

poly(lactide).
24, 95

 Our photoredox ROP thus offers stereoregular polymers with Tg values 

spanning over ~100 °C (poly(sb-3) to poly(sb-5), Table S10). Notably, stereocomplex (sc) of 

polyesters
96

 can also lead to polymers exhibiting melting temperatures that are not found in other 

microstructures (e.g., poly(sc-5), entry 16). To be practically useful in many applications, 

polymers are expected to have thermal transitions far from room temperature. Specifically, 

polyesters with Tg values above approximately 90 °C are useful for applications in which a rigid 

structure must be maintained, such as preventing polyesters deformation in the presence of hot 

water. The wide range of Tg values also potentially allows for the preparation of multiblock 

thermoplastic elastomers.
97-99

 

 

Scheme 10. Stereoselective photoredox ring-opening polymerization of racemic O-

carboxyanhydrides (A) 2 and 4, (B) 3, and (C) 5, which are mediated by Co/Zn and Co/Hf 

complexes 
a
  

 



 

a
 Abbreviations: Pm, maximum probability of meso dyad formation; Pr, maximum probability of racemic 

dyad formation; Tg, glass transition temperature; Tm, melting temperature; sb, stereoblock; sd, syndiotactic. 

See Table S9 for detailed polymerization data.  

 

Conclusions 

Our work represents an important proof of concept that a catalytic system can mediate 

controlled ROP by either light (this report) or electricity.
32

 We have demonstrated that the 

oxidation status of Co complexes can be modulated by application of light during the 

polymerization, without the assistance from rare transition metal photocatalysts such as Ru or Ir 

complexes. Given the growing interest in replacing polyolefins with degradable and recyclable 

polymers,
1
 the discovery of Co/Zn catalytic system provides an alternative paradigm to develop 

stimulus-triggered polymerization strategies in coordination polymerization chemistry. 

Synergism between metal catalysts has been recently used to improve ROP performances, 

including using hetrodinuclear catalysts for the ROP of LA,
100

 and the copolymerization of CO2 

and epoxides.
101, 102

 In the case of photoredox ROP of OCAs, combining two metal catalysts not 

only significantly enhances the reactivity to produce high-MW PAHAs, but also allows for 

precise control of polymer’s tacticity, which can significantly affect PAHA’s thermal properties. 

To our knowledge, most photo- and electrochemically controlled polymerization strategies in 

polyolefins, however, could not mediate stereoselective polymerization. 

Collectively, we believe that this stimulus-triggered controlled polymerization chemistry 

will prove to be widely applicable in polymer and materials research. Ongoing studies are 

directed toward the synthesis of new metal initiators to regulate stereoselectivity as well as 

functionalized polyesters for future production of tough polyesters and thermoplastic elastomers. 
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