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A Switchable Dimeric Yttrium Complex and Its Three Catalytic 
States in Ring Opening Polymerization
Shijie Deng and Paula Diaconescu*a

A dimeric yttrium phenoxide complex supported by a ferrocene Schiff base ligand, [(salfen)Y(OPh)]2 (salfen = (N,N’- bis(2,4-
di-tert-butylphenoxy)-1,1’-ferrocenediimine), was synthesized and characterized. According to electrochemical studies and 
1H NMR spectroscopy, [(salfen)Y(OPh)]2 can be oxidized in a stepwise fashion to access three oxidation states. The catalytic 
activity of the three states toward the ring opening polymerization of cyclic esters and epoxides was investigated. The activity 
toward cyclic esters decreases upon oxidation while the opposite trend was observed in epoxide polymerization. Block 
copolymer syntheses using a redox switch were also performed.

1. Introduction
Redox-switchable catalysis has emerged as a powerful tool to 

modulate polymerization reactions. By changing the electron density 
either at the metal center or at the ligand scaffold, the catalytic 
activity and selectivity of a catalyst can be altered.1-5 In 2006, Long 
and coworkers reported a titanium Schiff base complex bearing two 
peripheral ferrocene units that displayed a different activity toward 
rac-lactide polymerization in the two different oxidation 
states10/12/2020 4:47:00 PM.6 Since then, redox-switchable 
polymerization has been applied to the ring opening polymerization 
of cyclic ester and ethers,5, 7-27 the coordination insertion 
polymerization of olefins,28-36 olefin metathesis,37-41 and controlled 
radical polymerization.42-44

In all aforementioned cases, only two oxidation states were 
available, systems addressing multiple catalytic oxidation states 
remaining scarce. In 2016, Chen and coworkers reported an α-
diimine palladium compound, Pd-CN (Chart 1), which was the first 
example of catalytic system that was amenable to two stepwise 
oxidations.45 The three oxidation states not only had different 
catalytic activities toward ethylene polymerization but also 
produced polyethylene with different molar masses and 
different topologies. Another example was recently reported by 
Hey-Hawkins and coworkers, who showed that a trinuclear gold(I) 
complex supported by a tris(ferrocenyl)arene-based tris-phosphine, 
[Au]3 (Chart 1) had four accessible oxidation states, making it 
possible to tune in a stepwise fashion the rate of catalytic ring-closing 
isomerisation of N-(2-propyn-1-yl)benzamide.46 However, to the 
best of our knowledge, a system with multiple catalytic oxidation 

states has not been investigated and exploited for the ring opening 
polymerization of cyclic esters and ethers.

Chart 1. Previously reported representative ferrocene-based metal 
complexes.

Our group has been developing redox switchable catalytic systems 
for ring opening polymerization in order to synthesize biodegradable 
polymers. In 2011, we reported the first and only redox-switchable 
yttrium complex, (phosfen)Y(OtBu) (phosfen = 1,1’-di(2-tert-butyl-6-
diphenylphosphinimino-phenoxy)ferrocene, Chart 1), which is active 
toward lactide and trimethyl carbonate ring opening polymerization 
in the reduced state while inactive when oxidized.47 Although many 
efforts have been exerted to developing ligand-based redox-
switchable metal complexes for the ring opening polymerization of 
cyclic esters and ethers by us16, 19-21, 26, 48 and others,49-51 most of 
them reported so far are based on group 4 metals.18, 22-25 On the 
other hand, group 3 metal complexes remaining mostly unexplored 
despite their high activity in ring opening polymerization.52-56 In this 
contribution, we report the synthesis and characterization of a 
redox-switchable dimeric yttrium compound, [(salfen)Y(OPh)]2 
(salfen = N,N’-bis(2,4-di-tert-butylphenoxy)- 1,1’-ferrocenediimine), 
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which can switch between three different oxidation states, and its 
application in redox-switchable ring opening polymerization. 

2. Experimental Section
2.1 General considerations

All experiments were performed under a dry nitrogen 
atmosphere in an MBraun glovebox or using standard Schlenk 
techniques. Solvents were purified with a two-state solid-state 
purification system by the method of Grubbs57 and transferred 
into a glovebox without exposure to air. NMR solvents were 
purchased from Cambridge Isotope Laboratories, degassed, and 
stored over activated molecular sieves prior to use. 1H NMR 
spectra were recorded on Bruker AV-300, Bruker AV-500, or 
Bruker DRX-500 spectrometers at room temperature. Chemical 
shifts are reported with respect to the residual solvent peaks, 
7.16 ppm (C6D6), 7.26 ppm (CDCl3) for 1H NMR spectra. Liquid 
monomers and 1,2-difluorobenzene were distilled over CaH2 
and brought into the glovebox without exposure to air. Solid 
monomers were recrystallized from toluene at least twice 
before use. n-BuLi, 2,4-di-tert-butylphenol and CoCp2 were 
purchased from Sigma-Aldrich and used as received. AcFcBArF 
(AcFc = acetylferrocene, BArF = tetrakis(3,5-bis(trifluoromethyl)-
phenyl)borate),58 KOPh, and (salfen)YCl(THF)59 were 
synthesized following previously published procedures. Molar 
masses of polymers were determined by size exclusion 
chromatography using a SEC-MALS instrument at UCLA. SEC-
MALS uses a Shimazu Prominence-i LC 2030C 3D equipped with 
an autosampler, two MZ Analysentechnik MZ-Gel SDplus LS 5 
μm, 300 × 8 mm linear columns, a Wyatt DAWN HELEOS-II, and 
a Wyatt Optilab T-rEX. The column temperature was set at 40 
oC. A flow rate of 0.70 mL/min was used and samples were 
dissolved in THF. The number average molar mass and 
dispersity values were determined using the dn/dc values which 
were calculated by 100% mass recovery method from the RI 
signal. CHN analyses were performed on an Exeter Analytical, 
Inc. CE-440 Elemental Analyzer. Thermal gravimetric analysis 
was performed using a PerkinElmer Pyris Diamond TG/DTA 
Instrument under argon. The program used increased the 
temperature from 50 to 500 °C at 5 °C/min.

2.2 Synthesis of [(salfen)Y(OPh)]2. (salfen)YCl(THF) (261.2 mg, 
0.4 mmol)  was dissolved in 10 mL of toluene; then, a KOPh (113 
mg, 0.4 mmol) slurry in toluene was added to it. The mixture 
was stirred for 1 hour at room temperature. Volatiles were 
removed under a reduced pressure. The residue was dissolved 
in hexanes, concentrated, and kept at -30 oC overnight. An 
orange powder was collected after filtration. Yield: 0.115g, 80%. 
X-ray quality single crystals of [(salfen)Y(OPh)]2 were grown 
from a dilute hexanes solution at room temperature. 1H NMR 
(500 MHz, C6D6, 25 oC), δ (ppm): 7.91 (s, 2H, N=CH), 7.56 (d, 2H, ArH), 
7.29 (d, 2H, ArH), 6.78 (d, 2H, ArH), 6.69 (t, 2H, ArH), 6.45 (t, 1H, ArH), 
4.81 (s, 2H, fc-H), 3.72-4.03 (s,s and s, 6H, fc-H), 1.58 (s, 18H, C(CH3)3), 
1.27 (s, 18H, C(CH3)3). 13C {1H} NMR (125 MHz, C6D6, 25 oC), δ(ppm): 
164.8 (N=C), 158.8 (m-OC6H2), 138.8 (m-OC6H2), 136.6 (m-OC6H2), 
130.1 (m-OC6H5), 129.7 (m-OC6H5), 128.3 (m-OC6H2), 122.7 (m-

OC6H2), 121.4(m-OC6H2), 119.3 (m-OC6H5), 109.2 (m-OC6H5), 61.8-
68.3(C5H4), 34.5 (C(CH3)3), 33.6 (C(CH3)3), 31.3 (C(CH3)3), 30.5 
(C(CH3)3). Elemental analysis for C47H62FeN2O3Y, Calcd: C, 
66.90%, H, 6.93%, N, 3.32%; Found: C, 67.22%, H, 7.37%, N, 
3.41%.

2.3 Isolation of [(salfen)Y(OPh)]2[BArF]. [(salfen)Y(OPh)]2 (20 
mg, 0.025 mmol) and AcFcBArF (13.2 mg, 0.012 mmol) were each 
dissolved in 1,2-difluorobenzene. AcFcBArF was added to 
[(salfen)Y(OPh)]2 dropwise. The mixture was stirred at room 
temperature for 0.5 h and solvent was then removed under 
reduced pressure. The resulting dark red oil was washed with 2 
mL of cold hexanes for 3 times and then resolved in benzene. 
After removing volatiles, a dark red powder was generated. 
Yield: 25 mg (83%). 1H NMR (300 MHz, 25C, C6D6), δ (ppm): 8.14 
(s, 8H, BArF, o-ArH), 8.03 (d, 2H, ArH), 7.70 (d, 2H, ArH), 7.49 (s, 4H, 
BArF, p-ArH), 4.03-4.29 (m, 8H, Cp-H), 3.61 (s, 9H, C(CH3)3), 1.69 (s, 
9H, C(CH3)3), 1.34 (br, 9H, C(CH3)3), 1.24 (s, 9H, C(CH3)3).

2.4 Isolation of [(salfen)Y(OPh)]2[BArF]2. [(salfen)Y(OPh)]2 (15 
mg, 0.02 mmol) and AcFcBArF (19.9 mg, 0.01 mmol) were each 
dissolved in 5 mL diethyl ether. AcFcBArF was added to 
[(salfen)Y(OPh)]2 dropwise. The mixture was stirred at room 
temperature for 0.5 h and solvent was then removed under 
reduced pressure. The resulting dark red oil was washed with 2 
mL of cold hexanes for 3 times and then resolved in benzene. 
After removing volatiles, a dark red powder was generated. 
Yield: 28 mg (92%). 1H NMR (300 MHz, 25C, C6D6), δ (ppm): 8.41 
(s, 8H, BArF, o-ArH), 8.09 (d, 2H, ArH), 7.71 (d, 2H, ArH), 7.56 (s, 4H, 
BArF, p-ArH), 4.09-4.25 (m, 8H, ArH), 3.63 (br, 9H, C(CH3)3), 1.69 (s, 
9H, C(CH3)3), 1.25 (s, 9H, C(CH3)3), 0.03 (s, 24H, Cp-H), -0.95 (s, 4H, 
Cp-H).

2.5 Homopolymerizations with [(salfen)Y(OPh)]2. Under an 
inert atmosphere, [(salfen)Y(OPh)]2 (2.5 μmol), C6D6 (0.6 mL), 
and the monomer were added to a J-Young NMR tube. The 
reaction mixture was shaken occasionally. The tube was sealed 
and brought out of the glovebox and placed in an oil bath when 
a higher than ambient temperature was needed. The NMR tube 
was taken out of the oil bath and the monomer conversion was 
monitored by 1H NMR spectroscopy. When the reaction 
reached the desired conversion, CH2Cl2 was added to dissolve 
the polymer and the resulting solution was poured into 10 mL 
of cold methanol to precipitate the polymer; the mixture was 
centrifuged for 5 minutes, and the supernatant was decanted. 
This process was repeated twice to remove the catalyst and 
unreacted monomer. The obtained polymer was dried under a 
reduced pressure before characterization. 

2.6 Homopolymerizations with in situ generated 
[(salfen)Y(OPh)]2

+ and [(salfen)Y(OPh)]2
2+. Under an inert 

atmosphere, [(salfen)Y(OPh)]2 (2.5 μmol), AcFcBArF solution 

(0.05/0.1 mL, 50 μM in 1,2-difluorobenzene) and C6D6 (0.6 mL) 
were added to a J-Young NMR tube. The reaction mixture was 
left at room temperature for 15 minutes while being shaken 
occasionally. Then, the monomer was added. The tube was 
sealed and brought out of the glovebox and placed in an oil bath 
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when a higher than ambient temperature was needed. The 
NMR tube was taken out of the oil bath and the monomer 
conversion was monitored by 1H NMR spectroscopy. When the 
reaction reached the desired conversion, CH2Cl2 was added to 
dissolve the polymer and the resulting solution was poured into 
10 mL of cold methanol to precipitate the polymer; the mixture 
was centrifuged for 5 minutes, and the supernatant was 
decanted. This process was repeated twice to remove the 
catalyst and unreacted monomer. The obtained polymer was 
dried under a reduced pressure before characterization.

2.7 General procedure for copolymerization. Under an inert 
atmosphere, [(salfen)Y(OPh)]2 (2.5 μmol), an internal standard 
(hexamethylbenzene), C6D6 (0.6 mL), and the monomer were 
added to a J-Young NMR tube. The reaction mixture was left at 
room temperature for 15 minutes while being shaken 
occasionally. The tube was sealed and brought out of the 
glovebox and the monomer conversion was monitored by 1H 
NMR spectroscopy. When a desired conversion was reached, 
the NMR tube was brought back into the glovebox, and AcFcBArF 

(0.05/0.1 mL, 50 μM in 1,2-difluorobenzene) or CoCp2 (0.05/0.1 
mL, 50 μM in 1,2-difluorobenzene) was added. The reaction 
mixture was shaken occasionally for 15 minutes before the next 
monomer was added. When the reaction reached the desired 
conversion, CH2Cl2 was added to dissolve the polymer and the 
resulting solution was poured into 10 mL of cold methanol to 
precipitate the polymer; the mixture was centrifuged for 5 
minutes, and the supernatant was decanted. This process was 
repeated twice to remove the catalyst and unreacted 
monomer. The obtained polymer was dried under a reduced 
pressure before characterization.

2.8 Cyclic voltammetry study of [(salfen)Y(OPh)]2. Cyclic 
voltammetry was performed in a 100 mM solution of TPABArF 
(TPA = tetra-n-propylammonium, BArF = tetrakis(3,5- 
bis(trifluoro-methyl)-phenyl)borate)) in 1,2-difluorobenzene. 1 
mM of [(salfen)Y(OPh)]2 was added. The experiment setup used 
a glassy carbon working electrode, a platinum counter 
electrode, and an Ag/Ag+ pseudo reference electrode. The 
working and auxiliary electrodes were polished with an aqueous 
suspension of 1.00 μm, 0.30 μm, and 0.05 µm alumina 
successively on a Microcloth polishing pad before each cyclic 
voltammogram was recorded. Cyclic voltammograms were 
acquired with a CH Instruments CHI630D potentiostat and 
recorded with CH Instruments software (version 13.04). Data 
was processed using Origin 9.2 and all potentials are given with 
respect to the ferrocene-ferrocenium couple.

3. Results and Discussion

3.1 Synthesis of [(salfen)Y(OPh)]2

A salt metathesis reaction between (salfen)YCl(THF) and 
KOPh in toluene at ambient temperature led to the formation 
of the phenoxide compound [(salfen)Y(OPh)]2 (Scheme 1). The 
1H NMR spectrum showed a set of major peaks and a set of 

minor peaks, with a ratio of 5:1. We also attempted another 
synthetic route by reacting (salfen)YCl(THF) with LiN(SiMe3)2 to 
generate an yttrium amide intermediate, to which phenol was 
then added added (Scheme 1). However, the same product with 
an identical 1H NMR spectrum was obtained. Similar results 
were reported by Williams et al.: it was suggested that the 
minor peaks belong to an isomer resulting from a different 
ligand conformation or yttrium coordination geometry.60, 61 
Therefore, a variable temperature 1H NMR experiment was 
performed and showed that the two sets of peaks showed 
coalesced at 95 °C (Figure S17).

Scheme 1. Synthetic routes to [(salfen)Y(OPh)]2.

    

Figure 1. Thermal ellipsoid (50% probability) representation of 
[(salfen)Y(OPh)]2. Hydrogen atoms were omitted and phenolic 
t-butyl groups were represented as sticks for clarity.
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Figure 2. Cyclic voltammogram of 5 mM [(salfen)Y(OPh)]2 
recorded at a glassy carbon electrode at a scan rate of 100 mV/s. 
1,2-difluorobenzene was used as a solvent and 100 mM 
TPABArF was used as the electrolyte.

Single crystals suitable for X-ray crystallography analysis were 
grown from a dilute hexanes solution at ambient temperature. 
The solid-state molecular structure of [(salfen)Y(OPh)]2 (Figure 
1) shows a dimeric species, in which two yttrium centres are 
bridged by two phenoxide groups. Diffusion ordered 
spectroscopy (DOSY) NMR experiments were conducted to 
determine whether the dimeric structure was maintained in 
solution. The solution hydrodynamic radius rH was calculated to 
be 8.2 Å, while the solid state value rx-ray was determined to be 
7.8 Å using X-ray crystallographic data (Figure S10), indicating 
that the compound exists as a dimer in solution as well.

3.2 Redox properties of [(salfen)Y(OPh)]2

In order to gain insight into the redox properties of 
[(salfen)Y(OPh)]2, an electrochemical study, as well as chemical 
redox experiments were performed. According to the reported 
electrochemical studies of the previously mentioned Pd-CN, the 
half potentials of the electron transfer events were close to 
each other (E1/2 vs Ag/AgCl for Pd-CN: 0.50 V; for [Pd-CN]+: 0.47 
V; for [Pd-CN]2+: 0.46 V).45 However, in our case, the cyclic 
voltammogram of [(salfen)Y(OPh)]2 (Figure 2) clearly shows two 
reversible electron transfer events with half potentials of 0.16 
V and 0.32 V versus Fc/Fc+, suggesting that [(salfen)Y(OPh)]2 can 
be reversibly oxidized in a stepwise fashion. Chemical redox 
experiments were also conducted using AcFcBArF as an oxidant 
and CoCp2 as a reductant. 1H NMR spectra showed that the 
addition of 1 or 2 equivalents of AcFcBArF resulted in the 
disappearance of the [(salfen)Y(OPh)]2 signals and the 
formation of broad paramagnetic peaks, likely corresponding to 
[(salfen)Y(OPh)]2

+
 and [(salfen)Y(OPh)]2

2+, respectively, while 
the addition of CoCp2 led to the reappearance of 
[(salfen)Y(OPh)]2 peaks (Figures S14-15. Byers and coworkers 
recently reported a technique using DOSY NMR spectroscopy to 
characterize heterobimetallic compounds where one of the 
metals was a paramagnetic first-row transition metal;62 this 
technique might be a useful tool to characterize and elucidate 
the structure of the oxidized species. When we applied it, we 
found that the doubly oxidized species [(salfen)Y(OPh)]2

2+ 
showed a single peak in the diffusion spectrum that indicated 
that the dimeric structure was maintained; the mono-oxidized 
[(salfen)Y(OPh)]2

+ was more complicated, but the majority of 
the signals were also attributed to a dimeric form (Figure S11-
12). A crossover experiment was also performed by adding an 
equivalent of [(salfen)Y(OPh)]2 to the doubly oxidized 
[(salfen)Y(OPh)]2

2+; the corresponding 1H NMR spectra and 
DOSY results matched those of the mono-oxidized species, 
[(salfen)Y(OPh)]2

+ (Figure S6, 13). Furthermore, stability tests 
revealed that all three oxidation states were robust, no 
decomposition was observed at 80 °C after 24 hours (Figures S7-
9).

Scheme 2. Redox switch between the three oxidation states of 
[(salfen)Y(OPh)]2.

3.3 Homopolymerization reactions

The catalytic activity of the reduced state and of the two in 
situ generated oxidized states was studied toward the ring 
opening polymerization of cyclic esters, carbonate, and ethers. 
In LLA (L-lactide) polymerization, the reduced state compound, 
[(salfen)Y(OPh)]2, showed the highest activity, where 200 
equivalents of monomer were polymerized to 73% conversion 
in 0.5 hours at ambient temperature (Table 1, entry 1). To gain 
insight into the catalytically active species, DOSY experiments 
were performed on PLLA obtained from 60 equivalents of LLA 
polymerized by [(salfen)Y(OPh)]2, before and after quenching 
with H2O (Figures S42-43). Despite a relatively complicated 
diffusion pattern, the active polymer chain showed a diffusion 
coefficient of 2.7 × 10-11 m2/s, which agreed to that for the 
quenched free polymer chain (diffusion coefficient of 2.9 × 10-11 
m2/s), indicating that the active species is likely to be 
mononuclear during the polymerization. The mono-oxidized 
state demonstrated a slower polymerization rate but produced 
polymer with a narrower dispersity, and the molar mass of the 
resulting polymer revealed that only one of the two phenoxide 
groups initiated the polymerization (Table 1, entry 2). The 
doubly oxidized compound had the lowest activity, only 23% 
conversion was reached after 24 hours, and the polymer molar 
mass also suggested a single phenoxide initiation (Table 1, entry 
3). A similar trend was observed in CL (ε-caprolactone) and VL 
(δ-valerolactone) polymerizations, where the reduced 
compound showed the highest rate and the activity decrease 
along with oxidation (Table 1, entries 4-9). However, unlike LLA 
polymerization, which was well-controlled, lactone 
polymerizations were poorly regulated, leading to high polymer 
molar masses compared to theoretical values. In TMC (1,3-
trimethylene carbonate) polymerization, the reduced state 
showed the highest activity but the molar mass of the resulting 
polymer was much higher than expected, probably due to 
transesterification21 or catalyst deactivation. The mono-
oxidized compound showed a slower polymerization rate but 
better controlled molar mass in comparison to the reduced 
state (Table 1, entries 10-12).

Ring opening polymerization of epoxides showed an opposite 
trend, where the activity of the yttrium compound increases as 
the oxidation state increases. For example, the reduced 
compound was inactive toward the polymerization of CHO 
(cyclohexene oxide), while both the mono-oxidized and doubly 
oxidized compounds reached full conversion in 5 minutes. Such 
a high activity of the oxidized states caused a broad dispersity 
and an uncontrolled molar mass of the polymer (Table 1, entries 
13-15). This behavior was previously observed by our group for 
some other ferrocene-based metal complexes.16, 18, 21, 23 We 
reported a combination of experimental results and DFT 
calculations to elucidate the CHO polymerization mechanism by 

[(salfen)Y(OPh)]2
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the oxidized compound, a cationic species; the results support 
the coordination insertion pathway being more feasible than 
the cationic polymerization pathway.22  Another epoxide, 
propylene oxide (PO), was also tested as a monomer, and the 
same trend as for CHO was observed (Table 1, entries 10-12). 
[(salfen)Y(OPh)]2 did not polymerize PO even when the 
temperature was elevated to 80 °C. However, both 
[(salfen)Y(OPh)]2

+ and [(salfen)Y(OPh)]2
2+, which were inactive 

at ambient temperature, polymerized less than 5% of PO when 
heated to 80 °C for 48 hours (Table 1, entries 16-18). Since 
AcFcBArF can act as a catalyst for CHO polymerization,24 a control 
experiment of PO polymerization with the oxidant was 
performed; AcFcBArF can polymerize 81% of PO at 25 °C  after 2 
hours (Figure S44). Given the different results obtained in the 
control experiments, the results shown in Table 1 likely reflect 
the activity of the yttrium compounds. 

3.4 Copolymerization reactions

Based on the homopolymerization results, copolymerization 
experiments were performed. We first tried copolymerization 

of LLA and TMC. Only a few examples48, 63, 64 reported before are 
capable of polymerizing TMC after LLA because, after the 
insertion of LLA, a five-membered ring intermediate would 
make the energy barrier for insertion too high for the next 
lactide and even harder for TMC incorporation. In 2018, we 
reported a dimeric zinc compound that can polymerize TMC 
after LLA and thus synthesize multiblock copolymers; DFT 
studies indicated that the dimeric structure lowers the overall 
activation barrier making the propagation possible after the 
insertion of LLA.48, 65 Therefore, we first attempted a one-pot 
copolymerization of LLA and TMC with [(salfen)Y(OPh)]2 (Table 
2, entry 1). Real time 1H NMR spectroscopy was used to monitor 
the conversion of both monomers, and indicated that a tapered 
copolymer was generated. The linkages were confirmed by the 
13C{1H} NMR spectrum of the isolated polymer (Figure S37). 
However, due to the uncontrolled nature of TMC 
polymerization, the polymer molar mass did not agree with the 
theoretical value. 

Table 1. Homopolymerization with [(salfen)Y(OPh)]2, [(salfen)Y(OPh)]2
+, and [(salfen)Y(OPh)]2

2+ toward different monomers.a

Entry Monomerb Cat.c Time Conv. (%) Mn,calc
d (kDa) Mn,exp

e (kDa) Đ

1 LLA red 0.5 h 73 11 10 1.51

2 LLA ox+ 6 h 83 12 23 1.25

3 LLA ox2+ 24 h 23 3.3 6.9 1.11

4 CL red 21 h 81 8.3 59 1.47

5 CL ox+ 24 h 3 N/A

6 CL ox2+ 24 h 0 N/A

7 VL red 10 h 82 8.2 65 1.23

8 VL ox+ 24 h 20 2.2 13 1.20

9 VL ox2+ 24 h 7 0.7 13 1.02

10 TMC red 24 h 96 9.8 158 1.24

11 TMC ox+ 72 h 84 8.6 10.2 1.11

12 TMC ox2+ 72 h 38 2.9 21 1.13

13 CHO red 24 h 0 N/A

14 CHO ox+ 5 min 98 9.6 23 3.3

15 CHO ox2+ 5 min 100 9.8 66 3.5

16f PO red 24 h 0 N/A

17f PO ox+ 48 h 16 0.9 291 1.23

18f PO ox2+ 48 h 65 3.8 380 1.18

a All polymerization reactions were performed with 2.5 μmol precatalyst, 0.6 mL of C6D6 as the solvent, 200 equivalents of monomer, at ambient 
temperature unless otherwise mentioned; conversions were determined by 1H NMR spectroscopy. Each polymerization experiment was performed 
at least twice; one of the trials is listed here while the other set of results is listed in Table S1.b LLA stands for L-lactide, CL stands for ε-caprolactone, 
VL stands for δ-valerolactone, TMC stands for 1,3-trimethylene carbonate, CHO stands for cyclohexene oxide, and PO stands for propylene oxide. 
c “red” represents [(salfen)Y(OPh)]2, “ox+” represents in situ generated [(salfen)Y(OPh)]2

+, and “ox2+” represents in situ generated [(salfen)Y(OPh)]2
2+. 

d Mn,calc is calculated based on initiation from both phenoxide groups, Mn,calc = Mmonomer × 100 × conversion. e Mn,exp were determined by SEC measurements. 
f Polymerization was conducted at 80 °C.
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Table 1. Copolymerization studies.a

Entry Monomerb Cat.c Time g Conv.h (%) Mn,calc
d (kDa) Mn,exp

e (kDa) Đ

1f LLA-TMC red 17 h 100 - 82 23 52 1.51

2 LLA-TMC red-ox+ 15 min - 24 h 100 - 53 21 29 1.31

3 LLA-CHO red-ox2+ 15 min - 5 min 46 - 100 4.4 7.9 1.32

4 LLA-CHO-LLA red-ox2+-red 15 min - 5min - 25 
min

55 - 100 - 100 N/A
38

1.605 LLA-CHO-LLA ox+-ox2+-ox+ 5 h - 5 min - 1 h 55 - 80 - 73 N/A

6 LLA-TMC-CHO red-ox+-ox2+ 15 min - 24 h - 6 h 100 - 63 - 0 N/A
 a All polymerization reactions were performed with 2.5 μmol precatalyst, 0.6 mL of C6D6 as the solvent, 200 equivalents of monomer, at ambient 

temperature unless otherwise mentioned; conversions were determined by 1H NMR spectroscopy. b LLA stands for L-lactide, TMC stands for 1,3-
trimethylene carbonate, and CHO stands for cyclohexene oxide. c “red” represents [(salfen)Y(OPh)]2, “ox+” represents in situ generated 
[(salfen)Y(OPh)]2

+, and “ox2+” represents in situ generated [(salfen)Y(OPh)]2
2+. d Mn,calc is calculated based on initiation from both phoxide groups, Mn,calc 

= Mmonomer × 100 × conversion. e Mn,exp were determined by SEC measurements. f Polymerization was conducted in one pot. g Each number represents 
the time for the reaction carried out in each oxidation state that starts with the addition of monomer and ends with the addition of the redox 
reagent. h For entries 1-3 and 6, each number represents monomer conversion at the end of each polymerization. For entries 4 and 5, the first 
number represents the conversion after the first time period, the other two conversion numbers represent the conversion at the end of the 
polymerization.

   

To synthesize a better regulated block copolymer, we then 
carried out the redox controlled copolymerization of LLA and 
TMC by sequentially adding the monomers (Table 2, entry 2). 
55% conversion of LLA was reached after 15 min with 
[(salfen)Y(OPh)]2. Subsequently, 1 equivalent of AcFcBArF was 
added to oxidize the catalyst to the mono-oxidized state, 
followed by the addition of the second monomer, TMC. After 
another 24 h of polymerization, LLA was depleted while TMC 
reached 53% conversion. 1H NMR monitoring of the 
polymerization, as well as the 13C{1H} NMR spectrum of the 
isolated polymer, indicated that LLA and TMC were still 
polymerized in a tapered fashion when they coexisted in the 
system. DOSY of the isolated polymer showed a single diffusion 
peak which confirmed that a diblock copolymer was synthesized 
(Figure S40). We also characterized our copolymers using 
thermogravimetric analysis; for example, the obtained PLLA-
PTMC copolymers started to decompose at 50 °C (Figures S64-
65, S69), unlike pure PLLA66 and PTMC,67 which do not 
decompose until a relatively high temperature. Furthermore, 
PLLA-PCHO copolymers showed two stages of weight loss 
(Figures S66-68) corresponding to the decomposition of the two 
monomeric units in the copolymer.

We also performed a LLA and CHO copolymerization 
utilizing a redox switch (Table 2, entry 3). We first polymerized 
LLA with the reduced state; 2 equivalents of AcFcBArF was added 
to oxidize the catalyst to the doubly oxidized state, halting the 
LLA polymerization. Then, 200 equivalents of CHO was added 
subsequently and a full conversion was reached after 5 minutes 
according to real time 1H NMR monitoring. However, the 1H 
NMR spectrum of the isolated polymer showed only 27% PCHO 
incorporation; the PCHO homopolymer was probably removed 
during the polymer purification process. To determine whether 

the catalytic activity toward LLA polymerization can be restored 
after the CHO polymerization, a triblock copolymerization was 
attempted (Table 2, entry 4). Aliquots were taken to 
characterize the polymer at each stage, and, according to the 
SEC traces, the PLLA-PCHO peak shifted from the PLLA 
homopolymer peak, however, the PLLA-PCHO-PLLA peak was 
on top of the PLLA-PCHO peak implying that the triblock 
copolymer synthesis was unsuccessful (Figure S62). When we 
initiated the LLA polymerization with the mono-oxidized state 
(Table 2, entry 5), a 55% conversion was reached after 5 hours; 
1 equivalent of AcFcBArF was then added to halt LLA 
polymerization and generate the doubly oxidized species that 
would start the CHO polymerization. After the subsequent 
addition of 1 equivalent of CoCp2 to switch back to the mono-
oxidized state, another 200 equiv of LLA was added. After the 
polymerization of CHO, LLA polymerization with the 
regenerated mono-oxidized compound was faster, an overall 73% 
conversion was reached within one hour. This behavior agrees 
with results from some of our previous studies, which 
investigated in depth how one monomer influences the 
polymerization rate of another monomer; it was found that, in 
general, LLA is polymerized faster in the presence than in the 
absence of CHO. SEC traces also indicated that homopolymers 
instead of a targeted triblock copolymer were obtained (Figure 
S63). We also tried to polymerize CHO after the 
copolymerization of LLA and TMC (Table 2, entry 6); however, 
after adding 1 equivalent of AcFcBArF and 200 equivalents of 
CHO, no CHO polymerization was observed after 6 hours. We 
postulate that the failure to synthesize a triblock copolymer 
could be ascribed to the different redox behaviour when a 
substrate was present.68
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4. Conclusion
We synthesized the dimeric yttrium compound 

[(salfen)Y(OPh)]2 that can be oxidized twice in a stepwise 
fashion. 1H and DOSY NMR spectroscopy were employed to 
characterize the three oxidation states. The catalytic activity 
toward ring opening polymerization of LLA, CL, VL, and TMC 
decreased along with oxidation. In TMC and LLA polymerization, 
oxidized states produced polymers with better controlled molar 
mass and narrower dispersity than the reduced state. On the 
contrary, the catalytic activity toward CHO and PO increased 
along with oxidation. Diblock copolymers of PLLA-PTMC and 
PLLA-PCHO were successfully prepared using redox-switchable 
catalysis. However, attempts to synthesize triblock copolymers, 
PLLA-PCHO-PLA or PLLA-PTMC-PCHO using a redox switch were 
proved to be unsuccessful, possibly due to a different redox 
behaviour of [(salfen)Y(OPh)]2 in the presence of monomer.
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