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Abstract

Initial catalyst dormancy has been mitigated for the enantioselective polymerization of propylene 

oxide using a tethered bimetallic chromium(III) salen complex. A detailed mechanistic study 

provided insight into the species responsible for this induction period and guided efforts to remove 

them. High-resolution electrospray ionization–mass spectrometry and density functional theory 

computations revealed that a μ-hydroxide and a bridged 1,2-hydroxypropanolate complex are 

present during the induction period. Kinetic studies and additional computation indicated that the 

μ-hydroxide complex is a short-lived catalyst arrest state, where hydroxide dissociation from one 

metal allows for epoxide enchainment to form the 1,2-hydroxypropanolate arrest state. While 

investigating anion dependence on the induction period, it became apparent that catalyst activation 

was the main contributor for dormancy. Using a 1,2-diol or water as chain transfer agents (CTAs) 

led to longer induction periods as a result of increased 1,2-hydroxyalkanolate complex formation. 

With a minor catalyst modification, rigorous drying conditions, and avoiding 1,2-diols as CTAs, 

the induction period was essentially removed.
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INTRODUCTION

Atactic poly(propylene oxide) (aPPO) is an industrially ubiquitous polymer used in 

polyurethane foam production.1,2 Although aPPO is an amorphous polymer with a Tg of −70 

°C, its semicrystalline analogue, isotactic PPO (iPPO), has a Tm of 67 °C. A recent report 

from Coates highlights the robust mechanical strength of iPPO and its susceptibility toward 

photodegradation.3 This material is suggested for high strength, environmentally susceptible 

applications as its ultimate tensile strength is comparable to that of nylon-6,6. With 

photodegradable3–6 and potentially biodegradable pathways,7–10 it is anticipated that this 

material could help alleviate the environmental burden of persistent plastics.
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Several decades of catalyst development have led to improved isotacticity,11–13 dispersity,
14,15 and molecular weight control14,15 for iPPO. The chiral bimetallic chromium(III) salen 

complex (1, Scheme 1) efficiently produces iPPO with high selectivity.14 Complex 1 was 

inspired by Jacobsen’s azido analogue developed for the enantioselective ring opening of 

epoxides.16–19 His work highlights that the two salen moieties of the ligand framework must 

adopt a “head-to-tail” arrangement for the metal centers to act cooperatively. Computational 

studies of similar chromium- and cobalt-bimetallic systems for epoxide polymerization also 

propose a cooperative mechanism in which one metal center provides an alkoxide chain end 

to ring-open an activated monomer, datively coordinated by the second metal.15,20 Previous 

work demonstrates that alcohol chain transfer agents (CTAs) in conjunction with 1 afford an 

immortal polymerization in which molecular weight is readily controlled and dispersities 

remain low through rapid alcoholysis.14 Although the 1-catalyzed system demonstrates 

exquisite control over polymerization, it is subject to an induction period (~20% of the total 

reaction time) during which there is little to no conversion.

Induction periods have been previously observed in similar salen-catalyzed systems.17,21,22 

Lee observed induction periods during PO/CO2 copolymerization with salen–cobaltate 

complexes where the relative humidity and small catalyst modifications led to varied 

induction times.23 Wu and Darensbourg observed a similar induction period in PO/CO2 

copolymerization catalyzed by a monometallic cobalt salen complex when using water as a 

CTA.24 During the induction period, they observed the formation of 1,2-propanediol (1,2-

PD), the suspected species responsible for the bimodality of molecular weight distributions 

in this and similar systems.14,23,25–28 When 1,2-PD was substituted as the CTA, 

polymerization began immediately, demonstrating 1,2-PD’s innocence on catalyst dormancy. 

In light of Lee’s and Darensbourg’s work, every effort was made to exclude water from the 

1-catalyzed system. Despite rigorous drying conditions, low concentrations of adventitious 

water remained, potentially contributing to the observed induction period. Herein, we report 

an investigation of the induction period for the enantioselective polymerization of PO 

facilitated by 1.

RESULTS AND DISCUSSION

Because of paramagnetic broadening by chromium, NMR spectroscopy was not used to 

characterize inorganic species for this mechanistic study. Instead, high-resolution 

electrospray ionization–mass spectrometry (ESI–MS) was used to help identify species 

present during the polymerization. This analytical method provided the first insight into the 

catalyst arrest states and oligomers formed during the induction period.29–32 Kinetic studies 

were used to corroborate MS findings and answer persistent mechanistic questions. 

Computation reinforces the experimental findings and provides additional structural insight.

To elucidate species formed early during the polymerization, several reactions were 

analyzed by ESI–MS. In the absence of PO, [1·OAcF3]− (1589.5775 m/z) was the primary 

ion resulting from the reaction mixture containing 1, catalyst activator, and 1,6-hexanediol 

(1,6-HD) (Figure 1A). This signal is recognized as the activated complex, where the counter 

ion [PPN]+ ([Ph3P–N=PPh3]+) was not observed while operating in the negative detection 

mode. Although 1 was originally portrayed as the (S)-conformer based on literature 

Lipinski et al. Page 3

ACS Catal. Author manuscript; available in PMC 2021 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



precedent,19,20 we did not ignore the possibility of 1 or [1·OAcF3]− resting as the (R)-

conformer (Scheme 2). Quantum chemical calculations conducted using density functional 

theory (DFT) support that polymer propagation as the (S)-conformer is preferred (vide infra, 

Figure S19). The favorability of a single conformation is attributed to the 1,2-

cyclohexanediamine chirality. With the additional support from computation, all remaining 

calculations and analogues of 1 are presented as the (S)-conformer.

Within 30 min of adding PO to the reaction containing [1·OAcF3]−, ESI–MS analysis 

revealed an ion at 1493.5891 m/z, corresponding to the hydroxide complex ([1·OH]−) 

(Figure 1B, red). The ion’s dependence on PO addition is consistent with adventitious water 

protonating an alkoxide chain end to form [1·OH]− (Scheme 3). This process results in [OH]
− coordinated within the catalyst active site, proximate to the second metal center. A μ-

hydroxide complex of an analogous nontethered chromium salen (Figure 2, crystallization 

and structural parameter details are in the Supporting Information) suggests a probable arrest 

state for the tethered bimetallic system. In an effort to determine [OH]− arrangement, [1·OH]
− was subjected to collision-induced dissociation (CID) MS. The resulting fragmentation 

pattern showed cleavage of [OAcF3]− rather than [OH]− (Figure S12). The stronger 

interaction with [OH]− reinforces its possible coordination with both metal centers, 

consistent with a μ-hydroxide species. Calculations further support the assignment as a μ-

hydroxide (vide infra).

In addition to [1·OH]−, three signals (1551.6352, 1609.6725, and 1689.6985 m/z) 

corresponding to the incorporation of 1–3 monomers from [1·OH]− or [1·ONa]− were 

observed (Figure 1B). In an effort to distinguish between PO enchainment and dative 

coordination, these ions were subjected to CID MS analysis.33,34 The ion corresponding to 

[1·OH·PO]− primarily resulted in a loss of 58.04 m/z, the mass of a single PO, suggesting 

dative coordination (Scheme 4A, Figure S13). In a control experiment, the activated 

complex ([1·OAcF3][PPN]) and 1,2-PD produced the isoelectronic ring-opened complex in 
situ in the absence of PO (Scheme 4B). When the ion was subjected to CID, the same 

fragmentation pattern and loss of 58.04 m/z were observed (Figure S14). Although these 

results support ring-closing and loss of PO by CID, it was not possible to discern if the PO 

was ring-opened or -closed for [1·OH·PO]−.

To augment CID MS findings about the complex, we examined the small molecules present 

during the induction period by ESI–MS.35 Dormant chains initiated by 1,6-

hydroxyhexanolate ([1,6-HH]−), 1,2-hydroxypropanolate ([1,2-HP]−), and [OAcF3]− were 

formed within the first hour of polymerization (Figure 1C, nomenclature assignment 

described in the Supporting Information). The presence of [1,2-HP]−-derived chains in the 

absence of exogenous 1,2-PD, suggests that [1·OH]− ring-opens PO to generate [1·1,2-HP]−. 

Similar to the equilibrium of the μ-hydroxide and single coordination for [1·OH]−, we 

suspected that [1·1,2-HP]− could exist in a bridged coordination (Scheme 5). The bridged 

[1,2-HP]− complex is coordinatively saturated, yielding a catalyst arrest state in addition to 

the μ-hydroxide complex.

To determine qualitative coordination strengths of potential inhibitors, solutions of 1,2-, 1,4-, 

and 1,6-diols were combined with the activated complex ([1·OAcF3][PPN]) and the resulting 
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mixtures were analyzed by ESI–MS. Upon introducing 10 equiv of 1,2-PD or 1,2-butanediol 

(1,2-BD), the respective 1,2-hydroxyalkanolate complexes were observed (Figures S9 and 

S10). When the CTA was not a vicinal diol (e.g., 1,4-BD and 1,6-HD), no hydroxyalkanolate 

complex was detected (Figures S8 and 1A). This observation that only 1,2-diols form 

hydroxyalkanolate complexes suggests a chromium–hydroxy interaction between the vicinal 

alcohol and second metal.

Kinetic analysis featuring various protic CTAs corroborates the coordination effects 

identified by ESI–MS. Polymerizations with 1,6-HD exhibited the same induction period 

(~1.0 h) as those performed in the absence of a CTA (Figure 3, red and blue, respectively). 

These results are consistent with the ESI–MS data, which suggests that the bridged 1,6-

hydroxyalkanolate complex is not formed. By contrast, polymerizations performed in the 

presence of 1,2-BD or water did not reach appreciable conversion before 3 h (Figure 3, 

green and orange, respectively). The additional induction times resulted only from arrest 

states intrinsically derived by each CTA. When introducing water as a CTA, the catalyst 

forms both the μ-hydroxide and 1,2-hydroxyalkanolate arrest states, whereas 1,2-BD’s 

implementation only forms the latter (Scheme 6). With each CTA promoting the same 

induction period, we recognize that the μ-hydroxide complex must be short-lived and the 

1,2-hydroxyalkanolate species is the rate-limiting arrest state.

Quantum chemical calculations were conducted to further investigate the catalyst dormancy. 

Several intermediates present during the induction period were optimized with the B3LYP 

density functional36 and a mixed 6–31G/6–31G* basis set.37 A truncation of the para-tBu 

groups on the catalyst was applied to reduce computation time only after quantitative 

agreement was achieved between select full and truncated models (Figure S17). 

Additionally, [OAcF3]− anions were exchanged for [Cl]− to further reduce computation time. 

Minimum energy reaction pathways and transition states were elucidated using the growing 

string method.38–40 The energies of the [OH]−-bound catalyst intermediates (Figure 4, Series 

1) and [1,2-HP]− complexes (Figure 4, Series 2) were compared. The activation barrier to 

form the PO-bound complex is 40.2 kcal/mol higher for Series 2, supporting 5 as the rate-

limiting arrest state. Although the activation barrier from 5 to 7 is quite high, we suspect that 

intramolecular hydrogen bonding from the terminal alcohol to the Cr alkoxide could reduce 

the energies of 6 and 7. Both series are well below the energies of propagation, which 

exhibit moderate activation barriers for catalyst turnover (Figure S19).

Although confident that the extended induction period (an additional ~2.0 h) in the presence 

of vicinal diols or water is due to the 1,2-hydroxyalkanolate complex, we were surprised that 

the total induction period approximately tripled. Based on our CTA loading of 10 equiv, this 

suggests that these polymerizations could have contained about 5 equiv of adventitious water 

relative to 1. The gel permeation chromatogram for a polymerization without a CTA shows 

that the water content under these standard drying conditions was <1:1 (H2O:1, Figure S1). 

This led us to investigate catalyst activation as another potential contributor to the induction 

period. Although 1 was originally portrayed with both anions exterior to the ligand 

framework (exo–exo), this species could also exist with either one (endo–exo) or both 

(endo–endo) anions within the active site (Scheme 7). Previous mechanistic work20 suggests 

that this catalyst requires exo/endo–exo coordination to be active. We hypothesized that a 
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bridged [OAcF3]− complex (bridged exo/endo–exo) could also inhibit propagation acting as 

another arrest state. Although we anticipate this bridging to occur through Cr–O 

interactions, the possibility of a Cr–F interaction has not been ruled out.41,42 We suspected 

that interconversion of [1·OAcF3]− to the active diastereomer and the first PO enchainment 

could also contribute to the induction period.

To investigate this hypothesis, complex 8, the dichloride analogue of 1, and [PPN]Cl were 

subjected to the same kinetic analysis as 1 in the absence of a CTA (Figure 5, blue). The 

polymerization began almost immediately, providing 8% conversion after the first hour. A 

previous report featuring a similar bimetallic Co catalyst shows that the ground states of 

coordination interconversion are closer in energy when using [Cl]− anions compared to 

[OAc]−.20 Based on the almost nonexistent induction period when using 8, we conclude that 

the [Cl]− system experiences an overall faster interconversion to the active diastereomer and 

first PO enchainment. Introducing 1,2-PD as a CTA in the [Cl]− system caused an induction 

period attributed to the [1,2-HP]− arrest state (Figure 5, purple). Notably, the duration of this 

induction period matches the extended portion of induction time observed with 1 and 1,2-

BD or H2O. The [Cl]− system suffers from the same [1,2-HP]− arrest state as the [OAcF3]− 

system, but it substantially reduced the induction time when no CTA was used.

With ESI–MS, computational, and kinetic data in hand, we proposed a general mechanism 

explaining this induction period (Scheme 8). First, 1 or 8 reacts with [PPN]X to generate a 

mixture of diastereomers. Following the addition of PO, monomer coordination to the exo/

endo-exo diastereomer yields 9. Subsequent ring-opening yields a small-molecule alkoxide 

bound to a chromium center (10). The lack of induction period when using 8 with [PPN]Cl 

supports the fast interconversion of [Cl]− coordination and PO enchainment. Conversely, the 

standard induction period (~1.0 h) observed with 1 and [PPN][OAcF3] is primarily attributed 

to the conversion of 1 to 10. In the presence of either adventitious water or water introduced 

as a CTA, protonation and dissociation of the resulting alcohol produce the μ-hydroxide 

complex (11). Overcoming a minor activation barrier to cleave a chromium–hydroxide bond, 

PO becomes datively coordinated to the unsaturated Lewis acid. Facile attack by the 

hydroxide ring-opens the monomer to form the bridged [1,2-HP]− arrest state (12). Although 

this arrest state is short-lived relative to the conversion of 1 to 10, using 1,2-diols or H2O as 

a CTA results in a substantial addition to the induction period. Following chromium–

hydroxy bond cleavage of 12 to form 10, PO coordination can remove the catalyst from the 

chain transfer arrest cycle to form 13. Enchainment of the PO consumes the vicinal alcohol, 

allowing propagation to occur (14). Although not emphasized in the proposed mechanism, 

the alcohols generated by chain transfer participate as CTAs during the polymerization.

CONCLUSIONS

In conclusion, we have identified induction period arrest states of a tethered bimetallic 

chromium catalyst used in the synthesis of iPPO. Through complementary ESI–MS and 

kinetic studies, we identified the conversion of adventitious water to [1,2-HP]− and its 

inhibiting effects on this system. Experimental and computational results indicate that the 

bridged [1,2-HP]− complex (12), not the μ-hydroxide species (11), is the predominant arrest 

state responsible for the extended induction period when using water as a CTA. The original 
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induction period was essentially removed when substituting [OAcF3]− with [Cl]−. This effect 

was attributed to the faster interconversion to the active diastereomer and its initial PO 

enchainment. Both 1 and 8 were susceptible to forming the bridged [1,2-HP]− arrest state 

(12), but 8 only generated a noticeable induction period in the presence of an inhibiting 

CTA. By avoiding water and vicinal diols when using 8, narrowly disperse iPPO can be 

synthesized without an induction period. This mechanistic study allows for a greater 

understanding of these enantioselective catalysts and fuels ongoing investigations to further 

develop these systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mass spectra: (A) Reaction mixture prior to addition of PO, consisting of 1.3 μmol 1, 1.3 

μmol [PPN][OAcF3], and 13 μmol 1,6-HD in 2 mL of DME. (B) Reaction mixture 0.5 h 

after 10.7 mmol PO was added. (C) Oligomers present (labeled with a degree of 

polymerization, n) 1.0 h after PO addition. Because of the off-scale signal of [OAcF3]− at 

112.9859 m/z, 100–120 m/z was omitted.
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Figure 2. 
Solid-state structure of the nontethered chromium salen, crystallized as the μ-hydroxide 

complex. Hydrogen atoms except that on the hydroxide fragment are omitted for clarity. 

Ellipsoids shown at 50% probability.
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Figure 3. 
Conversion of PO vs time for the enantioselective polymerization using no CTA, 1,6-HD, 

1,2-BD, and H2O as CTAs (1.8 μmol 1, 1.8 μmol [PPN][OAcF3], 18 μmol CTA, and 14.3 

mmol PO in 2 mL of DME) detected by 1H NMR. Error represents a standard deviation 

from the average conversion of three polymerizations.
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Figure 4. 
DFT-calculated Gibbs free energies (kcal/mol) of the competing proposed catalyst arrest 

states referenced to 2 (see the Supporting Information for full diagrams). Series 1 and 2 

show epoxide binding from the [OH]− and [1,2-HP]− complexes, respectively.
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Figure 5. 
Conversion of PO vs time for the enantioselective polymerization using no CTA and 1,2-PD 

as a CTA (1.8 μmol 8, 1.8 μmol [PPN]Cl, 18 μmol CTA, and 14.3 mmol PO in 2 mL of 

DME) detected by 1H NMR. Error represents a standard deviation from the average 

conversion of three polymerizations.
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Scheme 1. 
Chromium Salen-Catalyzed iPPO Synthesis
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Scheme 2. 
Proposed Activated Diastereomeric Complex Conformation
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Scheme 3. 
Proposed Pathway for [1·OH]− Formation from Adventitious Water
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Scheme 4. 
Failure to Determine the PO Enchainment of [1·PO·OH]− by CID MS
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Scheme 5. 
Proposed [1·1,2-HP]− Arrest State
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Scheme 6. 
Pathways for Extended Induction Time by CTA
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Scheme 7. 
Anion Coordination Interconversion of [1·OAcF3]− to an Active Catalyst
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Scheme 8. 
Proposed General Mechanism of iPPO Formation in the Presence of Water and 1,2-PD
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