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ABSTRACT: Copolymerization of CO with cyclohexene oxide (CHO) creates a sustainable polymer
that has been a target for homogeneous catalysis. In particular, indium(IIl) phosphasalen catalysts
generate high proportions of carbonate linkages in isotactic product poly(cyclohexene carbonate)
(iPCHC). We use theory here to characterize the initiation and propagation steps for these indium(III)
catalysts which involve mononuclear mechanisms for CO: insertion and CHO ring-opening that are
distinct from copolymerization mechanisms previously reported for other metal-based catalysts. We find
that phosphasalen ligand interactions with CHO and the carbonate-terminated growing chain lead to
stereoselection for high levels of isotacticity and suggest further modifications to the ligand that might
tune this.
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Introduction

CO; is a renewable, inexpensive, abundant feed stock and C1 building block. The capture and use of CO»
in value-added products is one of the key goals of sustainable and green chemistry and an emerging and
challenging task for the reduction of global warming.! In 1969, Inoue et al. synthesized polycarbonates
(PCs) from the ring-opening copolymerization (ROCOP) of epoxides and COa, this being one of the most

efficient ways to utilize CO».? PCs are value-added products that can serve as thermoplastics in a wide
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range of applications including ceramic binders, adhesives, coatings, elastomers, and packaging
materials.> To date, many metal catalysts have been documented for the synthesis of atactic PCs, in
addition to thermodynamically stable cyclic carbonates from a competing 1:1 reaction of epoxides and
CO,.* Atactic PCs have more limited applications than stereoregular polymer owing to the poorer
mechanical and thermal properties of the former.> As such, the search for catalysts able to achieve high
levels of ROCOP reactivity and isotacticity has been a priority.

Mono- and binuclear homogeneous metal-based catalysts, supported by salen, B-diiminate, and
porphyrin ligands, amongst others, have been described for the synthesis of poly(cyclohexene carbonate)
(PCHC) from ROCOP of cyclohexene oxide (CHO) and CO». Research has focused on achieving high
fractions of carbonate linkages (vs polyether formation), turn-over frequencies (TOF), isotacticity, and
minimal dispersity.” Recent metal-based catalysts incorporating phosphasalen ligands have shown
promising reactivity, selectivity, and dispersity control for a variety of polymerization reactions.® Of
special note, Williams and co-workers reported the capture of CO; in a copolymerization process, using
CHO to generate isotactic PCHC (iPCHC), catalyzed by indium(III) phosphasalen catalysts (Scheme 1).°
They observed that their phosphasalen catalysts performed better than corresponding salen catalysts in
terms of both reactivity and selectivity. Indeed, they reported the preparation of iPCHC having >99%
carbonate linkages and 76% isotacticity (P,) for the ROCOP of CHO/CO: using the indium(III)
phosphasalen catalyst C1 at 60°C and 1 bar CO» pressure (Scheme 1).” They successfully isolated and
characterized key intermediates to help illuminate the mechanism, and our goal, here, is to expand
understanding of individual microscopic steps — and factors controlling stereoselectivity — through
computational modeling. Theoretical contributions to elucidating mechanistic and stereochemical details

for other metal-catalyzed ROCOP reactions are extant,'”

although this is the first to examine indium(III)
phosphasalen catalysts. In addition to exploring the specific experimental system, we employ theory to

evaluate the utility of possible catalyst modifications.
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Scheme 1. Ring-opening copolymerization of cyclohexene oxide and CO; using an indium(II)

phosphasalen catalyst.

Computational Details

All stationary-point structures were optimized at the M0O6-L!! level of density functional theory including
Grimme’s D3 dispersion!? and using the mixed basis set SDD!? for In and Br (with associated core
pseudopotentials) and 6-31+G(d) for all other atoms. Optimizations were carried out including solvent
effects using the SMD solvation model'* for dichloromethane (DCM; ¢ = 8.93). Computations used the
Gaussian16 suite of electronic structure programs.!®> To verify the nature of stationary points, as well as
to compute partition functions for use in free energy calculations, analytical vibrational frequency
calculations were undertaken. All TS structures were confirmed to have exactly one imaginary frequency.
Intrinsic Reaction Coordinate (IRC) calculations for TS structures were used to connect them to respective
reactants and products. For improved energy-estimates, single-point calculations were then carried out
using the SMD solvation model at the M06,!! ®B97X-D, !¢ PBE0-D3,!” and MN15'8 levels of theory using
a mixed basis set of def2-TZVP with pseudopotential for In and Br and 6-31++G(d,p) for all other atoms.
Gibbs free energies for all stationary points were obtained by adding the zero-point vibrational energy
(ZPVE) and thermal energy corrections from standard statistical mechanics approximations at 333.15 K
and 1 atm pressure, except that vibrational modes below 100 cm™ were replaced with a value of exactly
100 cm™! in vibrational partition function calculations. Computed 333.15 K Gibbs free energies at the

SMDpcewmy©B97X-D/6-31++G(d,p),def2-TZVP|SDD(In)//SMD pemyM06-L-D3/6-31+G(d),SDD(In)
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level are used for discussion in the main text, with results from other levels of theory described in the
Supporting Information.

As employed experimentally, catalyst C1 has equal populations of A and A enantiomers in solution,
but stereochemical control of polymer tacticity can derive from the influence that catalyst chirality exerts
on locally diastereomeric transition-state structures for ring opening (and further control can derive from
the chirality of the locally growing chain). To facilitate discussion of our computational results, we will
work exclusively with A catalyst chirality, noting that all energetics would be exactly equivalent for
mirror-image structures associated with A catalyst; we will focus on the degree to which local catalyst
and growing-chain stereochemistry affects the energetics of alternative initiation and propagation

pathways.

Results and Discussion

We examine first the initiation of CO2/CHO ROCOP with a C1 catalyst having O'Bu as the initiator. Two
alternative pathways may be imagined, deriving from initial coordination of either CHO or CO; to the
indium center of the C1 catalyst and then subsequent steps. However, the former process is energetically
uncompetitive with the latter, and we relegate its description to the Supporting Information (Scheme S1
and Figure S1). With respect to initiation beginning from CO; insertion, Scheme 2 provides an overview

of the process.
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Scheme 2. Key mechanistic steps involved in the initiation cycle for ring-opening copolymerization of

CO2/CHO catalyzed by C1.

Specifically, CO; associates initially with C1 to form a Van der Waals complex, from which CO»
insertion occurs through a four-membered ring transition-state (TS) structure TS1 to generate hexa-
coordinate indium(IIl) carbonate intermediate 1. Two conformationally distinct TS structures were
characterized for CO; insertion (Figure 1), differing by orientation of the inserting CO>. Conformation
Ac1 (TS1) is the lower energy TS structure with a free energy of activation of 11.8 kcal/mol. The lowest-
energy conformation of 1 is 4.5 kcal/mol below educts C1 and CO; (Supporting Information, Figure S2)
and involves octahedral coordination at the metal including a chelating (x*) carbonate and cis-f

phosphasalen, consistent with experimental analysis.” Next, CHO displaces one weakly coordinated
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carbonate oxygen at indium to generate intermediate 2. Of several possible conformations for 2, the lowest

in energy is 1.7 kcal/mol below educts C1, CO; and CHO (Supporting Information, Figure S3).
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Figure 1. Possible initiation transition-state structures for CO; insertion together with free energies of

activation relative to C1 and CO; (kcal/mol; 333.15K) and selected bond distances (A).

Intermediate 2 next undergoes ring-opening of CHO to give intermediate 4, and we characterized four
different pathways for this process (TS2, TS2a, TS2b, and TS2c; Figures 2, S4-S6; Supporting
Information), two intramolecular and two intermolecular. The intramolecular paths involve substitution
of either of the two oxygens of the indium-coordinated carboxylate at CHO with concomitant epoxide
ring opening to a coordinated alkoxide product. Unsurprisingly, the activation free energies associated
with these two transition state structures are quite high (TS2a, 38.9 kcal/mol; TS2b, 37.4 kcal/mol) as a
backside attack geometry cannot be achieved for the nucleophilic substitution (leading to product cis-4 as
opposed to trans-4). In contrast, if carboxylate is fully dissociated from indium, an ion-pair intermediate
3 is readily found from which backside attack can occur, and the free energy of activation is substantially
lower at 27.3 kcal/mol (TS2; cf. Table S1 and Figure S6 for complete analysis of conformational
alternatives for this step and discussion in the Supporting Information). To assess the potential for free
carboxylate to interact with a different catalyst to which a separate carboxylate terminus remains
coordinated, we characterized relevant nucleophilic ring-opening pathways as well. The reduced Lewis
acidity of the catalyst in this instance increases the free energy of activation via TS2¢ to 30.0 kcal/mol.
Overall, then, as shown in Figure 3, CHO ring-opening is computed to be rate-determining for initiation,

with a 333.15 K standard-state free energy of activation of 30.1 kcal/mol relative to intermediate 1.
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Of particular importance in this process is the degree to which the chirality of the indium catalyst
(chosen for computational purposes as A) influences the R, R vs S, S chirality of the diol linkage in product
4, as site-control of isotacticity will depend on the relative energetics of alternative ring-opening pathways
leading to diastereomeric intermediates 4. In total, 40 conformationally distinct TS structures were
identified distinguished by orientation of the carbonate nucleophile, rotation of CHO around the indium
metal site, and, of course, site of nucleophilic attack (Figures 4, S6, and Table S1 in the Supporting
Information). From this set, the lowest-energy TS structure that leads to R, R stereochemistry (TS2gr) is
predicted to be 1.1 kcal/mol lower in free energy than the corresponding lowest-energy TS structure that
leads to S,S stereochemistry (TS2ss). Considering the Boltzmann average over both sets of TSs, the
difference drops slightly to 0.9 kcal/mol. This value agrees well with that found experimentally, 1.3

kcal/mol.’

TS2zr (0.0) [0.0] TS2ss (1.1) [0.9]

Figure 4. Lowest-energy transition-state structures leading to diastereomeric intermediates 4 with
associated relative free energies (333.15 K; kcal/mol) and selected bond distances (A). Computed

Boltzmann weighted free energies are provided in square brackets.

We further assessed TS2rr and TS2ss to try better to understand the factors affecting selectivity. CM5
partial atomic charge analysis!® gives In partial charges of +0.631 for TS2gr and +0.645 for TS2ss,

suggesting little difference in early vs late character for ring-opening in the competing TS structures.
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Interestingly, the electronic energy difference for these two structures is computed to be very small (0.1
kcal/mol; Supporting Information, Table S2), i.e., the computed free-energy difference derives essentially
entirely from thermal effects associated with the alternative vibrational partition functions. In effect, the
“looser” TS2gr is characterized by a number of normal modes computed at slightly lower-frequency than
those in corresponding TS2gs, the summed additional entropy from which lower the net free energy by 1
kcal/mol. While somewhat dissatisfying, in the sense that one cannot point to a single, clearly controlling
factor for stereoselection in ring-opening, this result is important to the extent it suggests that
modifications of the catalyst ligand structure that might further constrain the S,S TS structure(s) relative
to the R,R could lead to enhanced selectivity. It is not a priori obvious what such modifications might be,
but computational exploration permits us to test various alternatives, as discussed further below. Further,
intermediate 4 can either form #rans cyclohexene carbonate (CHC) or continue propagation (Schemes 2
and 3). The free energy of activation for the formation of trans CHC from 4 via TS3a is 37.0 kcal/mol

(Supporting Information; Figure S7) and the reaction is exergonic by 1.7 kcal/mol.
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Scheme 3. Key mechanistic steps involved in the propagation cycle for ring-opening copolymerization

of CO2/CHO catalyzed by C1.



10

First, however, as our work thus far focused on initiation, we proceeded to verify that
propagation, using an appropriate cyclohexylcarbonate nucleophile as opposed to a ¢-
butylcarboxylate, had no significant impact on the relevant reaction coordinate(s). As shown in
Scheme 3 and Figure 5, and with further details in Supporting Information (Figures S8 and S9 and
Table S3), propagation differs from initiation only modestly from an energetic standpoint. The
slightly more crowded nature of 4 relative to 1 causes the standard-state free-energy of activation
for the former to be 14.8 kcal/mol compared to 11.8 kcal/mol for the latter, but this is still well
below rate-determining CHO ring opening. By contrast, ring-opening itself proceeds with a lower
standard-state free energy of activation for propagation compared to initiation, 26.6 kcal/mol via
TS4 vs 30.1 via TS2. This difference is primarily attributable to the greater facility of charge
separation, leading to the ion-pair intermediate 7 vs 3 and subsequent TS structures, when the
carbonate itself'is larger and better able to distribute charge in the anion. Finally, the net free energy
of propagation is predicted to be very slightly endergonic, but this is in part simply an artifact of
the standard-state convention, which assumes an equimolar concentration of CHO and catalyst for
purposes of computation — experimentally, excess substrate relative to catalyst obviously helps
drive polymerization. In addition, however, it is fairly typical for electronic structure calculations
to underestimate the full entropy associated with a growing polymer chain (i.e., an intrinsically
thermochemical contribution as opposed to an electronic one), and this, too, leads to reduced
predicted exergonicity.?® It is also evident from the energetics noted above that the formation of

trans CHC from 4 is vastly less likely compared to propagation.
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Figure 5. Gibbs free energy (at 333.15K in kcal/mol) profile for propagation cycle for ring-

opening copolymerization of CO,/CHO catalyzed by C1.

Returning to the question of site-control of stereoselection, 53 conformationally distinct TS
structures were located leading to R, R or §,S stereochemistry at the new diol unit (Figure 6, S9 and
Table S3 for complete conformational analysis and discussion in the Supporting Information). The
lowest in energy (TS4rrrr) was found to lead to RRRR product, consistent with experimental
preference for isotacticity (note that we identify stereocenters in order from furthest position
relative to the catalyst to nearest). The free energy of activation associated with the lowest energy
ring-opening TS leading to a locally mismatched linkage (TS4rrss) is computed to be 0.8 kcal/mol
higher in energy. The Boltzmann averaged difference is 1.1 kcal/mol. This value is effectively the
same as that reported above for initiation.

When stereochemical outcomes are dictates by relatively small energy differences, it is often
difficult to identify decisive contributions to those differences, particularly in complex structures.
In the case of the TS structures leading to RRRR vs RRSS product, this is certainly the case, but a
careful analysis of various interatomic differences (Figure 6) does suggest that there are more and
shorter interactions between C—H hydrogen atoms and electronegative elements (oxygen atoms of
the carboxylate nucleophile or nitrogen atoms of the ligand) in the RRRR TS structure than in the

RRSS TS structure.



12

TS4ssss (1.7) [1.8]

TS4ssrr (0.7) [0.6] TS4grss (0.8) [1.1]
Figure 6. Lowest-energy optimized TS structures for ring-opening of CHO in the propagation
cycle including selected bond distances (A). Relative free energies of activation (AAGH; kcal/mol)

are in parentheses; Boltzmann weighted free energies of activation are provided in square brackets.

As propagation requires dissociation of the growing polymer chain from the catalyst, followed

by attach by that chain on coordinated CHO, it is appropriate to ask the question of the degree to
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which “escape” of the growing chain from a tight ion pair might permit loss of stereoregularity
through attack of an SS nucleophile on a catalyst otherwise disposed to favor RR ring-opening
based on site control. As shown in Figure 6, with an SS nucleophile, there is a preference to
generate new RR stereocenters by essentially precisely the same amount as with an RR nucleophile,
i.e., ~1.1 kcal/mol. However, the considerably different coordination of CHO to the catalyst in all
4 TS structures suggests that this is more coincidental than owing to any consistent difference in
site interactions with either or both substrates.

In addition, there is a difference in activation free energies leading to SSRR vs RRRR of 0.7 (or
0.6, Boltzmann averaged) kcal/mol. This difference is above and beyond any effective free energy
barrier associated with escape of the anionic growing polymer chain from the cationic
uncoordinated catalyst. We sought further to understand the stereoselective controlling factors that
are responsible for the difference in relative free energy of 1.7 (or 1.8, Boltzmann averaged)
kcal/mol between the two lower energy ring-opening TS structures TS4zrrr and TS4ssss in the
propagation cycle (Figure 6). Various weak non-covalent interactions such as C-H...O, C-H...N,
and C-H...m interactions between the phosphasalen ligand and CHO and carbonate linkers are
identified in both TS structures, TS4rrrr and TS4ssss. The difference in strength of these
interactions between these TS structures are stereocontrolling factors for the observed
isoselectivity. A non-covalent interaction (NCI) plot>! was used to examine and analyze these
weak intramolecular interactions in TS4rrrr and TS4ssss (See Figure S10 in the Supporting
Information). The computations indicate overall, then, that site control is dominant over chain-end

control with respect to influence on the stereochemistry of ring-opening of the CHO monomer.

Effect of Ligand Substituents on Reactivity and Isoselectivity
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Having characterized in detail the initiation and propagation cycles of the C1 catalyst, we next
undertook computational predictions of the stereoselectivity of ring-opening for catalysts modified
with various substituents at the ortho and para positions of the phenolate groups as well as varying
the aryl groups of the phosphasalen ligand, noting the utility of other DFT studies with respect to
the rational design of catalyst/ligand systems having improved reactivity and selectivity.!%*?? In
total, 34 ligands were assayed to discern their propensity for enhanced reactivity and/or
stereoselectivity for ROCOP. The free energies of activation and differences in relative free
energies of ring-opening steps determining stereoselectivity are provided in the Supporting
Information (Table S4). Here, we first compare our predictions to results from experimentally
reported catalysts and follow with a discussion of predictions for other possible
ligands/substituents.
Validations on Experimentally Available Catalysts: Experiments were performed with catalysts
where the ‘Bu groups of the phenolate rings were replaced with amyl and cumyl substituents at the
ortho and para positions of the C1 catalyst, these being denoted as C2 and C3 catalysts,
respectively (Supporting Information; Figure S11 and Table S4). We compare TS structures (e.g.,
TS2rr and TS2ss) for the initiation cycle noting the close agreement of initiation and propagation
predictions for C1. As a technical point, the considerably increased number of conformations of
the amyl and cumyl groups compared to #-butyl groups rendered these computations more time
consuming, but we exhaustively explored the relevant conformational spaces.

We found that R, R stereoselection continued to be preferred for A catalysts for both C2 and
C3 (energetic details of conformational TSs are provided in Table S5 and Table S6; Supporting
Information). The differences in relevant activation free energies for the C2 and C3 catalysts are

1.6 and 2.4 kcal/mol, respectively (1.4 and 2.3 kcal/mol Boltzmann averaged). These values are in
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good agreement with reported values of 1.3 and 2.0 kcal/mol, respectively. In addition, the free
energies of activation for the ring-opening steps for the C2 and C3 catalysts are computed to be
25.9 kcal/mol and 24.9 kcal/mol, respectively, consistent with their reported enhanced activity
relative to C1.

To understand the origin of enhanced isotacticity with cumyl groups, we analyzed the ring-
opening TS structures TS2gr c3 and TS2ss c3 (Figure S12 in the Supporting Information) using
distortion and interaction energy analysis. We found the distortion energy in TS2ss c3 is 7.7
kcal/mol greater than in TS2zr_c3. While this is offset by an interaction energy that is 5.5 kcal/mol
more favorable for TS2ss c3 (Figure S13 in the Supporting Information), the greater influence of
the distortion energy favors TS2gr c3. Importantly, the difference in phosphasalen ligand
distortion energy for C3 is 4.1 kcal/mol larger than for C1, suggesting that the cumyl groups
improve structural flexibility to accommodate one stereoisomer relative to the other compared to

t-butyl groups (Figure S13 in the Supporting Information).

We also examined replacing the ‘Bu groups at the phenolate para positions with various
electron-withdrawing and electron-donating substituents (C4-C12). None of these catalysts were
predicted to be improved over the C3 catalyst, however, electron donating substituents at the para
position of the phenolate groups were predicted to be more reactive and more stereoselective than

electron withdrawing substituents, but dramatic improvements relative to C3 were not realized.

Table 1. Effects of Selected Phosphasalen Ligand Phenolate Substituents (R; and R») and Phenyl
Groups (Ar) on Free Energies (kcal/mol) of Reactivity (AG*) and Isoselectivity (AAG) for

Initiation of the CO2/CHO Copolymerization Reaction

catalyst | Ry R; Ar AG* | AAG
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C35 ‘Bu Me | Mesityl | 25.5 | 3.6 R R

We next considered catalysts C13-C26 obtained through variations of the phosphine
phenyl groups in the C1 catalyst (Figure S11 and Table S4; Supporting Information). Predicted
reactivities and selectivities for these catalysts were in general unremarkable relative to C1 with
the exception of C25. Catalyst C25 (AG* = 25.4 kcal/mol and AAG = 2.6 kcal/mol; Table 1) which
places mesityl groups on the phosphines was predicted to be comparable to C3 catalyst in terms
of reactivity and stereoselectivity. Finally, catalysts C26-C35 were generated by replacing ‘Bu
with Me at phenolate para positions; and including a variety of electron-withdrawing and electron-
donating substituents at the para and 2,4,6-positions of the phosphine phenyl groups (Figure S11
and Table S4; Supporting Information). Catalyst C35, again with phosphine mesityl groups (AG*
= 25.4 kcal/mol and AAG = 3.6 kcal/mol; Table 1), performed equivalently to C25, indicating the
relative unimportance of the para-phenolate substituent with respect to steric bulk.

Conclusion

Density functional characterization of the mechanism of indium(III)phosphasalen catalyzed
copolymerization of CO»/cyclohexene oxide (CHO) distinguishes a mechanism where the
turnover-limiting step involves a dissociated carbonate functionality ring-opening CHO
coordinated to a mononuclear catalyst. Levels of predicted isotacticity associated with this step are
in good agreement with experiment for the known C1 catalyst and the stereochemical influences
of local catalyst configuration and chain-end configuration are found to be roughly equal in

magnitude. For known catalysts replacing ‘Bu in C1 with amyl (C2) and cumyl (C3) groups, trends
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in reactivities and isoselectivities were well reproduced. Increased differentiation in distortion
energies for the phosphasalen ligand and CHO substrate were identified as contributing to
improved reactivity and isoselectivity for C3. In addition, replacing phosphine phenyl groups with
mesityl groups is predicted to increase stereoselectivity; this prediction remains to be
experimentally realized.

Supporting Information. The Supporting Information is available free of charge via the Internet

at http://pubs.acs.org

Schemes and energetics of higher energy alternative pathway, energetics details of stationary
points and details of conformational analysis (PDF)

Optimized cartesian coordinates (xyz)
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