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ABSTRACT: The alternating copolymerization of CO,/epoxides is a
useful means to incorporate high levels of carbon dioxide into polymers.
The reaction is generally proposed to occur by bimetallic or
bicomponent pathways. Here, the first indium catalysts are presented,
which are proposed to operate by a distinct mononuclear pathway. The  {
most active and selective catalysts are phosphasalen complexes, which
feature ligands comprising two iminophosphoranes linked to sterically
hindered ortho-phenolates. The catalysts are active at 1 bar pressure of
carbon dioxide and are most effective without any cocatalyst. They show
low-pressure activity (1 bar pressure) and yield polymer with high
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carbonate linkage selectivity (>99%) and isoselectivity (P, > 70%).

Using these complexes, it is also possible to isolate and characterize key catalytic intermediates, including the propagating indium
alkoxide and carbonate complexes that are rarely studied. The catalysts are mononuclear under polymerization conditions, and
the key intermediates show different coordination geometries: the alkoxide complex is pentacoordinate, while the carbonate is
hexacoordinate. Kinetic analyses reveal a first-order dependence on catalyst concentration and are zero-order in carbon dioxide
pressure; these findings together with in situ spectroscopic studies underpin the mononuclear pathway. More generally, this
research highlights the future opportunity for other homogeneous catalysts, featuring larger ionic radius metals and new ligands,

to operate by mononuclear mechanisms.

B INTRODUCTION

CO, is a highly desirable C1 feedstock as it is abundant,
inexpensive, and a common industrial and biochemical waste."”
One useful way to add value to CO, is by its ring-opening
copolymerization (ROCOP) with epoxides to produce
polycarbonates.”™ ROCOP is particularly attractive in terms
of CO, utilization as it is genuinely catalytic, applies low-cost
commercial reagents, yields valuable products already used and
sold at large-scale, and results in significant carbon dioxide
uptake (CO, constitutes 30—50 mol % of the polymer).'”"
The properties of the CO,-derived polycarbonates (PC) enable
them to replace conventional polymers across a wide range of
applications and at large scale.””~'* One important application
is polyurethane manufacture where the PC polyols deliver
equivalent properties to conventional materials and significantly
reduce greenhouse gas emissions.">~"* PCs also show promise
as rigid plastics, elastomers, scratch-resistant coatings, and
antimicrobial surfaces.'”™>* Nonetheless, the viability of the
polymerization process remains limited by catalyst activity and
scope.

The development of new catalysts requires detailed under-
standing of the reaction pathway(s) and is ultimately
dependent upon a hi§h selectivity for the kinetic reaction
product (polymer).”**** To maximize carbon dioxide uptake,
catalysts must rapidly alternate between alkoxide and carbonate
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intermediates; however, control over both reactivity and
selectivity is not well understood. Almost all known catalysts
are proposed to enchain via one of two pathways: (1) bimetallic
or (2) bicomponent mechanisms, which require metal
complexes to be activated by ionic or Lewis basic cocatalysts
(Figure 1).9

Metal salen catalysts show high activity, selectivity, and
polymerization control.”~"**~** The most active are cobalt-
(III)27_32’35’38’41_44 or chromium(III)26’34’40’45_56 complexes,
but, relevant to this work, aluminum(III) analogues show much
lower activity (1 < TOF < 30 h™").>”>® Metal salen catalysts are
only highly active when applied with a cocatalyst, and
equimolar catalyst:cocatalyst ratios generally work best,
consistent with ion pairs being the active species (bicomponent
mechanism).‘%’sz’59 Kinetic investigations using either Cr or
Co-salen catalyst systems (i.e., metal complex + cocatalyst)
show fractional orders in catalyst concentration, often between
1 and 2, consistent with a mixture of bimetallic and
bicomponent mechanisms."”***® Such polymerization mecha-
nisms bear some resemblance to bimetallic pathways invoked
for metal salen catalysts in epoxide kinetic resolution.’”®’

Received: February 15, 2018
Published: May 21, 2018

DOI: 10.1021/jacs.8b01920
J. Am. Chem. Soc. 2018, 140, 6893—6903


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.8b01920
http://dx.doi.org/10.1021/jacs.8b01920
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

Journal of the American Chemical Society

Bimetallic Mechanism

X@
1 o
2 Nu—l\I/I—Nu R/L\
1
CO,
NuX
| e ] I & I
Nu—-M-0 O-Nu| + | Nu—M=Nu Nu—M"‘O(( + | Nu=M=Nu
5 i i i
R, Ry >\ R,
R
NuX | = I x®
Nu=pt---0 Nu-Hi=N

Nu = cocatalyst or carbonate polymer chain
X = counter cation

Bicomponent Mechanism

e 1 I
[Nu—l\lll—Nu — Nu-M [Nue] x®
/8\
o, Ri Re
X@
Nu-M20 04 N“"‘l""'°<
| OR R,
R, R

Figure 1. Two mechanisms proposed for epoxide/carbon dioxide ROCOP using metal salen catalysts. M = Cr(III)/Co(III)/Al(III), thick lines
represent the salen ligand, Nu = anionic cocatalyst, e.g., Cl- or the growing carbonate polymer chain, R;, R, = alkyl substituents, e.g., cyclohexylene, R

= growing polymer chain.

In terms of typical operating conditions, metal salen
polymerization catalyst systems usually require higher carbon
dioxide pressures for optimum activity, typically at pressures
from 10 to 30 bar.’”/?* 7% 7#%755 The cobalt catalyst
systems also require low reaction temperatures, often 25—40
°C, so as to avoid irreversible thermally activated reduction (to
Co(II)); such low temperatures may be problematic for
production of viscous polymers.”>®” Despite the success of
the metal salen catalyst systems, fundamental questions remain
unanswered regarding the structures and reactivity of nearly all
of the proposed catalytic intermediates. Understanding is
hindered by a lack of isolated metal alkoxide or carbonate
intermediates, uncertainties regarding whether the key
intermediates are ionic or covalent compounds, the redox
instability of Co(III) at higher temperatures, the para-
magnetism of many intermediates, and the high CO, pressure
requirement complicating in situ spectroscopic studies.

Motivated to address such questions, we considered that
group 13 metal salen complexes could enable the use of NMR
(and IR) spectroscopy to study the polymerization mechanism.
Nonetheless, the low activity previously observed for Al-salen
catalyst systems was discouraging, and to overcome it we
targeted indium complexes. So far, indium catalysts are
unknown for CO,/epoxide ROCOP, but are catalysts for
cyclic carbonate production from mixtures of epoxide and
carbon dioxide.””** Indium alkyl complexes are also known to
undergo rapid carbon dioxide insertion;*>*® such reactivity is
potentially significant because ROCOP catalysis would require
carbon dioxide insertion into indium alkoxide bonds. Indium
alkoxide complexes also show greater activity in lactone ring-
openin§ polymerization as compared to aluminum ana-
logues;”’ ™ this reactivity could be significant if the relevant
indium carbonate/alkoxide intermediates in ROCOP are also
more labile. In terms of ligand selection, both salen and
phosphasalen indium complexes are targeted; phosphasalen
ligands are analogues of salens, which feature two iminophos-
phoranes in place of the imines.”” Generally, they increase
electron donation to metal as compared to salens, and the
phosphorus substituents provide additional steric hindrance at
the active site.”"’> Phosphasalen metal catalysts have shown
high activity and control in lactide ring-opening polymerization
(ROP).”>”>~7° Further, an indium phosphasalen ring-opening
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polymerization catalyst was considerably more active than
aluminum salen analogues.76

B RESULTS

Catalyst Synthesis and Copolymerization Studies. A
series of indium phosphasalen complexes, and an analogous
indium salen complex, were synthesized and tested as catalysts
for cyclohexene oxide (CHO)/CO, ROCOP (Figure 2).
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Figure 2. Ring-opening copolymerization (ROCOP) of cyclohexene
oxide (CHO) and CO, catalyzed by indium complexes. Reagents and
conditions: (i) [In] = 9.89 mM (0.1 mol % vs CHO), [CHO] = 9.89
M (ie, neat CHO), 1 bar CO,, 60—80 °C, 24—48 h.

The phosphasalen ligand features two phenyl substituents on
the phosphorus atom, tert-butyl substituents at the ortho- and
para-phenolate sites and an ethylene backbone linker; this same
ligand was previously applied to prepare high activity lactide
ROP catalysts (Figures 2 and S1—10). © Both the salen and the
phosphasalen indium chloride complexes were synthesized by
ligand deprotonation and subsequent reaction with InCl;. The
complexes were each isolated in high yields (>80%) (Figures
S11—-S817). Single crystals of the salen complex, L'InCl,
analyzed by X-ray crystallography, show a distorted square
pyramidal geometry at indium (75 = 0.37).”” The tetradentate
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Table 1. CO,/CHO ROCOP Catalyzed by LInCl and L'InCl, with or without Cocatalyst®

catalyst cocatalyst conversion (%)b % carbonate linkagesb % polymer selectivityb M, fo
LInCl 14 66 94 197000 2.0
7500 1.3
700 1.2
L'InCl 21 <1 >99 416000 1.2
10400 2.5

LInCl PPN-CI 8 >99 0
L'InCl PPN-CI 26 >99 43 4300 1.2
LInCl DMAP 10 >99 72 600 1.2

L'InCl DMAP trace

“Copolymerization conditions: [cat] = 0.1 mol %, 60 °C, 48 h, where relevant [cat]/[cocat] = 1. *Determined by comparison of the integrals of
signals arising from the methylene protons in the "H NMR spectra due to copolymer carbonate linkages (5 = 4.65 ppm) and copolymer ether
linkages (only for the % polymer selectivity, 5 = 3.45 ppm) against trans-cyclic carbonate (6 = 4.00 ppm), and cis-cyclic carbonate (§ = 4.67 ppm).
“Determined by SEC, in THEF, at 40 °C, calibrated using polystyrene standards. All of the data are available in Table S2.

ligand occupies the equatorial positions and the chloride the
axial position. Its '"H NMR spectrum (Cg¢Dg) confirms metal
coordination by downfield shifts to all resonances as compared
to free ligand and by the two multiplets assigned to the
diastereotopic methylene groups. The indium phosphasalen
analogue, LInCl, shows similar 'H and 3'P NMR spectra, with a
characteristic singlet in the P NMR spectrum at 42.1 ppm
(shifted downfield as compared to the ligand). DOSY NMR
(dg-THF, 298 K) suggests that both complexes are monomeric
under conditions relevant to catalysis, an important finding
given other indium halide complexes are dimeric or higher
order aggregates.”* ™"

Both indium chloride complexes were tested in catalysis
using a standard set of reaction conditions: neat cyclohexene
oxide (9.89 M), 0.1 mol % of catalyst, 1 bar of CO,, and 60 °C
(Tables 1 and S2, and Figures S18,19). The salen catalyst
produced only polyether, but the phosphasalen catalyst yielded
polycarbonates with a high carbonate selectivity (94%). LInCl
catalyzes polymer formation even at low pressures of CO, (1
bar), which was unexpected because other metal salen catalysts
typically require much higher pressures.””> Because most metal
salen catalysts also require cocatalysts for high activity,”® both
catalysts were retested with the addition of an equivalent of
either 4-dimethylaminopyridine (DMAP) or PPNCI (Tables 1
and S2, and Figures S17,18). The addition of DMAP severely
reduced the catalytic activity, particularly evident for L'InCL
The addition of PPNCI completely changed the selectivity of
the phosphasalen (LInCl), yielding only cyclic carbonate.
Opverall, the addition of cocatalysts was not beneficial in terms
of either activity or selectivity.

The phosphasalen catalyst shows high carbonate linkage
selectivity but yields multimodal molar mass distributions. This
feature may be caused by relatively slow initiation from the
chloride group, and to investigate further a series of
phosphasalen indium complexes featuring different initiating
groups were synthesized, that is, LInX, where X = Br, O'Bu,”®
OAc, and NO; (Figures 2 and S20—38). Single crystals of
LInBr, analyzed by XRD, reveal an octahedral geometry at
indium, with a trans-phosphasalen configuration and the
bromide initiating group coordinated trans to a THF molecule
(Figure S20). To characterize the solution structure, THF was
added to a solution of the complex dissolved in a
noncoordinating solvent (C¢Dg). The resulting 'H NMR
spectrum shows only signals assigned to free THF, indicating
that it is not strongly coordinated on the NMR time scale
(Figure S21). DOSY NMR (dg-THF, 298 K) confirms a
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monomeric structure under polymerization relevant conditions
(Figure S22). Overall, the complex adopts a pentacoordinate
structure similar to LInCl in solution (Figures S23 and 24).
LInO'Bu shows a pentacoordinate solid-state structure, with
square pyramidal geometry at indium (75 = 0.33, Figures 3 and
$25).%’” The same structure is maintained in solution, and
DOSY NMR suggests it remains monomeric under the
conditions of catalysis (Figures 3 and $26—28).”° In contrast,
LInOAc and LInNOj; show distorted octahedral geometries at
indium, each showing cis-f phosphasalen coordination modes
with the acetate or nitrate ligands both adopting fully
delocalized *-chelation (Figures 3, S29, and S30). DOSY
NMR reveals that both LInOAc and LInNQOj; are monomeric
in solution (Figures S31 and 32). The '"H NMR spectra, in
either C¢D¢ or dg-THF, show three broadened resonances for
the phosphorus phenyl substituents (Figure 3). The
pentacoordinate indium complexes generally show five sharper
resonances for the equivalent phosphorus phenyl groups
(Figures 3 and S33—36). Comparing the aromatic regions, of
the '"H NMR spectra, of two representative compounds,
pentacoordinate LInO'Bu shows two multiplets (7.75, 7.45
ppm) for the ortho-phenyl protons and three multiplets for the
meta and para resonances (7.09, 6.97, 6.87 ppm), whereas
octahedral LInOAc shows a broad resonance (7.55 ppm) for
the ortho-protons and two broad resonances (7.1S and 7.00
ppm) for the meta and para substituents (Figure 3). VI-NMR
of the octahedral complex shows that the broad peaks are
resolved at low temperatures to a complex series of peaks; this
could be due to slow equilibration between two cis-f
conformers, although other fluxional processes cannot be
excluded (Figure S38, Scheme S5). VT-*'P{'H} NMR shows
only a single peak at all temperatures, preventing further
insight. The key observation is that the 'H NMR spectra of the
compounds generally show characteristic chemical shifts and
multiplicities for the phenyl protons, depending on whether the
complex adopts a penta- or hexacoordinate structure (Figure
3).

The catalysts were each tested under the same polymer-
ization conditions, described previously, and performances were
compared to LInCl (Table 2, Figures S39 and 40). The
bromide complex, LInBr, showed significantly worse perform-
ance with cyclic carbonate as the major product. Because
bromide is a better leaving group than chloride, it is proposed
that the first carbonate intermediate undergoes a backbiting
reaction leading to cyclic carbonate formation (Scheme S6).
This hypothesis is also consistent with published literature
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Figure 3. (a) Molecular structures and '"H NMR (CDg, 298 K)
spectrum of LInO'Bu (top);”® and (b) molecular structures and 'H
NMR (C¢Dy, 298 K) spectrum of LInOAc (bottom). The molecular
structures are represented with thermal ellipsoids at the 50%
probability level, and '"H NMR spectra are zoomed in the phenyl
region (the complete '"H NMR spectra and VT NMR are illustrated
Figures S33 and $38).

showing that InBr; is an efficient cyclic carbonate catalyst. The
alkoxide derivative, LInO‘Bu, showed much better catalytic
performance yielding highly alternating polycarbonate with a
high selectivity for polymer (83%). Importantly, the PC has low
molar mass and a monomodal molar mass distribution,
consistent with initiation and chain transfer from 1,2-cyclo-
hexanediol (CHD) (see Discussion). MALDI-ToF mass
spectra show a single series of peaks attributed to chains end-
capped with hydroxyl groups (initiated from CHD, Figure
S41). The acetate derivative, LInOAc, was almost totally
inactive, and its "H NMR spectrum remains unchanged after
the addition of excess epoxide and even after 2 days of heating
at 60 °C (Figure S42). On the other hand, the nitrate
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derivative, LInNO;, showed activity equivalent to that of
LInO'Bu but formed polymers with more ether linkages.

The phosphasalen ligand was modified at the ortho-phenolate
to increase steric hindrance at the active site (*™'LInO'Bu and
™ InO'Bu). Recently, related phosphasalen indium lactide
ROP catalysts showed the highest rates for complexes with
sterically hindered ortho-substituents; our goal was to discover
if the same substituents accelerate ROCOP.”® Two new
phosphasalen indium complexes were synthesized that feature
either amyl or cumyl ortho-phenolate substituents. The
complexes show solid-state structure, '"H NMR, and DOSY
spectra similar to those of LInO'Bu (Figures S43—49) and are
mononuclear, pentacoordinate indium complexes under the
conditions relevant to catalysis.77 In ROCOP catalysis, amyly T
nO'Bu shows the same activity as LInO'Bu, but “™LInO'Bu
is approximately twice as active (Table 2, Figures S51 and 52).
All catalysts show very high selectivity for carbonate linkages
(>99%). The PCs have low molar masses and monomodal
distributions with narrow dispersity. Analysis of the PC
BC{'H} NMR spectra shows a dominant [mmm] tetrad
resonance, which suggests the catalysts are isoselective.”””**
The isoselectivity increases in the order LInOBu (rel. intensity
= 76%) < *™LInO'Bu (rel. intensity = 78%) < “™LInO'Bu
(rel. intensity = 86%) (Figures $52—54).

The stereoerrors were analyzed so as to assign the
stereocontrol mechanism. In an enantiomorphic-site control
mechanism, [mrr] and [mmr] tetrads are the most common
stereoerrors with much smaller contributions from [rrr], [rmr],
and [mrm] tetrads.”’ Here, the signals for [mrr] and [mmr]
tetrads are absent from all spectra, which suggests a chain end
control mechanism. Bernoullian statistical methods were used
to calculate tetrad probabilities, and the results are close to
experimental intensities suggesting a chain end control
mechanism (Table S3, eq S11).%%

Given the promising performance of the indium alkoxide
complexes, the catalytic conditions were explored (Tables 2 and
S4, Figures S55—57). The rate was more than four time higher
at 80 °C, while at 100 °C high rates were observed but with
reduced polymer selectivity (i.e., increased cyclic carbonate
formation). The most active catalyst, mylf InO*Bu, achieved a
TOF of 15 h™', while maintaining high selectivity for polymer
and high carbonate linkages (Table 2). Its activity is
approximately equivalent to dizinc catalysts active at 1 bar
pressure CO,.*” It also shows activity equivalent to that of
aluminum salen catalysts but at a fraction of the pressure (5 <
TOF < 28 h™!, 34 bar of CO,, 80 °C).>** Overall, its activity is
modest as compared to the most active zinc” or cobalt™
catalysts in this field, but it is active at 1 bar pressure, shows
high carbonate linkage and selectivity, and operates without any
cocatalyst; such characteristics are valuable because they are
expected to reduce costs associated with implementation.

Kinetic Studies. Kinetic analyses showed that the reaction
rate (TOF) is not strongly influenced by the carbon dioxide
pressure over the range 1—40 bar pressure (Figures 4, SS8, 59,
and Table S4). There is a slight decrease in TOF as pressure
increases, but this is likely caused by increased gas expansion at
higher pressures causing catalyst dilution rather than any
pressure dependence.”” These data and the catalytic activity at
1 bar CO, pressure signal a zero-order in carbon dioxide
pressure. Several attempts to determine the order in epoxide
concentration using diethylcarbonate as solvent were un-
successful because dilution resulted only in cyclic carbonate
formation (Figure S62). The order in catalyst concentration
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Table 2. CO,/CHO ROCOP Catalyzed by *LInX"

catalyst % carbonate linkagesb % polymer selectivityb
LInCl 66 94
LInBr >99 60
LInOAc >99 85
LInNO, 61 80
LInO’Bu >99 83
L InO'Bu’ >99 85
il InQ'Bu >99 90
Y InQ'Buf >99 95

TON TOF (h™!)° M, (g/mol) p? P
100 2 197000 2.00
7500 1.30
700 120
20 0.4
25 0.5
92 2 7500 1.44
900 1.16
120 2.5 1410 123 0.76
140 3 1600 123 0.78
160 35 2900 1.16 0.86
350 15 3400 1.32

“R = By, X = Cl, Br, OBy, OAc, NOj; R = amyl or cumyl, X = O'Bu. Copolymerization conditions: [In] = 0.1 mol %, 60 °C, 48 h, 1 bar CO,.
YDetermined by comparison of the integrals of signals arising from the methylene protons in the 'H NMR spectra due to copolymer carbonate
linkages (6 = 4.65 ppm) and copolymer ether linkages (only for the % polymer selectivity, § = 3.4S ppm) against trans-cyclic carbonate (5 = 4.00
ppm), and cis-cyclic carbonate (§ = 4.67 ppm). “TON = (conversion X loading)/(100) and TOF = TON/time. “Determined by SEC, in THF and
calibrated using polystyrene standards. “Determined by *C{'H} NMR (CDCl,, 125.8 MHz, Figures $53—555).780 °C. €80 °C, 23 h.

TOF (h*')

0 T T T T
10 20 30 40

Pressure (bar)

v (MM.min"")

" Kops = 6.14 x 102 min"', R2 =0.998

A Ky = 4.05 x 102 min”', R =0.996

[indium] (mM)

Figure 4. LHS: Plot of the catalyst activity {TOF (h™")} against CO, pressure (bar). Polymerizations were conducted using LInO'Bu (0.1 mol % vs
epoxide), CHO (9.89 M), 80 °C, 24 h. RHS: Plot of the initial rates, k,, against catalyst concentration, [In]. The initial rates are determined using
in situ ATR-IR spectroscopy by analysis of two resonances: the C=0 stretch at 1787—1731 cm™" (black, A) and a polymer mode at 1014 cm™

(red, M) (see Figure S61 for the determination of k).

was determined by plotting initial rates, v, over a range of
catalysts concentrations (8—20 mM or 1:500—1:1250;
catalyst:monomer, Figure 4). Each polymerization occurred
without any significant induction period due to rapid initiation
from the indium alkoxide; the lack of initiation period is
different from that of many other catalysts (Figure $61).***°
The initial rates were monitored using in situ ATR-FTIR
spectroscopy, with conversion also determined using 'H NMR
spectroscopy. Two characteristic IR vibrational modes were
analyzed: the C=0 stretch (1787—1731 cm™') and the C—O
stretch (O—C=0 = 1014 cm™"). Initial rates were determined
as the gradients of fits to conversion versus time (0—10%
conversion). The order in catalyst concentration was
determined from plots of initial rates versus catalyst
concentration (Figure 4). In each case, the best fits are linear,
which indicates a first order in catalyst concentration. Higher
and lower catalyst orders were also tested, but the fits to data
were clearly inferior (Figure S62). Furthermore, the plot of
In(initial rate) versus In[indium] gave a gradient of 0.8, which is
also consistent, within experimental error, with a first order in
catalyst concentration (Figure S63). The plots of initial rate
versus catalyst concentration were also used to determine a
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propagation rate constant, k, = (5.10 + 1.04) X 107> M™
min .

Next, the isolation and characterization of key intermediates
relevant to polymerization was investigated to inform the
polymerization mechanism. The stoichiometric reactions
between LInO'Bu and reagents including trans-1,2-cyclohexane
diol (CHD), carbon dioxide, or Lewis bases were investigated.
CHD was targeted because it is present as a chain transfer agent
in many ROCOP reactions (see Discussion).”***%¥%1=%7 The
reaction between 1 equiv of LInO‘Bu and CHD was monitored
using 'H NMR spectroscopy (Figures S64—66). As soon as the
reagents were mixed, a new signal formed, which was
independently assigned to tert-butanol. The CHD signals
shifted to higher chemical shifts as compared to uncoordinated
CHD. DOSY NMR analysis of the reaction mixture showed
one diffusion coefficient for the phosphasalen ligand signals but
distinct, mixed diffusion coefficients for the alcohols (CHD and
‘BuOH, Figure S67). Such features could be indicative of
dynamic equilibria between different alkoxide complexes with
the equilibration rates being equivalent to the DOSY NMR
time scale.”® Crystals suitable for X-ray diffraction were isolated
from the reaction mixture by the slow diffusion of hexane
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Figure S. Schematic representation and molecular structures, with thermal ellipsoids at the 50% probability level, of two complexes relevant as
catalytic intermediates: LInCHD and LInO,COR. The latter molecular structure corresponds to LInOAc and is used to model the indium
coordination geometry observed for the indium carbonate intermediate (vide infra). Complete data sets for the X-ray crystal structures are available

in Figures S29 and S68.

(Figure S). The solid-state structure confirms the formation of
a new complex, LInCHD, which is an indium—alkoxide
complex with monodeprotonated CHD [In—O = 2.068(7)
A]. The complex is mononuclear and features a square
pyramidal indium (zg = 0.28).

The indium—ligand and indium—alkoxide bond lengths are
closely related to those of LInO'Bu [In—O = 2.023(6) A]. The
crystal lattice also contains a second uncoordinated diol
molecule, which is hydrogen bonded to the indium—alkoxide
(Figure S68). It is proposed that during propagation, carbon
dioxide inserts into an indium—alkoxide bond to form an
indium carbonate intermediate. Thus, the reaction between
LInO’Bu and CO, (1 bar) was monitored using multinuclear
NMR spectroscopy (dg-THF). As soon as carbon dioxide was
added to the solution, the *C{’"H} NMR spectrum showed a
new signal at 164.9 ppm, which is consistent with the formation
of an indium—carbonate complex (Figure $69). The *'P{'H}
NMR spectrum shows a singlet at 38.6 ppm (LInO,CO'Bu),
which is shifted as compared to that for the alkoxide at 40.3
ppm (LInO‘Bu). The "H NMR spectrum shows signals for the
phosphasalen ligand and a singlet at 1.13 ppm assigned to the
tert-butyl groups; this latter resonance is significantly shifted as
compared to the alkoxide precursor (LInO'Bu: 0.97 ppm)
(Figure S70). When the 'H NMR spectra of the alkoxide and
carbonate intermediates are compared (Cy4Dy), clear differences
are observed in the aromatic regions: for LInO'Bu two distinct
ortho-phenyl resonances are observed at 7.75, 7.45 ppm,
whereas the putative carbonate complex LInO,CO‘Bu shows
only a broad signal at 7.64 ppm for the same protons. The 'H
NMR data are consistent with a change from pentacoordiante
indium alkoxide complex to an octahedral indium carbonate
complex (Figure S71). Prolonged drying of LInO,CO‘Bu
under vacuum did not result in any changes to the NMR
spectra. These data indicate that indium carbonate formation is
rapid and irreversible. The indium carbonate complex
formation was also investigated using in situ ATR-FTIR
spectroscopy. LInO'Bu was dissolved in THF, and 1 bar
pressure of CO, was added, which resulted in the immediate
formation of two new signals in the carbonyl region at 1560
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and 1400 cm™' (Figure 6). The signals are assigned to
asymmetric and symmetric carbonate stretching modes.”” The
stretching frequencies are different from those of a carbonate
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Figure 6. Evolution of selected, normalized IR absorptions against
time during the reaction of LInO‘Bu with (1) carbon dioxide and (2)
DMAP. Reaction conditions: (1) LInO‘Bu (0.1 M), THF, CO, (1
bar); (2) DMAP (0.2 M). Absorptions are monitored at 2346 cm™!
(CO,, ®), 1607 cm™" (DMAP, green A), 1387—1410 cm™'
(symmetric C—O stretch, red M), 1559—1574 cm™ (asymmetric
C—O stretch, blue @), and 1618 cm™ (terminal C—O stretch, orange

v).
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anion (141S and 1570 cm™'), which suggests speciation as a
covalent indium carbonate complex. The IR data can also
inform the carbonate coordination modes; metal carboxylate
complexes show a difference between asymmetric and
symmetric carbonyl stretches (A), which indicate the
coordination mode: A < 200 cm™! is observed for k*-chelation,
while A > 200 cm™' is typical of x'-coordination.”
LInO,CO'Bu shows A = 160 cm™', which together with the
NMR data indicates k* carbonate chelation.

The rate of formation of LInO,CO"Bu is too fast to analyze
by NMR spectroscopy (as the reaction is complete prior to the
first scan being collected), but can be estimated using ATR-
FTIR spectroscopy by analysis of the rate of growth of the
signals at 1400 and 1560 cm™. A control experiment to
determine the rate of carbon dioxide dissolution in THF was
conducted by monitoring the evolution of the signal at 2346
cm™" assigned to the CO, asymmetric stretch. The rates of
carbon dioxide dissolution and insertion are nearly identical,
which suggests that CO, insertion into the indium—alkoxide
bond is likely diffusion limited under these experimental
conditions (Figure $72).'%

An indium carbonate complex was isolated from an
attempted copolymerization of propylene oxide (PO) and
CO,. LInO'Bu was inactive for PO/CO, copolymerization (0.1
mol % catalyst, 60 °C, 20 bar CO,), but after the reaction a
white crystalline powder, insoluble in propylene oxide, was
isolated. Single-crystal X-ray diffraction experiments show the
formation of a dimeric complex (Figures S73 and 74). The
structure shows two octahedral indium centers bridged by 1,2-
propane dicarbonate. Each indium center is coordinated by a
phosphasalen ligand, with a cis-f configuration, and by a -
carbonate group with delocalized charge [C—O distances:
1.220(6), 1.264(6) A]. The solid-state IR and 'H NMR spectra
(CDCl;) are also consistent with the solid-state molecular
structure. The IR spectrum shows A = 152 cm™ indicating
chelating carbonate coordination, and the 'H NMR spectrum
shows two broadened resonances for the phosphorus phenyl
substituents consistent with hexacoordinate indium centers
(Figures S75 and S76).

The structure is proposed to form by carbon dioxide
insertion into two indium alkoxide groups, with the alkoxides
resulting from reaction of the complex with 1,2-propanediol
presumably in a manner somewhat analogous to the formation
of LInCHD. In this case, both alcohol moieties of 1,2-
propanediol react with two molecules of LInO‘Bu so as to form
an alkoxide bridged dimer, which is exactly in line with the
proposed chain transfer mechanism (see Discussion). It is very
unusual to be able to trap such an intermediate and is likely
only possible here due to its insolubility and lack of further
catalytic activity. It is worth comment that, although a dimeric
carbonate intermediate structure is isolated, this does not
indicate a bimetallic mechanism because CO, insertion
reactions (and alcohol chain transfer reactions) happen at
both indium centers; that is, chain propagation occurs
independently at each indium and does not require
cooperativity by two indium atoms during insertion.

Epoxide coordination by the indium carbonate intermediate
is another key polymerization reaction. To model coordination
in the absence of any subsequent insertion, the reaction of
DMAP with LInCO,0'Bu was investigated by in situ ATR-IR
spectroscopy (Figure 6). The addition of DMAP to the
solution of LInCO,0Bu caused an immediate decrease in
intensity of the two carbonate resonances, at 1560 and 1400
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cm™’, and the appearance of a new signal at 1618 cm™,

assigned to a k' carbonate asymmetric stretch (A, = 218
cm™). There was no evidence of any carbonate dissociation to
form carbonate anion. The IR spectra did not change further
over ~1 h of reaction. The final product shows three carbonate
stretches (1618, 1560, 1400 cm ™), which is consistent with an
equilibrium between two carbonate intermediates, both of
octahedral coordination geometry: one with a chelating x’-
carbonate ligand and the other featuring coordinated DMAP
and a terminal k'-carbonate ligand (Figure 5).

VT-"H NMR spectroscopy was also used to monitor DMAP
coordination (dg-THF, Figure S77). The addition of 2.5 equiv
of DMAP to [LInO,CO'Bu] did not change its 'H NMR
spectrum at 298 K, but when the solution was cooled to 190 K,
DMAP coordination was indicated. At low temperatures, the
DMAP phenyl resonances shift from 8.11 to 8.28 ppm and
from 6.54 to 5.94 ppm, respectively, while the di(methyl)amine
resonance shifts from 2.97 to 2.90 ppm. Integration of the
signals suggests quantitative formation of the adduct
LInO,CO‘Bu'DMAP. When the cooled solution was allowed
to warm to 298 K, the initial spectrum reformed (i.e., without
any evidence of DMAP coordination). The in situ ATR-IR and
NMR data are consistent with an equilibrium between
LInO,CO'Bu and LInO,CO‘Bu'DMAP. DOSY NMR spec-
troscopy (298 K) showed mixing of the DMAP and
LInO,COBu diffusion rates, in line with a rapid equilibrium
(Figure $78).'%1%%

B DISCUSSION

The structure—activity, kinetic, and catalytic intermediate data
are together indicative of an unexpected mononuclear pathway
(Figure 7). This mechanism is quite different from the
bimetallic or bicomponent mechanisms adopted by the well-
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Figure 7. Proposed mononuclear mechanism for CO,/epoxide
ROCOP using indium catalysts. R = growing polymer chain.
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known metal salen catalysts (Figure 1). Given the unusual
mechanism, it is appropriate to compare and discuss the key
steps and intermediates involved in the catalytic cycle.
Initiation. The indium alkoxide catalysts form polymer
chains that are exclusively a,w-dihydroxyl end-capped, that is,
hydroxyl-telechelic polycarbonates, as shown by MALDI-ToF
analyses of the polymers (see, for example, Figure S41). The
PC molar masses are determined by SEC, calibrated using
polystyrene standards, and are only approximate values.
Nonetheless, the molar masses are all significantly lower than
expected. The formation of lower molar mass, hydroxyl-
telechelic polymers is commonly observed with other ROCOP
catalysts and is usually ascribed to the presence of 1,2-
cyclohexanediol (CHD).”?*568791=97 Detailed studies using
Cr-salen catalysts established that CHD forms by hydrolysis of
cyclohexene oxide and occurs during polymerizations con-
ducted under conditions equivalent to those applied here.”® It
should be noted that ultrahigh purity carbon dioxide
(99.999%), purified by flow through two drying columns, was
used for all reactions and CHO was fractionally distilled prior
to use. Nonetheless, as a dynamic gas atmosphere is applied,
low levels of water ingress result in the formation of 1,2-
cyclohexanediol. The diol functions as a chain transfer agent
and by rapid equilibration with the initiator forms a new
transient 1,2-cyclohexanediol alkoxide intermediate, which
initiates from both alcohol groups. Here, the indium catalysts
operate under conditions where chain transfer is relevant, and,
furthermore, the transient catalyst-CHD alkoxide intermediate
has been isolated and structurally characterized (Figure $).
Stoichiometric reactivity studies reveal that the alkoxide
initiator *LInOBu (y = ‘Bu, amyl, or cumyl) and CHD are
in rapid, dynamic equilibrium, which occurs faster than the
NMR time-scale. Under polymerization conditions, there is
likely excess diol versus catalyst, and thus the true initiator
should be the species LInCHD. Here, the structure of
LInCHD is confirmed using X-ray crystallography, and,
surprisingly, there are no equivalent structures reported for
any metal salen catalysts. In fact, there are only two reports of
any related CHD metal complexes. The most relevant, reported
by Coates and co-workers, is a dimeric zinc p-diiminate
complex with 2-acetoxycyclohexyl-1-alkoxide and acetate
bridging ligands, which represents the initiating species formed
using acetate ligands but is not relevant to chain transfer.'””
The second is a rhenium alkoxide complex featuring the same
monodeprotonated CHD coordination as observed here but
that is irrelevant for catalysis."”* Thus, the isolation and
reactivity studies using CHD establish the structure of the key
intermediate present during chain transfer (and propagation).
Propagation. LInCHD is also an excellent model for the
propagating indium alkoxide and reacts equivalently from each
alcohol/alkoxide group forming hydroxyl-telechelic polymer
chains. LInCHD, and by analogy the propagating alkoxide, has
pentacoordinate indium in a square-pyramidal coordination
geometry, as established by both solid state and solution
studies. Even in the presence of excess epoxide and in absence
of CO,, there is no evidence for polyether formation. This lack
of reactivity may in part explain the high carbonate linkage
selectivity because ether linkages require the reaction of the
epoxide with the propagating indium alkoxide intermediate.
Rather, during polymerization catalysis, the indium alkoxide
intermediate reacts rapidly with carbon dioxide. Indeed,
LInO’Bu (and by analogy LInCHD) reacts very rapidly and
irreversibly with carbon dioxide, even at low pressures and
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under diffusion limited conditions, to form a stable indium
carbonate intermediate LInO,CO'Bu. The isolated indium
carbonate complex models the propagating indium carbonate
intermediate and shows a hexacoordinate structure, with
octahedral coordination geometry at indium. It features a
chelating (k*) carbonate and cis-f# phosphasalen coordination
mode. Most salen complexes are proposed to adopt a trans-
coordination mode, but highly active cobalt salen catalysts also
showed cis-f3 corlﬁgurations.37‘l()5’106 The extent to which ligand
conformation influences reactivity remains uncertain because
other cobalt salen complexes adopting cis-f ligand config-
urations are inactive.”’

Next, in the polymerization pathway, the indium carbonate
intermediate coordinates a new epoxide and forms the
monomer bound intermediate. Stoichiometric reactions
between LInO,COR and DMAP indicate that monomer
coordination is also an equilibrium reaction. Under polymer-
ization conditions, this equilibrium should be shifted toward
adduct because there is an excess of epoxide present (1000
equiv vs catalyst). Adduct formation also changes the carbonate
coordination mode, and subsequent propagation is possible at
the same metal center from the «'-carbonate intermediate.
Monomer coordination should occur cis to the carbonate group
and enables indium carbonate attack and ring-opening to
reform an alkoxide intermediate. After epoxide ring-opening,
the five-coordinate alkoxide intermediate reforms and the
catalytic cycle continues. The catalyst resting state is proposed
to be the stable indium carbonate species.

Structure—Activity Studies. Indium phosphasalen com-
plexes show better activity and selectivity than an analogous
indium salen complex, which suggests an important ligand
effect on catalysis. The phosphasalen ligand is a strong ¢ and #
donor and is more electron donating than an analogous salen
ligand.”"7>'%7!% This is relevant to catalysis because the
phosphasalen ligands should reduce indium’s Lewis acidity and
electrophilicity as compared to the salen analogue. The reduced
Lewis acidity appears to be beneficial for catalysis, perhaps by
increasing the lability of the indium carbonate intermediate
through either destabilization of the ground state or
stabilization of the transition state. The most active catalysts
feature sterically hindered ortho-phenolate substituents.

It is tentatively proposed that increasing steric hindrance at
the active site may destabilize the hexacoordinate indium
carbonate intermediate and favor the formation of the
pentacoordinate alkoxide complex (after epoxide ring-opening).
Future efforts to model the catalytic cycle and transition states
using DFT would be useful to test these hypotheses but are
beyond the scope of the current study.

Finally, the moderate activity of indium phosphasalen
catalysts may relate to the high stability of the indium
carbonate intermediate and the relative proportions of k-
versus k'-carbonate intermediates. In support of this notion, the
crystal structure of the carbonate intermediate (formed by
reaction between LInO'Bu/PO/CO,) shows an additional,
uncoordinated propylene oxide molecule in the lattice. This
suggests that the chelating carbonate intermediates are
sufficiently stable to prevent coordination of this excess
epoxide. Future catalyst design strategies should focus on
ligand modifications to destabilize the x* carbonate inter-
mediate as this may accelerate epoxide ring-opening and
increase catalytic activity.

The isoselectivity exhibited by the phosphasalen catalysts is
also unexpected because all other isoselective catalysts are chiral
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and operate by enantiomorphic site control or hybrid
mechanisms.**"*"'%~"" Here, the isoselectivity is increased
by increasing steric hindrance at the ortho-phenolate sites, and
stereocontrol occurs by a chain end control mechanism.
Recently, the closely related catalyst, “™'LInOEt, showed
high isoselectivity for rac-lactide ring-opening polymerization
(P, = 0.92, THF, 298 K); it also operates by a chain end
control mechanism.”® These first findings that chain end
control is feasible in ROCOP are important for future efforts to
prepare new stereoselective catalysts.

Comparison with Metal Salen Catalysts. Comparing the
indium phosphasalen catalysts with the widely studied Cr/Co
salen catalysts reveals clear differences in both rate laws and
mechanisms. Many metal salen/cocatalyst systems show
activities that depend on the carbon dioxide pressure, with
turnover frequency values leveling off at pressures between 10
and 30 bar.””*** There are also reports of bicomponent Co-
salen systems, which show very good activities at 1 bar pressure,
although in these cases the activity did increase with
pressure.”””**™ In this work, indium phosphasalen catalysts
also show moderate activity at just 1 bar pressure but without
any pressure dependence over the range 1—40 bar. The
findings are consistent with rapid carbon dioxide insertion and
may suggest a different rate-determining step as compared to
metal salens. Metal salen catalysts are most effective with
equimolar quantities of cocatalyst, preferably PPNX salt (where
X = halide or phenolate).”~"*>*****? The precise role and
speciation during catalysis is likely to be complex; kinetic
studies of Cr-salenX/PPNX catalysts reveal orders of 1—1.34
for both catalyst and cocatalyst (~2—3 equiv of cocata-
lyst).***5%3 Two independent kinetic studies of Co-salenX/
PPNX systems show orders of 1.57 and 1.61 in catalyst
concentration.””** Shortly after the discovery of metal salen
ROCOP catalysts, there was an isolated suggestion of a
mononuclear mechanism,** but detailed subsequent studies
using a range of catalysts and epoxides support bicomponent
and/or bimetallic mechanisms (Figure 1).27A404835,56 1
contrast, indium phosphasalen catalysts are most active without
any cocatalyst and show a clear first-order dependence on
catalyst concentration. These findings support a mononuclear
mechanism (Figure 6). Further, ionic intermediates are not
implicated because the addition of PPNCI as cocatalyst retards
the polymerization catalysis and increases formation of the
byproduct (cyclic carbonate). The indium carbonate inter-
mediate is stable and yields polymer with very high carbonate
linkage content. The in situ IR characterization clearly shows
metal—carbonate stretches after coordination of a strong Lewis
base, DMAP. These data are consistent with a metal-catalyzed
coordination—insertion mechanism without cocatalysts and
obviating ionic intermediates. Cocatalysts, and the associated
ionic intermediates, are disadvantageous because they are
expensive, prone to side-reactions, and result in mixtures of
chain end groups, which limits applications as polyols and in
polyurethane manufacture.

The ability of indium phosphasalen catalysts to operate by
the mononuclear mechanism may relate to an increased ionic
radius (f;gnic (pm) In(1II) = 80; Cr(III) = 62, Co(III) = SS, and
Al(III) = 54 pm).""* The larger indium may be able to
accommodate cis-coordination of epoxide and carbonate,
thereby reducing the barrier to insertion and mononuclear
polymerization pathways. Further support for the cis-coordina-
tion—insertion mechanism comes from the unexpected
decrease in catalytic activity when adding a Lewis base
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cocatalyst. Metal salen catalysts show enhanced activity when
used with Lewis base cocatalysts; this is proposed to result from
trans-coordination by the base, increasing the reactivity of the
metal alkoxide bond.’*** The mononuclear mechanism is
inhibited by Lewis base coordination because it directly
competes with epoxide coordination.

The proposed mononuclear mechanism is unexpected in the
broader context of other CO,/epoxide ROCOP catalysts.
Generally, dinuclear (or dimeric) Zn(II), Mg(Il), and other
transition metal complexes show good activity and selectiv-
ity 7841137116 Kinetic and mechanistic studies of these
catalysts support bimetallic mechanisms.”>**'"* Even the
heterogeneous metal catalysts, based on zinc glutarate or
double metal cyanide surfaces, are proposed to operate with
bimetallic cooperativity.''”~""

B CONCLUSIONS

The first indium catalysts for selective carbon dioxide/epoxide
ring-opening copolymerization are reported. The catalysts are
active at 1 bar pressure of carbon dioxide, enable high carbon
dioxide usage, and produce polycarbonate polyols. The
phosphasalen ligand is important to the activity as a directly
analogous indium salen complex shows inferior performance,
and, importantly, the phosphasalen catalysts are most effective
without any cocatalyst. The catalysts are also stereocontrolled
and produce isotactic polycarbonates by a chain end control
mechanism. The findings highlight the need for future ligand
design focused on related inexpensive, achiral ligands exploiting
the chain end control mechanism. Chiral alkoxide initiators
could also be used to further enhance isoselectivity. Catalytic
activity and selectivity correlate with increased steric congestion
at the metal active site and more electron-donating ligands.

The indium catalysts operate by an unusual mononuclear
polymerization pathway, supported by kinetic studies, in situ
spectroscopy, and isolated structures of key reaction
intermediates. The study affords new insights into the
structures and reactivity of the key indium alkoxide and
carbonate intermediates; the coordination number and geo-
metries are implicated in relative complex stability and in
overall catalytic activity. Further coordination chemistry
research is warranted to manipulate equilibria so as to target
reactive carbonate intermediates adjacent to vacant sites. It is
also likely that other metal catalysts will operate by the
mononuclear polymerization pathway, and studies are recom-
mended using larger ionic radii elements from groups 3, 4, 13,
and lanthanides. The catalysts and mechanisms reported here
may also be relevant to other polymerizations using epoxides,
anhydrides, heterocumulenes, and even lactones, enabling the
production of stereocontrolled polycarbonates, polyesters, and
various block polymers.
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