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ABSTRACT: Novel constrained Schiff-base ligands (inden) were developed based on the well-known salen ligands. Chromium
complexes supported by the constrained inden ligands were successfully synthesized and used as catalysts for the synthesis of cyclic
carbonates from epoxides and carbon dioxide (CO,). The catalyst having tert-butyl (‘Bu) groups as substituents in combination with
tetrabutylammonium bromide (TBAB) as a cocatalyst exhibited very high catalytic activity with a turnover frequency of up to 14800
h™! for the conversion of CO, and propylene oxide into propylene carbonate exclusively at 100 °C and 300 psi of CO, under
solvent-free conditions. The catalyst was found to be highly active for various epoxide substrates to produce terminal cyclic
carbonates in 100% selectivity.

B ecause of public concerns of global warming as a result of Scheme 1. Chromium(III) Complexes Containing (a)
increasing atmospheric carbon dioxide (CO,) levels, CO, Regular Salen and (b) Inden Ligands (this work)
has been explored extensively as a promising feedstock for

various important chemical productions such as urea,
methanol, cyclic carbonates, and polycarbonates.l_3 Among Ry \'/ \'/
them, the cycloaddition reaction of CO, to epoxides, affording — =

cyclic carbonates, is a commercially important reaction already

exploited in numerous applications such as polar aprotic 3

solvents for catalytic reactions,® electrolytes for lithium-ion a b
batteries used in electric vehicles and mobile devices,”® and
precursors for valuable polymers and chemicals."® The

cycloaddition synthesis route of cyclic carbonates is a much eﬂicientlyug?talyze the cycloaddition reaction of CO, to
greener alternative process compared to that using phosgene. epoxides. "~ In 2001, Paddock and Nguyen investigated
However, CO, is highly stable and has low reactivity. binary (salen)Cr'" complexes/4-(dimethylamino)pyridine
Therefore, highly active catalysts are required for this simple (DMAP) catalyst systems based on a cooperative mechanism

requiring both (salen)Cr™ complexes as a Lewis acid for

Several catalytic systems have been explored for CO,/ epoxide 'acti.vatigzn an.d DMAP cocatalyst as a Lewis base for
epoxides cycloaddition reactions employing metal complexes CO; activation. This binary system was very active f.or' the
such as Al Cr, Co, Zn, and Fe ligated by a variety of well- p.ropylene oxide (PO)/CO, cycloaddltlon_ feac_tlon, obtaining a
known supporting ligands such as porphyrin, salicylimine high turnover freque.ncy (TOF) of91€h using [POJ:[Cr] =
(salen), and Schiff-base ligands.”™"* Among these ligands, 1333:1 and ‘100 psi of CO, at 100 °C. In 2008, Sun et al.
dinitrogen dioxide-chelating salen ligands have been exten- reported a blfunctlonal onS-comp onent catal).lst. system based
sively studied as supporting ligands in catalysis because of on Pyrr911d1ne (salen)Cr"X complexes contalmr.lg an e'lectro—
simple ligand syntheses and tunable modifications for philic site (Fhe meta'l center) and a nudigp hll'lc'umt (t'he
electronic and steric properties (Scheme 1).11571% Among strong organic base) in the same molgcule. This innovative
those active metal complexes, chromium complexes were 1ntfamolecular tvyo-centered cooperative catalyst was hlghly
found to be remarkable catalysts for the preparation of cyclic active even at a high [PO]/[Cr] ratio of 5000:1 and 290 psi of

carbonates from CO, and a wide range of epoxides. They are
highly stable and can be easily prepared from commercially Received:  December 21, 2020 !nofrganlc&emmry
available chromium(II) acetate or chloride as a starting Published: March §, 2021 a%
material. The first chromium catalysts for cycloaddition were
reported by Kruper and Dellar using a porphyrin ligand
system.”’ Shortly after that, a large variety of chromium
complexes based on salen ligands (Scheme 1a) were found to

but significant 100% atom economy transformation.
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Figure 1. Synthetic procedure for (inden)Cr'™ complexes.

2b: Ry = H, R, = -CH,-CH,-
2c: Ry = 'Bu, Ry = -CH,-CH,-

CO, at 80 °C, providing the highest TOF for chromium
catalysts of 2120 h™". Motivated by the high potentials of cyclic
carbonates in industry, we have set out to design a new highly
active catalyst for the CO,/epoxides cycloaddition reactions
based on the famous and successful salen ligand framework.

Conventional modifications of salen ligands have concen-
trated on variations of the aromatic substituents and diamine
backbones such as R;_, in Scheme 1la, giving ligands that can
be systematically tuned for electron deficiency, steric
hindrance, and chirality.'”"*~'® While the development of
salen-type ligands seems matured, we found that constraint
modification around the aromatic ring and imine bond, as
shown in Scheme 1b, has never been investigated. This novel
ligand design has several promising advantages over the
existing salen framework. For example, the coordinating N and
O atoms on both sides are now restricted to being coplanar
with respect to the phenyl rings, giving a more rigid
coordination environment compared to salen ligands. The
N-—O distances could be lengthened due to constraint of the 5-
membered ring, resulting in a wider bite angle to the metal
center and a larger active site available for substrate
coordination. Therefore, the novel indanone-based ligands
(inden) la—1c were synthesized via the condensation reaction
of the corresponding substituted 7-hydroxy-1-indanone with
ethylenediamine in moderate-to-high yield (see the Supporting
Information, SI). Ligands 1b and 1c were characterized
crystallographically (Figures S4 and SS). The average N—O
distance (e.g, N1—O1) in ligand 1c is 2.663(4) A, which is
significantly longer (>0.1 A) than the reported average N—O
dist;‘nce in the related nonconstrained salen ligand (2.555
A).

The (inden)Cr'Cl complexes 2a—2c were synthesized
following a common preparation in high yield by reacting
ligands la—l1c with NaH, followed by CrCl;-3THF in
tetrahydrofuran (THF; Figure 1). Unfortunately, several
attempts to crystallize the complexes for X-ray structural
studies were unsuccessful. Therefore, computational studies of
the related nonconstrained (salen)CrCl complex [compound
A: Scheme la; R,_, = tert-butyl (‘Bu) and Ry_, = H] in
comparison with complex 2c were undertaken (Figure 2 and
Table S2). The calculated charges on the Cr (+1.11 vs +1.10)
and Cl (—0.42 vs —0.43) atoms are only slightly different in
both compounds, suggesting that the electronic difference of
the two compounds may not be significant. However, the
ligand coordinations to Cr atoms are significantly different.
The average N—O distance (e.g, N1—O1) in 2c is about 0.06
A longer than that in compound A because of the more
constrained S-membered rings, giving a wider pocket at Cr
atom. The average Cr—N bond distance in 2c is slightly longer
(about 0.013 A), while the average Cr—O and Cr—Cl bond
distances are very similar to compound A. The shortest H-H
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Figure 2. Structural comparison of compounds (a) A and (b) 2c with
calculated bond distances (A).

distance between the two ‘Bu groups in 2c is about 0.036 A
longer than that in compound A (2.712 vs 2.748 A), giving a
wider pocket at Cr atom.

The catalytic activities of complexes 2a—2c for the PO/CO,
cycloaddition reactions to cyclic propylene carbonate (PC)
were then tested under the neat PO condition, as summarized
in Table 1, entries 1—3, using a PO/cocatalyst/catalyst mole
ratio of 5000:1:1 at 80 °C and 300 psi of CO, for 1 h.
Tetrabutylammonium bromide (TBAB) was used as a
cocatalyst. Very low catalyst and cocatalyst loadings were
used (0.02 mol %). All complexes were active for the
cycloaddition reactions, giving conversions exclusively to PC
at 18%, 19%, and 38% for complexes 2a—2c, respectively.
Complex 2b having an ethylene backbone has a slightly higher
TOF of 950 h™' compared to complex 2a having a phenylene
backbone. When ‘Bu groups were incorporated into the ligand
as in 2¢, an exceptionally high TOF of 1900 h™' was achieved.
This unoptimized condition already gave a TOF comparable to
the record-high TOF for chromium catalysts having intra-
molecularly linked electrophilic and nucleophilic centers [TOF
=2120 h™; P(CO,) = 290 psi; 80 °C].>* The reaction without
the catalyst (entry 4) did not produce appreciable product,
revealing that the presence of 2c¢ is necessary. For comparison,
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Table 1. Cycloaddition of CO, to PO by Chromium
Catalysts”

(0]
o) 2a-2¢ )J\
+ CO, — o” Yo

/A Cocatalyst 5 /
PO/cocatalyst/ conv* TOF?
entry catalyst cocatalyst” catalyst (%) (b7
1 2a TBAB 5000:1:1 18 900
2 2b TBAB 5000:1:1 19 950
3 2c TBAB 5000:1:1 38 1900

4 TBAB 5000:5:0 trace

S A TBAB 5000:1:1 25 1250
6 2¢ TBAB 5000:10:1 86 4300
7 2c TBAB 10000:10:1 40 4000
8 2¢ TBAB 20000:100:1 46 9200
9 2¢ TBAB 20000:200:0 1 1
10° 2c TBAB 20000:200:1 57 11400
1Y 2c TBAB 20000:200:0 4 4
12/ 2c TBAB 20000:200:1 74 14800

“Conditions: neat PO, 300 psi of CO,, 80 °C, and 1 h. bCocatalysts.
“Determined by '"H NMR of the crude reaction mixture. “Moles of
PC produced per mole of chromium catalyst per hour. “Reported
conversion already subtracted background conversion from entry 9.
fReaction temperature: 100 °C. Reported conversion in entry 12
already subtracted background conversion from entry 11.

the cycloaddition using A as a catalyst was carried out under
the same conditions, giving a TOF of only 1250 h™! (Table 1,
entry S). It is evident that 2c having constrained S-membered
rings is significantly more active, giving a TOF of over 50%
higher than that using the related salen complex A.

To gain insight information on the cycloaddition reaction,
computational calculations were performed and compared

between complexes A and 2c, as shown in Figure 3. The
reaction starts with PO adsorption on the Cr atom (IC) having
similar free energies for both compounds A and 2c. The Br~
ion then attacks PO as the ring-opening step, requiring free-
energy barriers of 10.09 and 11.67 kcal/mol for A and 2c,
respectively. The free-energy barrier for the subsequent CO,
cycloaddition step is, however, much larger than the first step.
The free-energy barrier for this step catalyzed by A (25.21
kcal/mol) is higher than that for 2¢ (22.96 kcal/mol), in line
with the observed lower activity for A compared to 2c.

The cycloaddition reaction was further optimized using
catalyst 2c in subsequent reactions. In addition to TBAB, other
cocatalysts were investigated, as shown in Table S4 for
tetrabutylammonium iodide, DMAP, bis(triphenylphosphine)-
iminium chloride, and 1,8-diazabicyclo[5.4.0Jundec-7-ene
under the same reaction conditions, giving TOFs ranging
from 150 to 950 h™'. However, these cocatalysts were still
outperformed by TBAB. The equivalents of TBAB were then
optimized by increasing them from 1 to 10. As anticipated, the
TOF increased dramatically to 4300 h™' (entry 6). Higher
TOFs can be further achieved by increasing the amounts of PO
(5000—20000 equiv) and TBAB (10—200 equiv) (entries 7—
10). At this point, the amount of chromium catalyst is
extremely low (0.00S mol %) but still gave the highest TOF at
11400 h™! for a PO/TBAB/2c¢ ratio of 20000:200:1 (entry
10). Only a small background conversion (1%) from TBAB
was observed at 80 °C (entry 9). When the temperature was
increased from 80 to 100 °C (entry 12), the TOF increased
dramatically to finally reach 14800 h™'. When the reaction time
was increased to 3 h, 100% conversion of PO was obtained
with 94% isolated yield by flash chromatography.

The high efficiency of the 2¢/TBAB binary system was
further demonstrated for other terminal epoxides such as
epichlorohydrin, hexene oxide, 3,4-epoxy-1-butene, styrene
oxide, and 3-phenoxypropylene oxide, as shown in Table SS.

cl
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Figure 3. Free energy profiles for PO/CO, cycloaddition reactions using compounds A and 2¢ at 353.15 K.
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All cycloaddition reactions gave very high TOF (2750—16600
h™") with 100% selectivity to cyclic carbonates. The highest
TOF of 16600 h™' belongs to the cycloaddition with
epichlorohydrin. The cycloaddition with internal epoxides
such as pentene oxide and cyclohexene oxide exhibited only
low-to-moderate activity (TOF of 390 and 168 h7},
respectively) possibly because of the steric hindrance during
the nucleophilic ring-opening of the epoxide.””** However, the
CO, cycloaddition to cyclohexene oxide gave both cyclic
carbonate and atactic polycarbonate (without ether linkage) in
the ratio of 64:36. The gel permeation chromatography trace
of poly(cyclohexene carbonate) exhibited bimodal distribu-
tions with M, of 11900 Da (D = 1.02) and 5800 Da (D = 1.04)
(see Figure S23). The presence of bimodal distributions was
commonly found for the copolymerization of cyclohexene
oxide with CO, typically attributed to the trace of 1,2-
cyclohexanediol impurities.”® Comparisons of the activities of
our catalyst with other reported chromium catalyst systems for
these epoxides are rather difficult because very different
reaction conditions were applied in the literature [for example,
T = 25-130 °C and P(CO,) = 1-780 atm].>***>*>*"%°
However, the previously reported TOFs (h™") in general are
on the order of hundreds rather than thousands, as shown in
this work.

In summary, the novel constrained (inden)Cr" complexes
were successfully developed and found to be highly active in
the cycloaddition reactions of CO, to epoxides in the presence
of TBAB as a cocatalyst. The Cr™/TBAB catalysts are highly
active even at low catalyst loading of 0.005 mol %, giving PC
exclusively with a very high TOF of 14800 h™'. The binary
catalyst system can be extended to other terminal and internal
epoxides with high catalytic activities. The ease of ligand
synthesis and modification of the catalyst’s structure is the
major advantage of this type of ligand that will allow a
systematic tailoring of the catalytic activities and selectivity.
The reported novel constrained inden ligand framework was
proven to be the major successful development over the
existing well-known salen ligands. The constrained inden metal
complexes could also be applied in place of several other salen-
based metal complexes already exploited in a wide range of
catalytic processes.
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