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Novel bifunctional zinc and magnesium Schiff-base complexes
containing quaternary ammonium halide side-arms were devel-
oped. Zinc complex 1Et-I (0.02 mol%) having an iodide anion has
shown the highest TOF for the propylene oxide/CO, coupling
reaction of up to 459 h™!. This TOF value was maintained even
when the catalyst loading was reduced to 0.005 mol%.

Carbon dioxide utilization has gained much interest over the
past decades by converting CO, into various value-added pro-
ducts including methanol," carboxylic acids,>* ureas,’
polycarbonates,®® and cyclic carbonates.”* In particular,
because cyclic carbonates have high boiling points, high
polarity, and high flash points, they can be used in various
applications as polar aprotic solvents,”® electrolytes,"* and
starting materials for polymer synthesis."® In general, CO, is
considered as an attractive C1 source due to its abundance,
inexpensiveness, and renewability."”™"” Many catalyst systems
have been developed ranging from ionic salts,'®
organocatalysts,'”"® and metal complexes**® for epoxide/CO,
coupling reactions. In many metal catalyst systems, especially
porphyrin- and salen-based complexes, the use of cocatalysts
such as quaternary ammonium salts (TBA'X") is typically
required to obtain outstanding activity by driving the reaction
through the bicomponent pathway. However, the combination
of a catalyst and cocatalyst, called a binary system, suffered
from activity drop at a low catalyst loading. To solve this
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problem, bifunctional catalyst systems have been developed by
tethering a cocatalyst onto the ligand framework in the
complex.””** However, compared to bifunctional metal(m) cat-
alysts, the development of metal(n) bifunctional systems was
very limited with only a few examples of tethering catalysts
supported by porphyrin®*~® and salen-based ligands.?”*® In
2012, Sakai and coworkers reported bifunctional zinc and
magnesium porphyrin catalysts that showed outstanding
activities for the coupling of 1,2-epoxyhexane (EH) and CO,
with a TOF of up to 12 000 h™" which is the highest value for a
metal(u) catalyst for the epoxide/CO, coupling reaction.*® In
2014, bifunctional zinc(salpyr) complexes having a pyridinium
halide moiety on the ligand backbone were developed by Kleij
and coworkers.”” These catalysts demonstrated promising
activities for the selective production of various cyclic carbon-
ates. Among various ligated metal complexes, Schiff-base
metal complexes have received our attention because of their
promising catalytic activities in various chemical reactions,
structural diversity, ease of synthesis, and systematic
modification.**™*" Herein, bifunctional zinc and magnesium
Schiff-base complexes containing quaternary ammonium
halide side-arms were developed and used for epoxide/CO,
coupling reactions.

The Schiff-base ligand framework can be synthesized easily
by the reaction of substituted salicylaldehyde and N,N-diethyl-
ethylenediamine. Quaternary ammonium halides can then be
incorporated into the ligand framework through a simple reac-
tion of alkyl halides (R-X) with the corresponding Schiff-base
ligands having diethylamino side-arms (see Scheme 1 and the
ESIT). While there are a few reports on the synthesis and struc-
tures of zinc complexes having -NHR,X moieties (X =
halides),*®***** there is no report on Schiff-base zinc com-
plexes having an -NR;X attachment as reported in this work.
In this study, we focused on five aspects of catalyst modifi-
cations for the effects of (1) the alkyl group R, (2) the anion X,
(3) the C=N imine or C-N amine backbone, (4) the side-arm
length, and (5) the metal center as presented in Scheme 1.
Zinc and magnesium complexes can be synthesized by the
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Scheme 1 The synthetic procedure and structures of the bifunctional
Schiff-base metal complexes used in this work.

reaction of M[N(SiMe;),], (M = Zn, Mg) with the corresponding
ligands. Homoleptic metal complexes (L,M) were targeted
because they are usually more stable compared to the hetero-
leptic complexes (LMX) that could undergo the Schlenk equili-
brium from LMX to L,M and MX,. Metal complexes 1-5 were
successfully synthesized in moderate to high yields. The
MALDI-TOF mass spectra of all complexes demonstrated isoto-
pic patterns corresponding to their cationic species having one
halide anion (see the ESI, Fig. S33-S407). The structural ana-
lysis of the complexes was carried out using single-crystal X-ray
crystallography. After several attempts, only the recrystalliza-
tion of complex 1Et-I in toluene gave crystals that are suitable
for X-ray data collection. Unfortunately, the quality of the crys-
tals is insufficient for structural refinement. Therefore, only
qualitative information could be extracted from this structure.
The crystal structure revealed the expected zinc complex
having a distorted tetrahedron geometry of the zinc center
showing the available space above the 01'-Zn-01 pocket suit-
able for substrate coordination (Fig. 1). The two iodide anions
stay close to the ammonium side-arm and do not coordinate
with the zinc metal. While complex 1Et-I was stable in chloro-
form or toluene, we found that it decomposed slowly into
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Fig. 1 PLUTO drawing of 1Et-l. Hydrogen atoms are omitted for clarity.
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Scheme 2 Decomposition of complex 1Et-l in concentrated DCM into
complex 6.

complex 6 during recrystallization only in concentrated di-
chloromethane as shown in Scheme 2 giving crystals that are
suitable for X-ray crystallography. Surprisingly, the crystal
structure revealed one zinc atom attached to one ligand and
two chlorine atoms (Fig. 2). The substitution disorder of chlor-
ine and iodine atoms was observed in the crystal structure
with chlorine as a majority (92.5%) and iodine as a minority
(7.5%). The complex decomposition is possibly a result of the
substitution reaction of iodide with dichloromethane generat-
ing a chloride anion in the solution. This substitution reaction
only occurred in the less crowded dichloromethane but not in
chloroform. The strong Zn-Cl interaction could also facilitate
the formation of decomposed product 6 (Scheme 2). It should
be noted that this process only occurred in a concentrated di-
chloromethane solution of 1Et-I during recrystallization and
no decomposition was observed during the complex synthesis
and storage in the solid state or in other solvents. The concen-
tration-dependent generation of zinc ammonium complexes
was previously reported by Wu, which showed that the
ammonium zinc halide complex is preferred at a high
concentration.*?

All complexes were tested for their activities for the coup-
ling reaction of propylene oxide (PO) and CO, using a
PO : catalyst ratio of 2000:1 (0.05 mol% catalyst) under neat
conditions with a CO, pressure of 100 psi at 75 °C for 6 h
giving propylene carbonate (PC) as a product exclusively.
Firstly, the effect of the quaternary ammonium size was inves-
tigated since the ionic strength between the ammonium group

Fig. 2 X-ray crystal structure of complex 6 with thermal ellipsoids
drawn at the 50% probability level. Solvent molecules and hydrogen
atoms are omitted for clarity. Selected bond distances (A) and angles (°):
0O1-Zn1 1.929(1), N1-Zn1 2.031(1), Zn1-Cl1 2.298(1), Zn1-Cl2 2.308(1);
0O1-Zn1-N1 93.9(1), O1-Zn1-Cl1 119.4(1), O1-Zn1-Cl2 112.6(1), N1-
Zn1-Cl1103.4(1), N1-Zn1-Cl2 112.6(1), Cl1-Zn1-Cl2 110.6(1).

This journal is © The Royal Society of Chemistry 2021
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Table 1 PO and CO, coupling reaction using Schiff-base complexes
containing quaternary ammonium side-arms?

Entry Catalyst T(°C) Pco,(psi) Conv.” (%) TON° TOF?(h™)
1 1Mel 75 100 32 640 107
2 1Et-I 75 100 49 980 163
3 1Pr-1 75 100 30 600 100
4 1Et-Br 75 100 7 140 23
5 2 75 100 47 940 157
6 3 75 100 24 480 80
7 4 75 100 33 660 110
8 5 75 100 20 400 67
9 7 75 100 Trace — —
10° 7 75 100 13 260 43
11/ HL'Ygy 75 100 1.3 13 2.2
12 1Et-1 100 100 77 1540 257
13 1Et-1I 100 300 86 1720 287

“Reaction conditions: PO (2.0 mL), PO: catalyst ratio = 2000:1, 6 h.
P Determined by 'H-NMR spectroscopy. ‘TON = (monomer : catalyst
ratio) x %conversion/100. “ TOF = TON/time (h). ©2.0 equiv. of TBAI
were added into the reaction mixture. 2.0 equiv. of the catalyst were
used.

and halide has a strong influence on the nucleophilicity of the
halide (Table 1, entries 1-3). Complex 1Et-I shows a higher
TOF of 163 h™' compared to 1Me-I (TOF = 107 h™") and 1Pr-I
(TOF =100 h™"), respectively. A small ammonium size of 1Me-I
could lead to a strong interaction between the ammonium
group and iodide, making iodide a poorer nucleophile com-
pared to 1EtI and 1Pr-I. In contrast, 1Pr-I has a weaker
ammonium-halide ion pair, but the bulkiness of the large qua-
ternary ammonium group can also obstruct the reaction.
Therefore, the ethyl group could be a good balance between
the effects of the ion pair strength and bulkiness of the
ammonium moiety.

The effect of the anion was also studied by comparison of
1Et-I and 1Et-Br. In this reaction, the anion plays two impor-
tant roles as both an initiator in the epoxide ring-opening step
and a leaving group in the cyclization step. By changing iodide
to bromide, the nucleophilicity of the halide anion improved
but a trade off was observed with a lower leaving ability. From
the results, the activity of complex 1Et-Br (23 h™') is signifi-
cantly lower than that of 1Et-I (163 h™") possibly due to the
better leaving ability of iodide in the cyclization step (Table 1,
entry 4). The reduced derivatives (complex 2 having a C-N-H
moiety and complex 3 having a C-N-Me moiety, Table 1
entries 5 and 6, respectively) were also tested in comparison
with 1Et-I (having a C=N moiety). The main difference of the
amine group compared to the imine moiety is the flexibility of
the ligand structure that allows the optimum transition state
in the reaction, thus decreasing the activation barrier.
However, the better electron-donating ability of amine results
in a less Lewis acidic metal center which could decrease the
epoxide coordination/activation. Complex 2 (TOF = 157 h™') is
slightly less active compared to 1Et-I (TOF = 163 h™"). However,
the activity of 3 (TOF = 80 h™") is significantly lower presum-
ably as a result of the steric hindrance of methyl groups on the
amine around the zinc center.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Communication

A previous report showed that the distance between the
anion and metal center has a strong effect on the catalytic
activity. Therefore, there is an optimum distance to exhibit the
highest performance.*® For example, higher energy is required
for a halide anion to reach the backside of the epoxide for a
short side-arm while for a longer side-arm, the activity is
limited by the long distance between the anion and the active
site. To investigate the effect of the side-arm length, complex 4
having a —(CH,);- side-arm was tested in the reaction giving a
TOF of 110 h™" (entry 7) which is lower than that of 1Et-I
having a —(CH,),~ side-arm. In addition to zinc, the mag-
nesium complex is also a promising catalyst for the epoxide/
CO, coupling reaction. However, the activity of 5 (M = Mg, TOF
=67 h™") is significantly lower than that of 1Et-I (M = Zn, TOF
=163 h™"). The higher Lewis acidity of Mg could result in the
formation of stable magnesium carbonate species that limits
the cyclization step.

To confirm the vital role of the ammonium halide side-
arm, complex 7 having only an -NEt, side-arm was synthesized
and tested for its activity. Only a trace amount of PC was
obtained indicating the necessity of the cocatalyst in the
binary system (Table 1, entry 9). The combination of complex 7
and 2 equiv. of tetrabutylammonium iodide (TBAI) as the
binary counterpart can facilitate the coupling reaction giving a
TOF value of 43 h™" (entry 10) but still significantly lower than
the bifunctional system using 1Et-I. To demonstrate if the
Schiff-base ligand containing a quaternary ammonium side-
arm could also act as an organocatalyst for the coupling reac-
tion,"® the reaction using only two equivalents of free ligand
HL1Et-I (the ligand used to form complex 1Et-I) was carried
out and only 1.3% conversion of PO was observed (Table 1,
entry 11). It is conclusive that throughout the catalyst screen-
ing process, complex 1Et-I shows the highest activity compared
to its derivatives and its binary counterpart. The effect of sol-
vents was also studied by adding dimethylformamide (DMF),
toluene, tetrahydrofuran (THF), and dichloromethane (DCM)
into the reaction (see ESI, Table S1t). In all cases, the activities
dropped giving TOF values of 157, 140, 97, and 27 h™", respect-
ively. The lowest activity in DCM could presumably result from
the slow decomposition of 1Et-I into complex 6 during the
coupling reaction. At a higher temperature (100 °C), the
activity can be improved to 257 h™' (Table 1, entry 12).
Furthermore, when the reaction was conducted at a higher
CO, pressure of 300 psi, a very high conversion of PO with a
significantly higher TOF of 287 h™" (Table 1, entry 13) was
achieved. Because the tethered quaternary ammonium side-
arm will always bring the iodide counterion close to the metal
center in the bifunctional system, the activity of the catalyst
should be retained at a low catalyst loading. To demonstrate
the vital role of the bifunctional concept in this system, the
equivalents of PO were increased from 5000, 10000, and
20000 at 100 °C and 300 psi CO, (Fig. 3). Complex 1Et-I still
exhibited a very high TOF of approximately 450 h™" even at a
low catalyst loading of 0.005 mol% showing the advantage of
the bifunctional concept of this system. To observe the reac-
tion profile, a plot between the TON and reaction time using a
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Fig. 3 Conversion of PO and TOF values at different PO : 1Et-I ratios at
T =100 °C, P = 300 psi CO,, 6 h.

PO:1Et-I molar ratio of 10000:1 reveals the continuous
increase of the TON when the reaction time was prolonged to
48 h indicating the durability of 1Et-I (see the ESI, Fig. S417).

In addition to PO, various epoxides including terminal
epoxides and internal epoxides were applied in this catalyst
system. Complex 1Et-I can catalytically convert these epoxides
into the corresponding cyclic carbonates with TOF values
ranging from 1.7 to 275 h™" (Fig. 4). The TOF values of term-
inal epoxides are significantly higher than those of internal
epoxides because of the lower steric hindrance on the methyl-
ene position compared to the methine position for internal
epoxides. In some catalyst systems, a mixture of cyclic carbon-
ates and polycarbonates was observed when internal epoxides
were used.””° However, no polycarbonates were observed for
both cyclopentene oxide and cyclohexene oxide indicating the
high chemoselectivity of this catalyst system for cyclic carbon-
ate production.

In summary, bifunctional Schiff-base zinc and magnesium
complexes with quaternary ammonium halide side-arms were
successfully synthesized, characterized, and used as bifunc-
tional catalysts for the synthesis of cyclic carbonates via
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Fig. 4 Conversion, isolated yield, and TOF of different epoxides using
epoxide (2.0 mL), epoxide : 1Et-I ratio = 2000 :1, 100 °C, CO, = 300 psi,
t = 6 h; %conversion was determined by *H-NMR spectroscopy by com-
parison of the integrals of the corresponding cyclic carbonates and
epoxides of the crude sample. 2t =12 h.°t = 48 h.
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epoxide/CO, coupling reactions. From the catalyst screening,
complex 1Et-I was proven to be the best catalyst in this series
for the coupling reaction of PO and CO, with a TOF of up to
459 h™". The TOF values still maintain at this value even when
the epoxide: catalyst molar ratios were increased to 20 000
equivalents (0.005 catalyst mol%). In addition, this catalyst
system can be applied to other external and internal epoxides
for the selective production of cyclic carbonates.
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