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Abstract
In this work, chromium(l11) Salophen complexes bearing tertiary dimethyl or diethyl

amino substituents were synthesized and tested as homogeneous co-catalysts associated with ™
BusNBr for the cycloaddition of CO, on styrene epoxide under 11 bar of CO,. Full conversion
of styrene oxide into styrene carbonate was obtained after 23 h reaction at 50°C using
Salophen-Me,N-Cr. These results emphasized that tertiary amine groups born by the aromatic
cycles of Salophen clearly enhanced the co-catalytic activity of the corresponding Cr(Ill)
complex. The direct conversion of styrene into styrene carbonate was then conducted at 80°C
with O, and CO, either under a single set of conditions (reactants and catalysts together) or
using a two-steps transformation. The latter was based on the prior epoxidation of styrene in
the presence of isobutyraldehyde and O, (3.5 bar) with a delayed addition of the cycloaddition
catalysts ("Bu,NBr and Salophen-Me,N-Cr) and CO, (11 bar). Using these conditions, the
maximum Yyield of styrene carbonate, obtained after 3 h of epoxidation and 20 h of
cycloaddition (with Salophen-Me,;N-Cr), was 31% at 80°C. This work demonstrates that the
key-point to afford a high styrene carbonate global yield with that system was related to the
implementation of a two-step protocol, since it allowed to minimize the amounts of undesired

by-products.

Introduction
The large amounts of carbon dioxide, released in atmosphere by human activities

significantly contribute to the greenhouse effect. In this context, carbon dioxide utilization
processes that convert CO, into commercially viable products are regarded with large
interest[1] and research concerning CO, transformation has led to significant progress. [2]
Nowadays, the utilization of CO, for the global production of chemicals ranges only 170 Mt/y
worldwide and is dominated by the synthesis of urea (140 Mt/y).[3] Among the targeted
molecules, cyclic carbonates offer many advantages as they are widely used in the manufacture

of industrial products such as solvents, paint-strippers, lithium batteries, and biodegradable
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packaging. [4] Their typical industrial synthesis involves the reaction of glycols with phosgene,
leading to the generation of environmentally harmful chlorinated wastes. However, a greener
pathway involving the use of CO, also exists, requiring cycloaddition reaction of CO, onto
epoxides. [5] Nowadays, ethylene cyclic carbonate is currently produced by BASF and
Chimei-Asahi using CO, in the presence of quaternary ammonium salts as catalysts. [6] The
process is carried out in drastic reaction conditions with high temperature (120-160°C) and
CO, pressure (30-80 bar). As the result, the development of new processes to lower these
reaction conditions is an important area of research. [7]

Furthermore, epoxides used as starting materials for the cycloaddition reaction can be
obtained at laboratory or industrial scale either from chlorohydrin process (nearly 50% of the
industrial production of propylene oxide) or by the transfer of an oxygen atom from an oxidant

to the corresponding alkene. In this regard, the most common oxidants are peracids, but

catalytic systems involving NaOCI,[8] iodobenzene PhIO[9] or organic hydroperoxide such as
tert-butyl-hydroperoxide (TBHP) are also used.[10] The common drawback of all of these

oxidants is related to the production of stoichiometric amounts of non-valuable by-products. In
this context, there is a strong need for catalytic processes using “greener” oxidants such as
dioxygen or hydrogen peroxide. Both offer the advantages of a high oxygen availability (50%
for O, and 47% for H,O,) and releasing water as the only side-product.[11] Industrial
production of epoxide using O, actually exists only in the case of propylene oxide in the
presence of a silver-based catalyst.[12] In the case of alkenes with longer alkyl chains, the
activation of the kinetically stable O, molecule implies the use of electron donors. One
example of such approach is the so-called Mukaiyama epoxidation reaction which is
considered as a promising pathway for the utilization of O, in mild conditions.[13]

Among all catalytic systems described in the literature, Schiff base metal complexes
found a wide diversity of applications as catalysts or co-catalysts,[14] in particular for
oxidation reactions (OxCat)[15] and CO, cycloaddition onto epoxides (CyCat) at once.[16]
Indeed, the easy synthesis of the N,O, salen ligands and salophen derivatives in the
corresponding complexes allows a great flexibility in their functionalization. Whatever the
applications targeted, general strategies to tune the properties of such complexes are based on
the introduction of substituents on the aromatic rings. Hence, bulky groups turned out to be
useful to control the approach of substrates while groups with pronounced electron-
withdrawing/donating properties have proved to be helpful to adjust the Lewis acidity of the
metal center. The later strategy is worth to try when Schiff base metal complexes are used as
co-catalysts in the formation of cyclic carbonates which are expected to be favored in the

presence of strong Lewis acids.[17] However, some studies focused also on the use of electron



donating amino groups -R,N. The very first investigation of salen complexes bearing -Et,N
groups as co-catalysts for cycloaddition with CO, was described by Ulusoy and co-
workers.[18] However, the most exciting results were obtained by North's group, who
presented interesting yields (86%) at ambient temperature and 1 bar of CO,, using such amino-
functionalized salophen ligands.[19] Despite low TOF in this case, this remains one of the few

examples of CO, being used as a C; precursor at such low pressure.

The present study was focused on the utilization of such salophen complexes as (co0)-
catalysts for alkenes epoxidation and CO, cycloaddition onto epoxides at once (oxidative
carboxylation of alkenes). The use of the same species for both reactions indeed opened the

way to the direct synthesis of cyclic carbonates from alkenes, as described in scheme 1.
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Scheme 1: Sequential synthesis of styrene carbonate through styrene epoxidation/CO, cycloaddition on styrene
oxide using an oxidant [O] and CO..

Experimental
In this work, three Cr(I11) complexes will be compared.
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Scheme 2: Salophen-tBu-Cr, Salophen Et,N-CrCl and Saloph/en-\l\/lezN ligand (from left).

The Cr(I1l) complex obtained from the salophen-tBu ligand (Salophen-tBu-Cr) was prepared in

agreement with the synthesis procedures previously described. [20-21]. The Salophen-Et,N ligand was

synthesized according to the literature.[22] The details of the preparation, the characterization of

Salophen-Et;N and of the corresponding Cr-Cl (Salophen-Et,N-CrCl), as well as Mn-CI (Salophen-

Et,N-MnCl) complexes are described in the supplementary information (Figures S1 to S3). See also

Figure S8 for a global schematic overview of the synthetic protocols.

- Catalysts synthesis and characterization in the Salophen-Me;N series



Preparation of 4-(dimethylamino)-2-hydroxy-benzaldehyde [23]

7 /0

OH POCI, DMF .
0°C 10 min, r.t. 30 min, 80°C 12h 6 OH

2

H,0, Na,CO4 5 3
N 4

PN |
PN

Scheme 3: Synthesis reaction and labelling of 4-(dimethylamino)-2-hydroxy-benzaldehyde.

Phosphorus oxychloride (POCIs) (7 mL, 75 mmol) was added dropwise to a solution of
3-(dimethylamino)phenol (5.00 g, 36.5 mmol) in 15 mL dry DMF at 0°C over 10 min, then the
reaction mixture was stirred for 30 min at room temperature, followed by 12 h at 80°C. After
cooling to room temperature, 80 mL of distilled water was added and the resulting mixture was
poured into crushed ice and neutralized by 60 mL of a saturated aqueous solution of Na,COs.
4-(dimethylamino)-2-hydroxy-benzaldehyde (4.1 g) was recovered by filtration, washed with
water and dried in a vacuum oven at 25°C for 4 h. Yield: 66%, m.p. 79-80°C (lit. 80.5-
81°C).[23] Later, 4-(dimethylamino)-2-hydroxy-benzaldehyde (or 4-
(dimethylamino)salicylaldehyde) was used without further purification. *H NMR (500 MHz,
CDCls, Figure S4, ppm) 8 = 11.57 (1H, s, C(2)OH), 9.50 (1H, s, C(7)H), 7.28 (1H, d, C(6)H),
6.27 (1H, d, C(5)H), 6.06 (1H, s, C(3)H), 3.05 (6H, s, C(8)H3;), see scheme 3 for 'H NMR
labelling.

Preparation of N,N’-bis(4-dimethylaminosalicylidene)-1,2-phenylenediamine (Salophen-Me;N
ligand).
1,2-phenylenediamine (0.540 g, 5 mmol) was introduced in a two-neck round-bottom

flask connected to a condenser under argon and dissolved in 50 mL of pure EtOH. In parallel, a
solution of 4-(dimethylamino)salicylaldehyde (1.65 g, 10 mmol) in the same solvent (50 mL)
was prepared under argon. This solution was then added dropwise using a syringe to the
solution of 1,2-phenylenediamine over a period of 20 min. Thereafter, the mixture was stirred
at room temperature for 72 h. The yellow solid formed (Salophen-Me,N) was recovered by
filtration on a glass frit (n°4), rinsed twice with 20 mL of pure EtOH and 30 mL of petroleum
ether and dried under vacuum, yielding 1.130 g (56%). IR (KBr, cm™): 3425 (w), 2958 (s),
1686 (m), 1615 (s), 1574 (s), 1438 (m), 1361 (m), 1252 (m), 1172 (s), 1132 (w), 1026 (w), 771
(m) cm™. HRMS [Salophen-Me,NH] (ESI): m/z = 403.21 (Figure S5 (top)). ‘H NMR
([D®1dmso, Figure S5 (bottom), ppm): 8y: 13.50 (2H, s, C(2)OH), 8.65 (2H, s, C(7)H=N), 7.34
(4H, m, C(10)H + C(6)H), 7.26 (2H, s, C(9)H), 6.35 (2H, d, C(5)H), 6.09 (2H, d, C(3)H), 3.00
(12H, t, NCH,CHj3). See scheme S5 for 'H NMR labelling. Elem. anal. Calcd for C,4H26N4O5:
C,71.62; H, 6.51; N, 13.92. Found: C, 70.48; H, 6.54; N, 13.68.

Preparation of N,N’-bis(4-dimethylaminosalicylidene)-1,2-phenylene-diaminechloro-chromium
(111) (Salophen-Me;N-CrCl).



The Salophen-Me;N ligand (0.261 g, 1eq, 0.65 mmol) was dissolved in 25 mL of dry
THF under argon in a two-neck round-bottom flask connected to a condenser, then a solution
of [CrCI3(THF)3] (0.243 g, 1 eq, 0.65 mmol) in 25 mL of dry THF was added dropwise under
argon and the resulting mixture was stirred under reflux for 15 min. After cooling at room
temperature, the solvent was evaporated under vacuum leading to a dark red solid (Salophen-
Me,N-CrClI) (yield: 0.317 g, 94%). IR (KBr, cm™): 3416 (m), 2958 (m), 1680 (s), 1610
(5),1573 (s), 1466 (s), 1392 (s), 1361 (s), 1325 (s), 1249 (s), 1198 (s), 1178 (s), 1097 (s),
1026(s), 807 (s), 781 (s), 548 (m). HRMS [Salophen-Me;N-Cr*] (ESI): m/z = 452.13 (Figure
S6). Elem. anal. Calcd for C4H»,CICrN4O,: C, 59.08; H, 4.96; N, 11.48. Found: C, 59.71; H,
5.05; N, 11.08.

One-pot  preparation of N,N’-bis(4-dimethylaminosalicylidene)-1,2-phenylene-diaminechloro-
Manganese(l11) (Salophen-Me,N-MnCl).

A sample of 1,2-phenylenediamine (0.065 g, 0.60 mmol) was introduced, under argon,
in a two-neck round-bottom flask connected to a condenser and dispersed in 10 mL of dry
THF. In parallel, a solution of 4-(dimethylamino)salicylaldehyde (0.220 g, 1.2 mmol) in dry
THF (10 mL) was prepared under argon and later added dropwise to the solution previously
prepared. [MnCI(THF),] (0.160 g, 0.60 mmol) was then added to the mixture and the resulting
medium was stirred at room temperature for 1 h, then refluxed for 20 min. After cooling at
room temperature, triethylamine (0.12 g, 1.20 mmol, 0.17 mL) was then added and the mixture
stirred for another 45 min. Thereafter, the volume of the solution was reduced up to 10 mL
under vacuum and the reaction mixture allowed to stand at room temperature overnight. After
this period, a white powder (triethylammonium chloride) was filtered and discarded. The
solution was evaporated, leading to a brown solid (Salophen-Me,N-MnCIl) that was
recrystallized in toluene (yield: 0.279 g, 0.57 mmol, 95 %). The IR spectrum of the compound
is identical to that of Salophen-Me,N-CrCl. HRMS [Salophen-Me,N-Mn]* (ESI) : m/z = 455.13
(Figure S7). Elem. anal. Calcd for C,,H»,CIMNnN,4O,: C, 58.73; H, 4.93; N, 11.41. Found: C,
59.23; H, 5.10; N, 11.01.

- Catalytic tests

Study of the co-catalytic activity of the Salophen-type complexes in the styrene oxide
conversion into styrene carbonate.

Styrene oxide (StOx, 0.66 mL, 5.6 mmol), catalyst ("BusNBr, 31.1 mg, 96.2 umol), co-
catalyst (Salophen-R-M, 48.3 umol), GC internal standard (p-xylene, 1 mL, 8.0 mmol) and
benzonitrile (20 mL) were mixed into a Teflon bucket contained in a stainless-steel autoclave
equipped with a magnetic stirrer and an electric heater. The autoclave was then purged with
CO,, the system was pressurized with 11 bar of CO, and heated at the desired temperature. The

reaction mixture was stirred for several hours (see Table 1). After each catalytic test, the



resulting reaction mixtures were analysed by gas chromatography GC after dilution of the
liquid phase (samples of 25 pL diluted in 10 mL of CH,CL,).

In all experiments, the possible presence of polycarbonates was checked by *H and *C
NMR spectroscopy. In any cases, no trace of polymers was detected. This was confirmed by
the mass balance determination by GC using p-xylene as an internal standard. Thereafter,
styrene oxide conversion values will be considered to be equal to styrene carbonate (StCarb)
yield values. Styrene carbonate can easily be separated from the reaction mixture by column
(silica) separation. To do so, a first elution with a 3:1 cyclohexane:diethylether mixture was
used to remove benzonitrile, followed by a second elution with a 1:1 cyclohexane:diethylether
mixture. This procedure led to the isolation of approximately 85 to 90% of the amount of

styrene carbonate determined by GC.

Protocol for the one-pot oxidative carboxylation of styrene with a delayed addition of CO, and
Cr(111) catalysts

Styrene (0.70 mL, 5.6 mmol), isobutyraldehyde (1.33 mL, 15 mmol), GC internal
standard (p-xylene, 0.66 mL, 5.3 mmol) and 13 mL of benzonitrile were mixed in a Teflon
bucket that was further introduced in a stainless-steel autoclave equipped with a magnetic
stirrer and an electric heater. The autoclave was then purged and pressurized with 3.5 bar of O,
and heated at 80°C. After 3h at 80°C, the autoclave was cooled down to room temperature, the
oxygen evacuated, and the mixture stirred during 5 min. Later, "BusNBr (31.1 mg, 96.2 umol)
and Salophen-R-Cr (48.3 umol) were added. The autoclave was then purged and pressurized
with 11 bar of CO; and heated at 80°C. At this end of the experiment, the autoclave was cooled
down to room temperature. After each catalytic test, the resulting reaction mixtures were

analysed by gas chromatography after dilution (samples of 25 pL diluted in 10 mL of CH,Cl,).

Results and discussion
- Synthesis and characterization of the Salophen-Et;,N and -Me;N ligands and of the
corresponding Mn(111) and Cr(111) complexes.

Salophen-Et,N was synthesized according to the protocol developed by Abu-Surrah et al.[22]
by condensation of two equivalents of 4-(diethylamino)-2-hydroxy-benzaldehyde with one equivalent
of 1,2-phenylenediamine in ethanol (Figure S8). To our knowledge, the preparation of Salophen-
Me,N was not yet reported in the literature but it was easily adapted from the protocol for Salophen-
Et,N using 1,2-phenylenediamine and 4-(dimethylamino)-2-hydroxy-benzaldehyde. The latter was
prepared according to the protocol of Awwadi et al.[23] Salophen-Et,N and Salophen-Me,N were
obtained as yellow solids in a single step in ethanol after 72 h reaction at room temperature, with 36
and 56% yields, respectively. Both ligands were characterized by 'H NMR (Figures S1 and S5) and
FTIR. The Salophen-Et,N-CrCI and Salophen-Me,N-CrCl complexes were then obtained (both with
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94% yield) by direct reaction of [CrCl3(THF);] with one equivalent of the corresponding Salophen
ligands in THF. Both complexes were characterized by FTIR and HRMS (see Figures S3 and S6).
Meanwhile, the corresponding {Mn(111)-CI}** Salophen complexes were prepared with 95% vyield by
one-pot synthesis starting from one equivalent of 1,2-phenylenediamine and two equivalents of the
corresponding aldehydes in the presence of one equivalent of [MnCIl,(THF),] as the manganese
source. Both manganese complexes were characterized by FTIR and HRMS analysis (see Figures S2
and S7).

- Comparison of the activity of the Salophen complexes as co-catalysts in styrene oxide
conversion into styrene carbonate.

Tetrabutylammonium bromide ("BusNBr) was utilized as CO, cycloaddition catalyst (CyCat)
in the presence of either Salophen-tBu-CrCl, Salophen-Et,N-CrCl or Salophen-Me,N-CrCl. The
reactions were conducted under initial pressure of 11 bar of CO, (measured at r.t.) at 80, 60 and 50°C
in benzonitrile during 1, 3, 7 and 23 h. Results in Table 1 showed that, at 80 or 60°C, a complete
conversion of styrene oxide into styrene carbonate was achieved for most of the co-catalysts after 23 h
(see Table 1, entries 4-9).

Table 1: Styrene carbonate yield with soluble Salophen-chromium co-catalysts.

Styrene carbonate yield (%)

Entry Co-catalyst T (°C) h 3h 7h >3h
1 Salophen-Me,N-Cr 20 55 75 100
2 Salophen-Et,N-Cr 50 8 21 40 89
3 Salophen-tBu-Cr 5 15 29 67 [21]
4 Salophen-Me,N-Cr 31 87 100 100
5 Salophen-Et,N-Cr 60 16 42 79 100
6 Salophen-tBu-Cr 12 26 47 96 [21]
7 Salophen-Me,N-Cr 100 100 100 100
8 Salophen-Et,N-Cr 80 78 100 100 100
9 Salophen-tBu-Cr 41 75 92 100[21]

Conditions: Styrene oxide (5.6 mmol), n-BusNBr (0.1 mmol, 1.8 mol%), Salophen-Cr(l11) (0.05 mmol, 0.9 mol%) in 13 mL
of benzonitrile under 11 bar of CO,.

Regarding the conversion of styrene oxide at the lowest temperatures (50 and 60°C), Salophen
complexes with ligands bearing amino groups, especially dimethyl amino ones, clearly stood out
compared to Salophen-tBu-Cr (Table 1, entries 1-3 and 4-6).[21] Hence, the styrene oxide conversion
was almost complete after 23 h at 50°C in the case of Salophen-Et,N-Cr and 100% for Salophen-
Me,N-Cr, while Salophen-tBu-Cr led to 67% only. As the result, Cr Salophen-Me,N-Cr was shown to
be the most efficient co-catalyst among those tested, while affording a full conversion of styrene oxide
within 7 h at 60°C (Table 1, entry 4). Additional tests performed within 1 h showed that a complete
conversion of styrene oxide could be obtained in the case of Salophen-Me,N-Cr at 80°C. As expected,
in the absence of "Bu,NBr no catalytic activity towards styrene carbonate was observed whatever the

catalyst and/or the temperature used.



To better emphasize the influence of the metal complexes as co-catalysts, a series of reactions
were conducted for 3 h at 50, 60, 80, and 120°C in their presence (either Cr(I11) or Mn(111) complexes)
or absence. As seen in Figure 1 (see also Table S1, entry 5 for details), "Bu,NBr alone (1.8 mol%)
was found efficient in the cycloaddition process only at 120°C (styrene carbonate yield of 80% at 3 h).
Hence, lower reaction temperatures allowed to better estimate the influence of the co-catalyst. While
poor catalytic activity remained with "BusNBr alone at 80°C (12% for styrene carbonate yield, after
3h, Table S1, entry 5), it was possible to achieve much higher styrene carbonate yields with the
addition of Salophen-tBu-Cr (75%, Table S1, entry 3) or a fortiori with Salophen-Cr(lIl) bearing
tertiary amino groups (quantitative reaction for both complexes, Table S1, entries 1 and 2). As
previously mentioned,[21] "BusNBr alone (1.8 mol%) was not active at 60 and 50°C, so that co-
catalysts were mandatory to perform the cycloaddition reaction at lower temperatures. In comparison,
the Mn(l11) complex based on Salophen-Me,N-Mn was also efficient enough to achieve a 100% yield
of styrene carbonate at 120 and 80°C, but failed for lower temperatures such as 60 and 50°C (see
Table S1, entry 4). This comforted us in the choice of chromium(lll) as a preferable metal centre for

the cycloaddition reaction of CO, onto styrene oxide.

TBABr alone ——tBuCr —&— Et2N-Cr —&— Me2N-Cr
100 5 )

80

60

40

20

Yield in Styrene Carbonate (%)

40 50 60 70 80 90 100 110 120

Temperature in °C

Figure 1: Comparison of the efficiency of "Bu,Br alone (in orange) or coupled with Salophen-Me,N-Cr (in
black), Salophen-Et,N-Cr (in blue) and Salophen-tBu-Cr (in red) for the CO, cycloaddition on styrene oxide
within 3 h. Conditions: Styrene oxide (5.6 mmol), "BusNBr (0.1 mmol, 1.8 mol%), Salophen-M (0.05 mmol, 0.9
mol%) in 13 mL of benzonitrile under 11 bar of CO, with 50 < T < 120°C.

These results led to the conclusion that the introduction of amino substituents onto Salophen
ligands is beneficial to the CO, cycloaddition reaction, as mentioned by others.[19] These results thus
represent a significant improvement in the performance of Schiff base catalysts, which we have been
studying systematically for some years with the idea to couple alkene epoxidation under mild

conditions with CO, cycloaddition.

Regarding the mechanism of cycloaddition of CO,, previous DFT studies [24] suggested that
salophen ligands can play an important steric role in their ability to provide an optimal environment to

the metal ion at which the reaction takes place. The role of tertiary amines (such as the dimethyl or



diethyl aniline groups in our case) has been frequently mentioned or discussed in the literature of CO,
cycloaddition. With N,N-dialkylbenzylamines, Gao and co-workers showed that the positive influence
of the tertiary amines was obtained only after water addition.[25] Indeed, a significantly higher
epichlorohydrin carbonate yield was emphasized in the presence of 0.4% of water which led these
authors to propose a base-assisted mechanism. N,N-dialkylbenzylamine, added as a co-catalyst, would
react with CO, and H,O leading to the formation of the corresponding ammonium hydrogen
carbonate. The latter would then react with the opened formed of the epoxide obtained after the attack
by bromide, leading to the release of a water molecule and, in the end, to the cyclic carbonate. In our
case, we suspected that amino groups borne by Salophen ligands close to the metal centre behaved
similarly (see Figure 2). Compared to what was proposed by Gao and co-workers,[25] the metal centre
present in our system played the role of a Lewis acid centre able to activate the epoxide in a better way
than NBu," alone, as suggested by the literature.[17] In the absence of any drying treatments of
benzonitrile and of CO, gas, we estimated that residual water in the reaction medium is c.a. 0.15
mol%. However, it was not possible to detect any trace of hydrogen carbonate by in situ infra-red

monitoring, which is probably not sensitive enough.
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Figure 2: Proposed "Bu,NBr /tertiary amine mechanism for the cycloaddition of CO, onto styrene oxide
(adapted from reference [25]).

- One-pot oxidative carboxylation of styrene using CO, and O,

Quaternary ammonium salts and Salophen complexes, such as those of Cr(l1l) and Mn(lll),
can be used in the one-pot conversion of styrene into styrene carbonate with O, and CO,. At best, this
transformation involving both oxidation and cycloaddition steps should meet several criteria. First, a
unique solvent should be used. Here, benzonitrile was selected since both individual steps were

previously successfully performed by us in this solvent [20],[21],[26],[27] with similar
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reagents/products concentrations. Here, the respective concentrations of the different reagents, i.e.
Substrate : "Bu,NBr : Salophen complexe, were adjusted to ca. 112 : 2 : 1. Secondly, unique
temperature conditions should be adopted during the duration of the whole transformation. In our case,
it has been demonstrated that both oxidation [28] and cycloaddition (this paper) steps could be carried
out efficiently at 80°C or below. Ideally, O, and CO, reactants, as well as the metal complex (used
here as epoxidation catalyst and cycloaddition co-catalyst) and "Bus,NBr (used as cycloaddition
catalyst) should be introduced at the beginning of the experiment.

Recently, we described the oxidative carboxylation of styrene with O, and CO; using
Salophen-tBu-Cr complex and "Bu,NBr in the presence of isobutyraldehyde (IBA),[26] through a
one-step approach with a single set of temperature and pressure parameters (see Table S2 for a
reminder). The idea was to produce styrene oxide in-situ based on a Mukaiyama-type process
requiring the use of a sacrificial aldehyde. However, in these conditions the results were disappointing:
in the presence of "Bus,NBr with both O, and CO,, a small amount of styrene carbonate could be
detected after 3 h (3%), the yield rising to a maximum of 14% after 24 h (see figure S9 for details).
Such values were well below what could be expected by combining the yields of the individual
reactions (epoxidation of styrene and cycloaddtion of CO, onto styrene oxide) carried out under

similar conditions.

Oxidative carboxylation of styrene with a delayed introduction of CO,, (M)Salophen and ™
BusNBr

In the present work, a sequential implementation of the two steps in the same reactor was preferred.
In this approach, the epoxidation of styrene was conducted first during 3 h at 80°C with the sole IBA
under 3.5 bar of O,. After cooling, dioxygen was evacuated, then "Bu,NBr and the Cr(I1l) Salophen
catalysts were introduced. The pressure was then set at 11 bar of CO, and the reaction carried out
again at 80°C. The delayed introduction of CO,, (M)Salophen and "Bus;NBr was justified [26] by
the fact that Salophen complexes are not mandatory during the oxidation step at 80°C (see also figure
S9, Table S2, entry 1). Experimental settings for three different tests are presented in Table 2 and the

corresponding results are displayed in Figure 3.

Table 2: Sets of experimental conditions used for the one-pot oxidative carboxylation of styrene with a delayed
introduction of CO, and of the co-catalysts.

Entry 1 2 3
t®)
0," 3 3 3
co," 3 20 20
Catalysts  Salophen-tBu-Cr + "Bu,NBr Salophen-tBu-Cr + "Bu,NBr  Salophen-Me,N-Cr + "Bu,NBr
P, (bar) 35 35 35
Pco, (bar) 11 11 11

i) Styrene (5.6 mmol), isobutyraldehyde (15 mmol) in 13 mL of benzonitrile at 80°C under 3.5 bar of O,; ii) Addition of
Salophen-R-Cr (0.05 mmol, 0.9 mol%), "Bu,NBr (0.1 mmol, 1.8 mol%) and 11 bar of CO,.
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Oxidation conditions were kept constant (3 h, 3.5 bar of O,, 2.7 eq of IBA) while
cycloaddition was carried out using 1.8 mol% of "Bu,sNBr and either 0.9 mol% of Salophen-
tBu-Cr (3 h vs. 20 h) or 0.9 mol% of Salophen-Me,;N-Cr (20 h) at 80°C too. In the presence of
Salophen-tBu-Cr and "BusNBr at 80°C, styrene conversion was complete after 6 h (oxidation
time included) but the styrene carbonate yield was only 7% (Figure 3, entry 1). It became 16%
after a total of 23 h (figure 3, entry 2), time during which a strong decrease of the styrene oxide
quantity was observed. The epoxide was not 100% converted into styrene carbonate since the
amount of other secondary products was shown to increase concurrently (from 11% at 6 h to
35 % after 23 h). It is worth noting here that in all the experiments, the yields of benzaldehyde
and styrene glycol were similar, which indicates that the formation of these products represents
a dead end for the reaction. Furthermore, avoiding the formation of benzaldehyde, which is the
result of the oxidative cleavage of the styrene double bond and of styrene glycol was not possible

whatever the conditions used.

100
11

ats

tyae- - EEEN 4 EEe A . _
13 = =

60

Yield (%)

40

20

Benz
Styox

paEODO0

1 2 3

Entry
Figure 3: Yields for styrene oxide (in blue), benzaldehyde (in red), styrene glycol (in grey), styrene
carbonate (in green), other products (in yellow). Initial conditions: See Table 2 for details.

Finally, a more efficient cycloaddition co-catalyst, i.e. Salophen-Me,;N-Cr, as shown
earlier in this paper, was also tested. Using these optimized experimental conditions
(epoxidation for a 3 h period, followed by 20 h for the CO, cycloaddition step), a complete
styrene conversion could be emphasized. More encouragingly, a 31% vyield of styrene
carbonate was obtained which is the highest yield observed in the course of this study (see
Figure 3, entry 3).

From a more general point of view, it is noteworthy that only 5 independent studies
concerning the use of O, as the oxidant for the oxidative carboxylation reaction have so far
been conducted and published in the literature.[28] We believe that the catalytic performances

of our system are encouraging. In particular, a low-cost metal complex based on the first series

11



of transition metals, rather than noble metals[29] was used and it was shown that it worked in
milder conditions than in the other systems reported in literature.[30] Finally, we would like to
emphasize the fact that two separate teams have also recently shown the interest of
implementing a sequential one-pot procedure for the overall reaction, especially when a
Mukaiyama-type strategy is used for the alkene epoxidation step.[31],[32]

Conclusion
In this work, chromium(l11) Salophen complexes bearing tertiary dimethyl (Salophen-

Me,N-Cr) or diethyl phenylamino (Salophen-Et,N-Cr) groups were successfully synthesized.
Their performances as co-catalysts (0.9 mol%) of tetra-n-butylammonium bromide (1.8 mol%)
were evaluated in the cycloaddition of CO, onto styrene epoxide under 11 bar of CO..
Excellent yields of styrene carbonate were obtained after 23 h at 50°C using Salophen-Me,N-
Cr. It comes that the presence of tertiary amine groups on the aromatic cycles of Salophen truly
enhanced the co-catalytic activity of the corresponding Cr(111) complexes, in comparison with
the Salophen-tBu-Cr previously described. We have hypothesized that the origin of this effect
might be due to the reaction of the tertiary amino groups with residual water, leading to the in-
situ formation of hydrogen carbonate species.

The conversion of styrene into styrene carbonate was conducted at 80°C in one-pot, but
proceeding with two steps: first under O, (3.5 bar) in the presence of IBA and in the absence of
any metal catalyst, then, in the presence of CO, (11 bar) after removing O, and adding the
cycloaddition catalysts (i.e. "Bus;NBr (1.8 mol%) and Salophen-R-Cr complex (0.9 mol%)). In
these conditions, the yields of styrene carbonate, obtained after 3 h of aerobic epoxidation and
20 h of CO, cycloaddition at 80°C, were 16% and 31%, with Salophen-tBu-Cr and Salophen-
Me,N-Cr, respectively. Such results emphasized the better catalytic efficiency of the amino-
functionalized salophen complex, which also tends to minimize the amounts of unwanted co-
products. As a final concluding remark, as already mentioned in the literature [30], it is
noteworthy that the key-point for a high styrene carbonate global yield is related to the
implementation of a multistep protocol at the lowest temperature (here 80°C) instead of a

single step one,
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