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active catalysts for the selective coupling of CO, and cyclohexene oxide (CHO). The first Fe(m)-thiolen—
acetate complex is also reported. The effect of the structure of the complex on activity is explored. An

epoxide substrate scope is also provided, using the most active catalyst, as well as a study into the effect
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of co-catalyst equivalents on activity and selectivity.
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Introduction

Two contemporary, rapidly growing areas of green chemistry
involve the use of sustainable metal complexes, such as iron,
for catalysis and catalytic transformations involving CO,, ide-
ally utilising a waste stream as part of a ‘circular economy’
approach.”™* The coupling of CO,, a renewable, abundant,
cheap, non-toxic, ‘waste’ material, with reactive epoxides enables
the formation of cyclic organic carbonates (COCs) and/or aliphatic
polycarbonates (APCs).>*7~>'32° COCs are used in a range of
applications including: high boiling, polar aprotic solvents;
lithium-ion battery electrolytes; plasticisers; anti-foam additives;
intermediates in both organic synthesis and industry and as
monomers for copolymerisation with cyclic esters.”®*'>?123 This
is a more sustainable method compared to the use of highly toxic
phosgene employed in the traditional synthesis.>'*'®'” Examples
for the selective and effective Fe-mediated CO,/epoxide coupling
reaction remain less prevalent than complexes containing metals
such as Mg, Cr, Co, Zn and AL.*>?**"* This is despite the numerous
benefits associated with iron such as high abundance, low toxicity
and low commercial and industrial cost.'””

Della Monica et al. recently reviewed a variety of ligand
classes complexed to iron such as salalen {ONNO} and phenoxy-
thioether {OSSO}.” Lamberti and co-workers reported the first
example of a Fe(m)-salalen—chloride complex, together with
Fe-salen and -salan complexes, for CO,/epoxide coupling.?®
More recently, we reported examples of air-stable Fe(u)-acetate
complexes with salalen, salan and salen ligands for the selec-
tive coupling of CO, with a series of epoxides, predominantly
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cyclohexene oxide (CHO).** cis-Cyclohexene carbonate (cis-CHC)
was formed as the exclusive product under mild, solvent-free
conditions (80 °C, 10 bar CO,, 0.08 mol% metal loading). This is
rare in the literature due to the bicyclic ring strain of CHC and
the challenging nature of the internal CHO epoxide which
imparts steric hindrance and regioselectivity issues associated
with the possibility of four different products.

Della Monica, Capacchione and co-workers have reported a
variety of mononuclear and dinuclear Fe(u/u)-bis(thioether)-
phenolate {OSSO} complexes with two hemilabile sulfur donor
atoms.””"*>?° Indeed, the application of the mononuclear
Fe(m)-bis(thioether)-diphenolate complexes with an onium salt
co-catalyst achieved very high TOFs and selectivity under mild
conditions at 1 bar CO, for a large range of internal and
terminal epoxide substrates.” For example, the conversion of
propylene oxide (PO) to propylene carbonate (PC) achieved a TOF
of 290 h™" at 35 °C and 1 bar CO,. However, the cis-CHC product
was not observed with CHO and a TBAC co-catalyst, instead
polycyclohexene carbonate (PCHC) was selectively formed.>"

We recently reported the synthesis of a range of Fe(ur)-
salalen—-chloride {ONNO} and Fe(ur)-thiolen-chloride {ONSO}
complexes and their application to the isoselective ring-opening
polymerisation (ROP) of rac-lactide.’”*® In particular, there are
scarce examples of the ‘thiolen’, imine-thiobis(phenolate),
family of ligands,**° and they have not been applied to CO,/
epoxide coupling despite the similarities to Della Monica’s
bis(thioether)-phenolate {OSSO} complexes.

Herein, this work represents the application of previously
synthesised Fe(ur)-salalen—chloride and Fe(ur)-thiolen-chloride
complexes (Scheme 1) to the selective coupling of CO, and epoxides.
Furthermore, a new Fe(m)-thiolen-acetate complex is reported,
applied and fully characterised through High-Resolution Mass-
Spectrometry (HR-MS) and single crystal XRD. The most effective
catalyst was tested with a range of epoxide substrates and co-catalyst
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Fe(B) R'=Me, L = -CH,CH,- Fe(2) R'='Bu, R2="'Bu, X =ClI
Fe(C) R'=1Bu, L = -CH,CH,- Fe(3) R'=Cl, R2='Bu, X =Cl
Fe(D) R'=Cl, L =-CH,CH,- Fe(4) R'=Br,R2="'Bu, X =Cl
Fe(E) R'='Bu, L = -CgHy- Fe(5) R'="'Bu, R2=Br, X =Cl
Fe(F) R'=1Bu, L =-CH,CsHg- Fe(6) R'=1Bu, R2=1Bu, X = OAc

Fe(G) R'='Bu, L =-CgH4(-

Scheme 1 Salalen [Fe(A-G)], and thiolen [Fe(1-6)] complexes used in this
study.

concentrations. Modification of the ligand structure allows for
comparison between donor atoms (N/S) as well as sterics and
electronics.

Results and discussion

The Fe(m) chloride complexes bearing salalen [Fe(A-G)] and
thiolen [Fe(1-5)] ligands®*~** have been previously synthesised
(Scheme 1),*”*® and were screened for CO,/epoxide coupling
with distilled CHO. Additionally, one Fe(m)-thiolen-acetate
complex [Fe(6)] (Fig. 1) has been synthesised with the identity
of the ML" ion confirmed by ESI-MS. The solid-state structure
of Fe(6) displays a distorted pseudo-trigonal bipyramidal geo-
metry (t5 = 0.63) with an equatorial site occupied by an acetate
auxiliary group (Fig. 1). Although this geometry leans closer to a
square-based pyramid compared with Fe(2) (t5 = 0.78), bearing a
chloride auxiliary group,®®*’ it is similar to the salalen complex,
Fe(C), and the acetate auxiliary group analogue {Fe(C), 75 = 0.66
and ‘Fe(C)OAc’, 75 = 0.65}.>**” We have previously reported a

Fig. 1 Solid state structure of Fe(6), ellipsoids shown at 30% probability
level. Selected bond lengths (A) and angles (°): Fe—O(1) = 1.887(3), Fe—O(2)

1.873(3), Fe=N(1) = 2.077(4), Fe-S(1) = 2.5904(17); O(1)-Fe—N(1) = 87.64(14),
O(2)-Fe-N(1) = 109.78(14), N(1)-Fe-S(1) = 81.07(12), O(1)-Fe-S(1) =
168.43(10), O(2)-Fe—C(acetate) = 130.40(17).
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carbonato-bridged dimer arising from the recrystallisation of
Fe(2) in air and suggested that it could represent an intermediate
in halide free CO,/epoxide coupling as reported by Muller and co-
workers.>$

The reactions were performed, using previously reported
conditions,>**” at a low catalyst loading of 0.08 mol% and
0.64 mol% tetrabutylammonium chloride (TBAC) co-catalyst
loading in solvent-free conditions at 80 °C and 10 bar CO, for
24 h (Table 1). The reaction mixtures changed colour from purple
to red over the course of the reaction; this has previously been
attributed to the formation of p-oxo-bridged Fe(m) species.”***

Aliquots of the crude product mixtures were taken and
analysed using "H NMR spectroscopy to determine the conversion,
product selectivity and TOF values through integration of the
methine proton resonance signals for cis-cyclohexene carbonate
(cis-CHQ), trans-cyclohexene carbonate (trans-CHC), polycyclo-
hexene carbonate (PCHC) and polycyclohexene oxide (PCHO)
respectively relative to unreacted CHO. At 80 °C, the strained
bicyclic ¢is-CHC product was formed exclusively for all complexes,
with the exception of Fe(4), which is rare in the literature.

A range of techniques were applied to corroborate the findings
from "H NMR spectroscopy. ESI-MS of the crude product mixtures
was used to confirm the presence of cyclic CHC. Although ESI-MS is
unable to differentiate between the cis- and trans-CHC, '"H NMR
spectroscopy identifies the methine resonance signals with cis-CHC
appearing at  4.66 ppm and trans-CHC at ¢ 3.99 ppm, in agreement
with that previously reported.”® The characteristic methine reso-
nance associated with PCHC is reported to appear at J 4.65 ppm

Table 1 CO,/CHO reaction catalysed by Fe(A-G & 1-6) with TBAC

adEex i

PCHC

O

o
(¢]
[Cat] OJLO

00

cis-CHC  trans-CHC

PCHO

cis-CHC : trans-

Selectivity CHC:PCHC:
Entry Catalyst Conv.%/% for cis-=CHC%/% PCHO ratio”/% TOF’/h™*
1 FeCl; 44 83 83:10:16 23
2 None 43 83 83:0:0:17 22
3 Fe(A) 53 >99 >99:0:0:0 28
4 Fe(B) 47 >99 >99:0:0:0 28
5 Fe(C) 41 >99 >99:0:0:0 21
6 Fe(D) 44 >99 >99:0:0:0 23
7 Fe(E) 46 >99 >99:0:0:0 24
8 Fe(F) 48 >99 >99:0:0:0 25
9 Fe(G) 51 >99 >99:0:0:0 27
10 Fe(1) 47 >99 >99:0:0:0 24
11 Fe(2) 43 >99 >99:0:0:0 22
12 Fe(3) 54 >99 >99:0:0:0 28
13 Fe(4) 51 90 90:1:0:9 27
14 Fe(5) 60 >99 >99:0:0:0 31
15°  Fe(5) 75 94 94:1:0:5 156
16 Fe(6) 44 >99 >99:0:0:0 23

Conditions: [Fe] catalyst (0.08 mol%, 1 eq.), TBAC (0.64 mol%, 8 eq.),
CHO (5.0 mL), 10 bar CO,, 80 °C, 24 h. “ Determined via '"H NMR
spectroscopy using the methine resonances of cis-CHC ((3 4.66 ppm),
trans-CHC (5 = 3.99 ppm) and PCHO (3 = 3.35 ppm). ” TOF = [(Conv.
%/100) x (100/0.08 mol%)]/24 h = [(Conv./100) x 1250]/24. € 120 °C, 6 h.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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which is very close to the desired cis-CHC product.”® To confirm the
identity of the signal and that no polymer (PCHC) was formed,
GPC analysis was carried out which showed no evidence of
polymer formation. Therefore, "H NMR spectroscopy, ESI-MS
and GPC analysis confirmed that cis-CHC was formed as the
exclusive product.

Control reactions were carried out and activity was observed
using the FeCl; synthetic metal precursor with TBAC co-catalyst
(Table 1, entry 1). Although cis-CHC remained the major product,
two additional products were present and identified as trans-
CHC, the thermodynamic product, and PCHO, formed via poly-
merisation of the epoxide without CO, insertion. This PCHO side-
product was also produced when TBAC co-catalyst was used
without any [Fe] catalyst (Table 1, entry 2). No reaction was
observed when [Fe] catalyst was used without co-catalyst; the
TBAC being required to open the epoxide and initiate the
catalytic cycle (Table 2, entry 1).

The increase of steric bulk at R*, for both salalen and thiolen
complexes, decreased conversion {Fe(A), R' = H, 53% vs. Fe(B),
R' =Me, 47% vs. Fe(C), R' = ‘Bu, 41% and Fe(1), R = H, 47% vs.
Fe(2), R' = ‘Bu, 44% respectively} but maintained product
selectivity at >99% for the cis-CHC. Thiolen complexes were
generally more active than their salalen counterparts with the
exception of the unsubstituted analogues {Fe(A), R" = H, 53% vs.
Fe(1), R' = H, 47%}. This was proposed to be due to the softer
sulfur donor atom being more labile allowing for more space
around the Fe(m) centre for the binding of epoxide, enhancing the
reactivity. Similar observations were made for the comparisons of
Fe(ur)-salalen and -thiolen complexes when applied to the ROP of
lactide.*”*® Thiolen complex Fe(6), bearing ‘Bu substituents and
an acetate auxiliary ligand, displayed similar activity to the analo-
gous chloride complex {Fe(2), X = Cl, 43% vs. Fe(6), X = OAc, 44%}.
This is in contrast to the substituted Fe(m)-salalen-chloride/acetate
complexes previously investigated, where the acetate complex was
more active.*!

For the salalen complexes, modifying the ethylene backbone
by installing a planar phenyl ring increased activity {Fe(C), L =
—-CH,CH,-, 41% vs. Fe(E), L = -C¢H,—, 46%} and this is further
emphasised when using a more rigid aminopiperidine back-
bone {Fe(F), R" = -CH,CsHy-, 48%}. Moving from the ethylene
backbone to a sterically hindered cyclohexane ring had minimal

Table 2 CO,/CHO reaction catalysed by Fe(5) and various equivalents of
TBAC

cis-CHC : trans-

Eq. of Selectivity CHC:PCHC:
Entry TBAC Conv.“/% for cis-=CHC%% PCHO ratio®/% TOF’/h~*
1 0 8 0 0:0:0:>99 4
2 2 8 79 79:8:0:13 4
3 4 42 94 94:4:0:2 22
4 8 60 >99 >99:0:0:0 31

Conditions: [Fe] catalyst (0.08 mol%, 1 eq.), TBAC, CHO (5.0 mL), 10 bar
CO,, 80 °C, 24 h. “ Determined via "H NMR spectroscopy using the
methine resonances of c¢is-CHC (6 4.66 ppm), trans-CHC (6 3.99 ppm)
and PCHO (& 3.35 ppm). ” TOF = [(Conv. %/100) x (100/0.08 mol%)]/
24 h = [(Conv./100) x 1250]/24.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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effect on activity {Fe(A), R' = H, L = -CH,CH,-, 53% vs. Fe(G),
R' = -C¢H; -, 51%}. The trends observed with the modification
of backbone structure are in agreement with the Fe(ur)-acetate
complexes previously reported.®*

As expected, installing chloro-functionality at R', thus
increasing the Lewis acidity of the Fe(m) centre, increased
conversion; the thiolen complex was moderately more active
than the salalen {Fe(D), R" = ‘Bu, 44% vs. Fe(3), R" = Cl, 54%}.
The use of halide substitution was further explored using the
Fe(m)-thiolen complexes. Modifying the R' position from a
chloride to a heavier bromide slightly decreased activity, pre-
sumably due to a decrease in Lewis acidity at the Fe(ur) centre
{Fe(3), R" = Cl, 54% vs. Fe(4), R' = Br, 51%}. Additionally, this
was accompanied by a decrease in product selectivity to 90%.
Transferring the bromide to the thio-phenolate moiety (R?)
increased activity while maintaining the cis-CHC as the exclusive
product {Fe(5), R* = Cl, 60%}. Indeed, this complex was found to
be the most active in this study with a TOF value of 31 h™%; a
TOF value similar to that reported by Lamberti using Fe(u)-
salalen, -salen, -salan—chloride complexes at 100 °C, 20 bar CO,
for 22 h using CHO.?® This value was increased to 156 h™' by
increasing the temperature to 120 °C and using a shorter reaction
time of 6 hours (Table 1, entry 15). However, the formation of PCHO
and trans-CHC decreased cis-CHC selectivity to 94%.

The effect of using different equivalents of TBAC co-catalyst
was explored using the most active catalyst, Fe(5) (Table 2). As
mentioned previously, no reaction was observed with 0 eq. of
TBAC (Table 2, entry 1). Increasing TBAC concentration improved
the activity and also had a positive effect on selectivity; a mixture
of products was observed using 2 and 4 eq. of TBAC (Table 2,
entries 2 and 3). Increasing the TBAC loading to 8 eq. formed cis-
CHC as the only product >99% and gave the highest TOF value
at 80 °C (31 h™") (Table 2, entry 4). This underlines the impor-
tance of employing an elevated concentration of co-catalyst when
targeting CHCs with this reaction. The formation of cis-CHC
selectively has previously been reported and discussed in literature;
the presence of co-catalyst and particularly excess co-catalyst favours
the formation of carbonate anions after CO, insertion. Therefore
intramolecular ring-closing nucleophilic substitution, forming
the cis-CHC product, is strongly favoured and potential compe-
titive binding of further CHO and polymerisation is disfavoured
(although PCHC is not observed in this study even when 0 eq. of
TBAC was employed).”>*

High functional group tolerance was observed when Fe(5)
and TBAC co-catalyst were applied to a substrate scope of com-
mercially available, terminal epoxides (Table 3). As with the CHO
reactions, identification of the product and determination of
selectivity was achieved through a combination of 'H NMR, GPC
and ESI-MS. In all cases, the epoxide was selectively converted to
the corresponding cyclic carbonate with moderate to high conver-
sions. As expected, the least sterically hindered epoxide, propylene
oxide (PO), was significantly more reactive than CHO (PO, TOF =
42 h™', CHO, TOF = 31 h™%). Styrene oxide (SO), bearing a bulky
phenyl group, was closer in reactivity to CHO, presumably as a
result of similar steric profiles (TOF = 40 h™'). The addition of
electron withdrawing groups increased reactivity, with the

New J. Chem., 2020, 44, 6063-6067 | 6065
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Table 3 CO, coupled with various epoxides catalysed by Fe(5) and TBAC

Product
Entry Epoxide Conv.“/% selectivity’/% TOF’/h~*
O
1 f 5 81 >99 42
O
2 / \ 76 >99 40
Ph
3 O 73 99 38
>
SRGAY
4¢ O 92 99 64
>
Pho. A
@)
>99 48

Conditions: [Fe] catalyst (0.08 mol%, 1 eq.), TBAC (0.64 mol%, 8 eq.),
CHO (5.0 mL), 10 bar CO,, 80 °C, 24 h. “ Determined via '"H NMR
spectroscopy. ” TOF = [(Conv.%/100) x (100/0.08 mol%)]/24 h = [(Conv./
100) x 1250]/24. © Reduced reaction time of 18 h.

exception of epichlorohydrin (ECH) (TOF = 38 h™"). Allylglycidyl
ether (AGE) gave the highest conversion in 24 h (93%); however,
due to the solidification of phenoxymethyl ethylene carbonate,
the reaction time with phenylglycidyl ether (PGE) was reduced to
18 h resulting in a higher TOF value (TOF = 64 h™").

Conclusions

Fe(m) chloride complexes bearing a range of salalen and thiolen
ligands were prepared and applied to the coupling of CO, and
CHO. Additionally, the first Fe(u)-thiolen-acetate was reported,
fully characterised and also shown to be active for CO,/epoxide
coupling. With the exception of Fe(4), all catalysts gave cis-CHC
as the exclusive product at 80 °C. Thiolen complexes tended to
be more active than their direct salalen counterparts and
structure-activity-relationships were explored within the ligand
classes. The most active catalyst, Fe(5), gave a TOF of 31 h™ ' at
mild conditions that could be increased to 156 h™" when the
temperature was raised to 120 °C. A substrate scope of terminal
epoxides demonstrated high functional group tolerance for
Fe(5) and the importance of using 8 eq. of TBAC co-catalyst
was highlighted.
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