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Herein, we report the preparation, characterisation and catalytic applications of air-stable Fe(i)—acetate
complexes consisting of salan, salen and salalen ligand frameworks. Owing to the simple synthetic proto-
col employed, a wide range of complexes have been prepared and structure—activity-relationships investi-
gated. X-ray diffraction confirmed the solid-state structures for eight of the complexes. These represent
the first Fe(i)—acetate complexes applied for the selective coupling of CO,/epoxide and lactide poly-
merisation. The coupling of CO, and challenging cyclohexene oxide substrate was performed under mild,
solvent-free conditions (80 °C, 10 bar CO,) to selectively form the cis-cyclohexene carbonate as the
exclusive product (selectivity >99%) with a metal loading of 0.08 mol%. A reduced aminopiperidine ligand
backbone was found as the most active catalyst, and after investigating four co-catalysts, showed high
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functional group tolerance and robustness when applied to a broad, commercially available, terminal
epoxide substrate scope with high conversions observed. The ring-opening polymerisation of rac-lactide
was achieved using the Fe(i)OAc complexes using triethylamine and benzyl alcohol for initiation, interest-
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Introduction

With global population, energy and material demands increas-
ing, sustainability in chemical processes is critical to address
these issues."” This has catalysed an impetus to explore Earth-
abundant metal systems as catalysts, for example, iron."*
Recently, iron has re-attracted increasing attention due to its
high abundance (4™ most abundant element in the Earth’s
crust), low toxicity, low cost (both at commercial and industrial
scale) and potential air-stability. A resurgence of iron catalysed
reactions has been seen in the ring-opening polymerisation
(ROP) of cyclic esters, such as lactide, and the catalytic trans-
formation of CO,, such as with the coupling of epoxides.’
Poly(lactic acid) (PLA) is a more sustainable, renewable, bio-
degradable and biocompatible alternative plastic compared to
those derived from crude oil, with the potential for a ‘closed-
loop’ lifecycle."®'* PLA can be used in food packaging, drug
delivery systems and biomedical applications.">” Industrially,
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ingly isoselectivity was observed in some cases.

PLA is formed via the ROP of lactide using Sn(u)-
octanoate.'*'®° With rac-LA, the stereoselectivity of the
polymer tacticity is uncontrolled and causes diminished
thermal properties. This can be solved by the use of metal
initiators able to stereoselectively differentiate between the two
enantiomers of a racemic mixture of lactide monomers
(D/L).***® Control of the stereochemistry and tacticity enables
control of the polymer microstructure and therefore the poly-
mers’ bulk physical properties, such as flexibility, durability,
thermal properties, crystallinity and biodegrability.**

Examples of Fe-mediated ROP in the literature are less
prevalent despite the numerous benefits.>*” Recently Duan
et al. synthesised and applied air-stable Fe(ur)-salen—chloride
complexes to the ROP of caprolactone and lactide."” Using pro-
pylene oxide (PO), as both the solvent and co-initiator, the pos-
tulated in situ generated Fe(m)-alkoxide species, formed via
opening of PO by insertion of the Fe(u)-Cl bond, resulted in
isotactic PLA (P, = 0.53-0.78) with broad dispersities (P =
1.38-2.36). We recently reported a variety of Fe(ur)-salalen com-
plexes that followed this mechanism.'® Moderate isotacticity
(Pm = 0.75-0.80) and good molecular weight control in PO were
observed (D = 1.02-1.18). Batch kinetics using an Fe(ur)-salalen
complex indicated there was an induction period within the
six hours, likely relating to the in situ generation of the Fe(ui)-
alkoxide species. Shaver and co-workers attempted to decrease
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the concentration of toxic PO used with Fe(ur)- bis(phenoxyi-
mine)-chloride complexes in toluene but found an excess was
still required for controlled polymerisation and consistent
initiation."!

Cyclic organic carbonates (COCs) are in high demand for a
range of applications such as high boiling polar aprotic sol-
vents, lithium-ion battery electrolytes, anti-foam additives,
plasticisers, copolymerisation with cyclic esters and intermedi-
ates in both organic synthesis and industry.>® The traditional
method of synthesis includes the use of toxic phosgene.***" A
sustainable alternative is using CO, as a renewable, non-toxic,
abundant, cheap, ‘waste’ material and C;-synthon building
block. Coupling this thermodynamically stable molecule with
reactive epoxides enables the formation of either COCs and/or
aliphatic polycarbonates (APCs) depending on the catalyst/co-
catalyst system and reaction conditions employed which deter-
mines the selectivity and activity. There are only a few cases
whereby the catalyst is able to produce both products and be
switchable depending on conditions.*™** There are a number
of reviews on this area,?%4%41:45-49

There has been a significant focus on using Mg, Cr, Co, Zn
and Al complexes, but only a limited number of mono- and
dinuclear-iron examples have been reported for effective
epoxide/CO, coupling.>®*>°°3% A variety of ligand classes
have been applied specifically to iron and recently these were
reviewed by Della Monica et al> Salen, bidentate phenoxy-
imine (half salen) and, recently, salalen and salan ligands have
all been successfully applied to the selective formation of
COCs.>*® Lamberti and co-workers reported the first such
example of the application of Fe-salan and -salalen com-
plexes, together with Fe-salen complexes for comparison, for
the coupling of CO, with propylene oxide (PO), cyclohexene
oxide (CHO) and styrene oxide (SO).° Varying the hybridisation
of the nitrogen donor atoms, and maintaining the ethylene
backbone, aromatic groups and chloride auxiliary group, it
was observed that at 100 °C and 20 bar of CO, the order of
reactivity decreased from salan to salen to salalen. Recently,
Kerton synthesised, studied and applied p-oxo-bridged, dinuc-
lear-Fe-amino-bis (phenolate) complexes to epoxide deoxy-
genation and CO,/epoxide coupling.”** The p-oxo-bridged
complexes with geometric preference values (z) ranging from
0.22-0.31, indicate a square based pyramidal geometry,
showed lower TOF values than the respective mononuclear Fe—-
chloride complexes and Lamberti’s complexes.’ This implies
the auxiliary ligand and the structure/flexibility of the bridging
backbone is crucial for reactivity. Interestingly, it was proposed
that the change of colour of the reaction mixture from purple
to dark red during the CO, reaction was due to a deoxygena-
tion step.

In this work, we synthesised, characterised and explored a
range of air-stable Fe(ur)-acetate complexes with salalen, salan
and salen ligand frameworks. To our surprise there are very
few examples of Fe(ur)-acetate complexes with ONNO ligands
characterised in the solid-state. Examples herein represent the
first Fe(m)-acetate complexes applied for polymerisation and
CO,/epoxide coupling. The polymerisations were conducted
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using NEt; and BnOH for initiation and isoselectivity was
observed in certain cases. The formation of the cis-CHC
product was observed when using CHO and, after investigating
different co-catalysts, high functional group tolerance was
observed when applied to a broad epoxide scope. With the
ease of synthesis, the aryl and backbone substituents were
modified and structure-activity-relationships investigated.

Results and discussion
Complex synthesis

The Fe(m)-acetate complexes were prepared, in air, from
Fe(OAc), and ligand in ethanol. This method has been previously
been used to make a p-oxo-bridged Fe(m)-salen complex by

Webster and co-workers,* along with other examples of prepa-

ration and application of this complex in the literature.®”"*
However, with the range of salalen, salan and salen ligands
(X)”>7° used in this study, the Fe(X)OAc complex was consist-
ently isolated (Scheme 1). All complexes were recrystallised or
washed with cold ethanol and characterised by High-
Resolution Mass Spectrometry (HR-MS), elemental analysis
and Infra-Red spectroscopy (FT-IR). X-ray crystallography con-
firmed an acetate auxiliary group remained on the Fe-centre in
the solid-state structure. Mass spectrometry confirmed the
coordination of the ligand to the metal centre; [Fe(x)]" ions
were observed in all cases. Elemental analysis confirmed the
Fe(m)-acetate was present and not the p-oxo-bridged Fe(ur)
species in the bulk of the sample.

Using Evans’ NMR spectroscopic method, the effective mag-
netic moments for the Fe(1-12)OAc complexes generally
ranged from 4.57-5.74 pup at 298 K in CDCl;, closer to the
5.92 yg spin-only value for high-spin d> Fe(ur) complexes (S =
5/2) than the 1.73 yy spin-only value for low-spin d° Fe(mr) com-
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Scheme 1 The range of Fe(X)OAc complexes synthesised in this study.
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plexes (S = 1/2). This is with the exception of Fe(9)OAc and
Fe(12)OAc which had values of 3.29 yp and 2.10 yp respectively.
This may be due to p-oxo-bridged or Fe(OAc), impurities lower-
ing the magnetic moments as reported in literature.’®””

X-ray crystallography confirmed the solid-state structures
for Fe(2/3/4/6mesol 7meso/8/10)OAc to be distorted pseudo-trigo-
nal bipyramidal geometries with the acetate auxiliary group
occupying an equatorial site.

This geometry is analogous to the Fe(m)-chloride com-
plexes previously reported.'® This is evident when comparing
Fe(2)OAc and the analogous iron-chloride salalen complex
{Fe(2)Cl}. Overlaying the solid-state structures shows the chloride
and the central carbon of the acetate occupying the same
equatorial position (Fig. 1). Focusing on this carbon atom of
the acetate and disregarding the oxygen atoms, the geometric
preference () for Fe(2)OAc was similar to that of the Fe(2)Cl
complex {Fe(2)OAc, = = 0.65 vs. Fe(2)Cl, 7 = 0.66} with a moder-
ate preference for a trigonal bipyramidal (tbp) geometry (z = 1)
over the square based pyramidal (sbp) geometry (z = 0). This
preference decreases for the more symmetrical salen analogue
Fe(10)OAc (z = 0.59).”%

For the other salalen complexes, this preference decreases
further still when installing an electron withdrawing phenyl
group on the amine {Fe(3)OAc, v = 0.60} and when a more
rigid aminopiperidine backbone was present {Fe(4)OAc, 7 =
0.58} (Fig. 2). As was observed for the Fe(X)Cl complexes,'® in
all salalen cases, the axial positions were occupied by O(2) and
the secondary amine, N(1). The angles deviate slightly from
the ideal 180°: {O(2)-Fe-N(1) = 165.35(6)° for Fe(2)OAc,
=165.42(7)° for Fe(3)OAc, =165.13(6)° for Fe(4)OAc}. The largest
equatorial angle, for all Fe-acetate complexes, was to the
central acetate carbon {O(1)-Fe-C(acetate) = 126.20 for Fe(2)
OAc, =129.28° for Fe(3)OAc, =130.56° for Fe(4)OAc}. This was
with the exception of the Fe(10)OAc salen complex {O(1)-Fe-N(2)
123.48°} (Fig. 2). Fe(6,,e50)OAc, with a restricted bipyrrolidine
salan backbone and methyl substituents on the aromatic
rings, gave a small preference for the tbp geometry (z = 0.58),
however, increasing the steric bulk of these substituents to ‘Bu
groups forced the preference to increase moderately {Fe(7,eso)
OAc, 7 = 0.63}. The lowest preference was observed with Fe(8)
OAc (7 = 0.54) consisting of a rigid six-membered aminopiperi-
dine ring on one nitrogen donor atom and an unsubstituted
nitrogen in the backbone (Fig. 2). Fe(8)OAc is also observed to

Fig. 1 Solid-state structures of Fe(2)OAc and Fe(2)Cl overlayed with the
acetate and chloride groups occupying the same position.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Solid-state structures of Fe(4)OAc (Top), Fe(8)OAc (middle) and
Fe(10)OAc (bottom). Ellipsoids are shown at 30% probability level and all
hydrogen atoms have been removed for clarity.

have a different configuration to Fe(4)OAc, with the piperidine
ring in an equatorial site rather than axial. This is in agree-
ment with the corresponding aluminium complexes.”>”®

The metal-to-acetate bond lengths to each oxygen donor
atom were different however and not identical in all com-
plexes. For Fe(2)OAc, these bond lengths varied by 0.1136 A
{Fe-0(3) = 2.0872(15) A and Fe-O(4) = 2.2008(15) A} highlight-
ing asymmetry of the acetate geometry and bond delocalisa-
tion. In this particular example, there is an intermediate
hydrogen bonding interaction between O(3) and an ethanol
solvent of recrystallisation. The overlying trend was that the
oxygen donor atom O(4) cis to the imine nitrogen N(2) had a
longer metal-to-acetate bond length.

Crystals of suitable quality were not obtained for Fe(9)OAc
to allow comparison with the solid-state structure of the analo-
gous p-oxo-bridged Fe(ur)-salen complex {[Fe(9)],0} confirmed

Dalton Trans., 2019, 48, 15049-15058 | 15051
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by Webster.®® However, pXRD of Fe(9)OAc isolated in this
study afforded a different diffraction pattern compared to that
calculated from the p-oxo-bridged single crystal X-ray data (see
ESI{).°° This provided further evidence for the isolation of
acetate complexes and not p-oxo-bridged in this study.

Epoxide and CO, coupling

The Fe(X)OAc complexes were screened for the coupling of CO,
with distilled cyclohexene oxide (CHO) to study their activities
and selectivity (Table 1). CHO, an internal epoxide, is a more
challenging substrate compared to alternatives, such as PO,
due to the high steric hindrance and the possibility of forming
four products, reducing selectivity. Reactions were performed
solvent-free with a 0.08 mol% catalyst loading and 0.64 mol%
tetrabutylammonium chloride (TBAC) as a co-catalyst, follow-
ing catalyst/co-catalyst amounts employed by Lamberti for
Al(m)-salalen complexes,”® at 10 bar pressure of CO, at 80 °C
for 24 hours. Conversion, activity and product selectivity were
determined by taking aliquots of the crude product mixture
for "H NMR spectroscopy and integrating observed methine
proton resonance signals for cis-cyclohexene carbonate (cis-
CHC), trans-cyclohexene carbonate (trans-CHC), polycyclohex-
ene carbonate (PCHC) and polycyclohexene oxide (PCHO)
respectively to CHO. In the majority of cases, cis-CHC was
formed as the exclusive product, which is rare in the literature
due to the bicyclic ring strain of CHC. The thermodynamic
product is trans-CHC which is usually formed over cis-CHC via
back-biting reactions of the PCHC product polymer chain.*?
The formation of c¢is-CHC is encouraged by using excess co-

Table 1 CO,/CHO reaction catalysed by Fe(x)OAc and TBAC
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catalyst to allow for the proposed double inversion reaction
pathway. Lamberti observed that at 4 eq. or higher of co-cata-
lyst, selectivity was at >99% and therefore 8 eq. was used
here.”” PCHO, formed via polymerisation of the epoxide
without insertion of the CO,, was the most common side-
product observed in this study. The PCHC product is reported
to appear at § 4.65 ppm, close to the cis-CHC."> ESI-MS con-
firmed that cyclic carbonate was indeed formed and not the
PCHC, moreover no polymer was observed in the GPC analysis.
Control reactions revealed that TBAC co-catalyst was required
to open the epoxide and no reaction was observed with just
[Fe] catalyst (Table 1, entry 6). Activity was observed using
TBAC either with Fe(OAc), metal precursor or without an iron
catalyst (Table 1, entries 1 and 2), however product selectivity
was significantly lowered (76% and 83% respectively).
Recently, North and co-workers reported that salen ligands
without metal and co-catalyst were able to carry out the reac-
tion at 10 bar pressure of CO, at 120 °C via a ‘dual activation
mechanism’.®® However, with ligand 2 and no TBAC co-catalyst
showed 0% conversion and with TBAC co-catalyst was active
but with a poor selectivity. (Table 1, entries 3 and 4). Overall,
all control reactions demonstrated poor product selectivity
(Table 1, entries 1-4 and 6).

The Fe(u)-salalen-acetate complexes were initially explored.
The increase of steric bulk at R*, from H to ‘Bu, increased con-
version {Fe(1)OAc, R' = H, 40% vs. Fe(2)OAc, R' = ‘Bu, 45%}
while selectivity remained >99% for the cis-CHC. This increase
could also be related to the increased electron donation of ‘Bu
compared to H. The Fe(u)-acetate complex was marginally

O

2 [Cat]

OE

(o}

O, + Q0,9 0
TBAC d

CHO Cis-CHC  trans-CHC PCHC PCHO
Entry Catalyst Conv.*/% Selectivity for cis-CHC/% cis-CHC : trans-CHC : PCHC : PCHO ratio®/% TOF“/h™!
1 Fe(OAc), 48 76 76:1:0:23 26
2 None 43 83 83:0:0:17 22
3b Ligand 2 0 — — 0
4 Ligand 2 47 84 84:2:0:14 24
5 Fe(1)OAc 40 >99 >99:0:0:0 21
6" Fe(2)OAc 0 — — 0
7 Fe(2)OAc 45 >99 >99:0:0:0 23
8¢ Fe(2)OAc 52 96 96:4:0:0 9
97 Fe(2)OAc 47 >99 >99:0:0:0 24
10 Fe(2)Cl 41 >99 >99:0:0:0 21
11 Fe(3)OAc 38 >99 >99:0:0:0 20
12 Fe(4)OAc 46 >99 >99:0:0:0 24
13 Fe(5)OAc 53 >99 >99:0:0:0 28
14 Fe(6,es0)OAC 30 57 57:6:0:37 16
15 Fe(7 meso) OAC 45 >99 >99:0:0:0 23
16 Fe(8)OAc 66 >99 >99:0:0:0 34
17 Fe(9)OAc 28 >99 >99:0:0:0 15
18 Fe(10)OAc 43 >99 >99:0:0:0 22
19 Fe(11)OAc 52 >99 >99:0:0:0 27
20 Fe(12)OAc 59 84 84:0:0:16 31

Conditions: [Fe] Catalyst (0.08 mol%, 1 eq.), TBAC (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 (6 4.66 ppm), trans-CHC (5 3.99 ppm) and PCHO (6 3.35 ppm) No TBAC added. ° Time = 72 h. 920 bar CO,.

15052 | Dalton Trans., 2019, 48, 15049-15058
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more active than the corresponding analogous Fe(u)-chloride
complex {Fe(2)OAc, R' = ‘Bu, 45% vs. Fe(2)Cl, 41%}. Increasing
both the reaction time from 24 h to 72 h and pressure of CO,
from 10 bar to 20 bar led to a slight increase in the conversion
(Table 1, entry 7 vs. entries 8 and 9). Modifying the substituent
on the amine group (R*) from an electron donating Me group
to an electron withdrawing phenyl moiety lowered the conver-
sion to 38% (Table 1, entry 11). Changing the ethylene back-
bone to a more rigid aminopiperidine {Fe(4)OAc} maintained
the same activity and a more flexible propyl backbone {Fe(5)
OAc} increased conversion marginally to 53%. The increase of
activity with an increase of flexibility agrees with that observed
by Garden and Lamberti.”>*

The Fe(m)-salan-acetate complexes were generally more
effective than the salalen complexes. Modifying the ethylene
backbone to bipyrrolidine and changing the hybridisation of
the nitrogen atom from imine to amine (salalen to salan)
offered minimal improvement in activity. The product selecti-
vity was maintained at >99% except for Fe(6es0)OAc where
37% of the product was PCHO and 6% of trans-CHC. Fe(6,,e50)
OAc afforded a poor elemental analysis which is potentially
related to unreacted Fe(OAc), which may explain the poor
selectivity observed. The most effective catalyst in this study
was Fe(8)OAc, containing both a rigid aminopiperidine ring on
one nitrogen donor atom and a NH group. The conversion was
66% with cis-CHC the exclusive product.

North proposed intramolecular H-bonding interactions in
the cyclic carbonate mechanism when an uncomplexed salen
ligand was applied as the catalyst, with the hydrogen atoms of
both phenol groups interacting with the imine nitrogen atoms
and incoming epoxide/CO,.** The NH of Fe(8)OAc could poten-
tially be involved in H-bonding interactions, with the incoming
epoxide/CO,, leading to the dramatic improvement in activity
compared to the unreduced Fe(4)OAc {Fe(8)OAc, 66% vs. Fe(4)
OAc, 46%}. The importance of H-bonding interactions has
recently been showed by Romain for lactide polymerisation.®*
For the Fe(ur)-salen-acetate complexes, activity was increased
by installing a planar phenyl ring into the Fe(m)-salen ethylene
backbone {Fe(11)OAc, 52% vs. Fe(9)OAc, 28% and Fe(12)OAc,
59% vs. Fe(10)OAc, 43%}. Indeed Fe(12)OAc gave the second
highest activity observed in this study, however, this was
accompanied by a decrease in product selectivity to 84%.

Different co-catalysts were explored using the most effective
catalyst, Fe(8)OAc (Table 2). It was found that moving away
from TBAC had detrimental effects on activity. While cis-CHC
remained the exclusive product for tetrabutylammonium
bromide (TBAB) and bis (triphenylphosphine)iminium chlor-
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ide (PPNCI) as the co-catalyst, the conversion was reduced.
Tetrabutylammonium acetate (TBAAc), with the same acetate
anion as the auxiliary ligand of the catalyst, was less active and
selective. Solubility of the co-catalyst in CHO and solvent-free
conditions was one possible reason for these observed results.
TBAC was completely soluble at room temperature and also
the most active.

The combination of Fe(8)OAc and TBAC showed high func-
tional group tolerance and robustness when applied to a
broad, terminal epoxide substrate scope (Table 3). Moderate to
high conversions to the cyclic carbonate products were
observed while varying the sterics and electronics of the
epoxide. All products were analysed from the crude reaction
mixtures using "H NMR spectroscopy, ESI-MS to confirm the
cyclic product (not polymer) was present and GPC analysis to
confirm no polymer was produced. Styrene oxide (SO), with a
sterically bulky phenyl group, showed similar reactivity to the
sterically bulky, internal CHO and a modest 66% conversion.
The sterically unhindered propylene oxide (PO) was more reac-
tive as expected and resulted in a higher conversion (79%).
Electron-withdrawing groups (EWGs), generally increased reac-
tivity and epoxide ring-opening as expected. Epichlorohydrin

Table 3 CO, coupled with various epoxides catalysed by Fe(8)OAc and
TBAC

Cyclic carbonate yield’/ TOFY/
Entry® Epoxide % h!
1 O 79 41
2 O 66 34
Ph
3 O 75 39
4 O 97 51
Pho A
5P o) 81 63
Pho. A
6 O 9 48

Conditions: [Fe] Catalyst (0.08 mol%, 1 eq.), TBAC (8 eq.), epoxide
(5.0 mL), 10 bar CO,, 80 °C, 24 h. “Determined via 'H NMR spec-
troscopy. ” Reduced reaction time of 16 h.

Table 2 CO,/CHO reaction catalysed by Fe(8)OAc and various co-catalysts

Entry Co-catalyst Conv.“/% Selectivity for cis-CHC"/% cis-CHC : trans-CHC : PCHC : PCHO ratio®/% TOF“/h™!
1 TBAB 57 >99 >99:0:0:0 30
2 TBAAc 32 64 64:17:0:19 17
3 PPNCI 58 >99 >99:0:0:0 30

Conditions: [Fe] Catalyst (0.08 mol%, 1 eq.), co-catalyst (8 eq.), CHO (5.0 mL), 10 bar CO,, 80 °C, 24 h. “ Determined via "H NMR Spectroscopy.

This journal is © The Royal Society of Chemistry 2019
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Table 4 CO,/CHO reaction catalysed by Fe(6,,es0) OAC/Fe(6zg) OAc/Fe(6ss)OAc and TBAC

Entry Catalyst Conv.*/% Selectivity for cis-CHC/% Cis-CHC : trans-CHC : PCHC : PCHO ratio®/% TOF“/h™!
1 Fe(6,e50)OAC 30 57 57:6:0:37 16
2 Fe(6rr)OAC 60 >99 >99:0:0:0 31
3 Fe(655)OAc 47 >99 >99:0:0:0 24

Conditions: [Fe] Catalyst (0.08 mol%, 1 eq.), TBAC (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 (6 4.66 ppm), ¢trans-CHC (5 3.99 ppm) and PCHO (6 3.35 ppm).

(ECH) with a chloro-EWG showed modest conversion (75%)
however, phenylglycidyl ether (PGE) and allylglycidyl ether
(AGE) achieved high conversions (97% and 93% respectively).
Due to the solidification of the phenoxymethyl ethylene car-
bonate product from PGE and inefficient mechanical stirring
towards the end of the 24 hours, the reaction was repeated for
16 hours to afford a higher TOF value of 63 h™".

The chirality of the bipyrrolidine backbone of Fe(6,es0)OAC
was explored further by attempting to synthesise two other
possible stereoisomers, Fe(6zz)OAc and Fe(655)OAc.

Changing the chirality could affect the structure and coordi-
nation around the metal centre, with potential for these new
species to increase the activity for the asymmetric CO,/epoxide
reaction.®” Applying the complexes to the coupling of CO, with
distilled CHO, conversion increased moderately for the (S,S)
enantiomer compared to the meso enantiomer {Fe(6,s,)OAC,
30% vs. Fe(6s5)OAc, 47%]} (Table 4). However, there was a stark
increase when applying the (R,R) enantiomer where conversion
doubled to 60% {Fe(6meso)OAC, 30% vs. Fe(6gg)OAc, 60%}.
Mass spectrometry confirmed the coordination of the ligand
to the metal centre {[Fe(6gg)]'} and FT-IR also supported the
formation of an Fe(ur)-acetate complex. However, single-crystal
X-ray crystallography confirmed the solid-state structure of the
complex to be Fe(6zz)Y, (Y = OAc, OEt, HOAc or HOEt) with a
pseudo octahedral geometry (Fig. 3). An effective magnetic
moment of 5.58 yp at 298 K in CDCl; was observed for Fe(6zz)
Y,, using Evans’ NMR spectroscopic method, which is more
consistent with a high spin d®> Fe(m) center. Therefore one of
the auxiliary groups (OEt/OAc) must be protonated in the
solid-state structure but given the disorder and partial occu-
pancy of these sites it is not possible to reliably locate a hydro-
gen atom.

0(2)
N(1)

Fig. 3 Solid-state structure of Fe(6gg)Y,. Ellipsoids are shown at 30%
probability level and all hydrogen atoms have been omitted for clarity.

15054 | Dalton Trans., 2019, 48, 15049-15058

The elemental analysis of Fe(6zg)Y, was in close agreement
with the solid-state structure. Suitable crystals for crystallo-
graphy were not realised for Fe(655)OAc, it is therefore concei-
vable that this complex has a similar structure to that of
Fe(6zr)Ys.

Throughout this study, and especially while coupling with
CHO, the reaction mixtures generally change colour from dark
purple to dark red. Kerton has postulated this to be due to the
formation of a p-oxo-bridged Fe(ur) species from the Fe(ur)
chloride complexes, via epoxide deoxygenation, which then
proceeds via a less active catalytic cycle.”® UV-visible spec-
troscopy, in acetonitrile, was recorded between 300-800 nm in
absorbance mode and showed diagnostic absorption bands at
445 nm and 505 nm for Fe(2)Cl and 515 nm with a small peak
at 450 nm for Fe(2)OAc. These were attributed to being ligand-
to-metal charge-transfer (LMCT) bands from the transitions
between the phenolate oxygen to the high-spin Fe(u) center,
which is generally accepted in the literature.”®>° This indi-
cated the Fe(2)OAc was minimally more Lewis acidic than Fe(2)Cl
as would be expected and, crucially, no absorption band at
around 430 nm was observed, indicating p-oxo-bridged Fe(ur)
complexes were not initially present in the bulk of the
samples. These LMCT transitions are also causing the dark
purple colour that is visibly observed. Absorption bands at
300 nm or lower are assigned as ® — & * transitions between
the phenolate moieties but are present with or without Fe
metal and hence not diagnostic. After the reaction of CHO
and CO,, with Fe(2)Cl or Fe(2)OAc, a hypsochromic shift is
observed toward 430 nm and 425 nm respectively, which is
proposed to be due to the formation of p-oxo-bridged Fe(u)
complexes in agreement with Kerton (Fig. 4).>° This implies
that epoxide deoxygenation is still occurring despite moving
from a chloride to a more stable bidentate acetate group.
Recently, Della Monica reported the formation of an anionic
Fe(mr) metallate species by the addition of excess TBAB to a
Fe(ur)-chloride complex bearing a bis-thioether-diphenolate
ligand. The combination of 8 eq. of TBAC to Fe(2)OAc, in
acetonitrile, resulted in the solution remaining purple and the
UV-visible spectroscopy profile unchanged, implying no metal-
late species were being formed in this study, and was not the
cause for the observed colour change (see ESI{).>®

Ring-opening polymerisation

All iron acetate complexes were trialled for activity in the ROP
of rac-LA. Initial experiments demonstrated the need for both
Et;N and BnOH to facilitate the polymerisation. The former is

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 UV-visible absorption spectra for Fe(2)Cl, Fe(2)OAc and the
crude CO, coupling reaction mixtures using Fe(2)Cl and Fe(2)OAc.

Table 5 Polymerisation of rac-LA with Fe(1-12)OAc at 100 °C

Conv.%/ Mo neo! M,
Catalyst % P, gmol™ gmol™? P
Salalen  Fe(1)OAc 26 — 3850 2000 1.17
Fe(2)OAc 57 0.53 8300 6550 1.13
Fe(3)OAc 60 0.45 8750 7300 1.26
Fe(4)OAc 5 — 800 — —
Fe(5)OAc 43 0.5 6300 6700 1.10
Salan  Fe(6meso)OAC 92 0.58 13400 19900  1.30
Fe(6gg)OAC 21 — 3150 1850 1.27
Fe(6s5)OAc 32 — 4700 2050 1.20
Fe(7meso)OAC 51 0.49 7450 6600 1.09
Fe(8)OAc 93 0.67 13500 8700 1.09
Salen Fe(9)OAc 95 0.56 13800 7500 1.49
Fe(10)OAc 67 0.71 9800 7750 1.16
Fe(11)OAc 94 0.61 13600 8500 1.65
Fe(12)0Ac 89 071 12900 11700  1.46

Conditions: Toluene, 100 °C, [LA]:[Fe]: [BnOH]: [Et;N] = 100:1:1:1,
24 h. “Determined from 'H NMR spectroscopy. ” Determined from 'H
{'"H} NMR spectroscopy. °Calculated based on polymer conversion
{(%conv X My1a) + My gnon}, rounded to the nearest 50. 4 Measured by
GPC (THEF, RI), rounded to the nearest 50.

presumably required to remove the OAc group and the latter to
generate an active alkoxide species. Subsequent polymeris-
ations were carried out at 100 °C for 24 hours, with a loading
of 100:1:1:1 ([LA]:[Fe]: [BnOH] : [Et;N]) (Table 5).

The salalen complexes typically gave low conversion and no
selectivity. Increasing the steric bulk of the ethylene diamine
salalen {Fe(1)OAc vs. Fe(2)OAc/Fe(3)OAc} gave a slight improve-
ment in activity. Increasing the backbone to propylene caused
a reduction in conversion. Molecular weights were observed to
be lower than expected based on conversion. Where recorded,
relatively narrow dispersities are observed for these complexes
(P = 1.10-1.26). MALDI-ToF analysis for polymer derived from
Fe(2/3)OAc revealed a symmetrical major series which had the

This journal is © The Royal Society of Chemistry 2019
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expected BnO-/-H end groups. However, there was a minor
series that exhibited ethoxide end groups.

For these complexes, ethanol molecules were observed in
the unit cell of the solid-state structures and these would act
as additional initiating groups accounting for the reduced
molecular weights. The degree of transesterification is negli-
gible. Compared to the chloride analogues,'® Fe(1-2)OAc were
less active, requiring higher temperatures to achieve moderate
conversion. The iron salan acetate complexes typically achieved
higher conversion relative to the salalen complexes. For these
complexes, reducing the steric contribution of the ligand had
a positive impact on complex activity {Fe(6meso)OAC vs.
Fe(7meso)OAC}. The chiral complexes, Fe(6gg/655)OAc performed
less well compared to the meso form and this could be related
to the differences in the solid-state structures. The reduced
complex of 4, Fe(8)OAc, demonstrates a substantial improve-
ment in activity compared to the salalen complex, Fe(4)OAc.
This complex also imparts a slight isotactic preference on the
polymerisation (P, = 0.66). MALDI-TOF analysis of polymer
derived from Fe(8)OAc showed two symmetrical series centered
on 5300 g mol™" (see ESIf). The major series has the expected
end groups of BnO-/-H and the minor series was related to
initiation by ethanol, the latter being the solid-state recrystalli-
sation solvent.

There is no evidence of transesterification highlighting the
control of Fe(8)OAc. The salen complexes also achieve higher
conversion under these conditions. The increased planarity,
due to a phenyl backbone, has little effect on the polymeris-
ation. There is an isotactic bias for all of the salen complexes
(Pm = 0.56-0.71). MALDI-TOF analysis of polymer derived from
Fe(10)OAc showed there to be only the expected benzyl alkox-
ide end groups. However, a minor series demonstrated the
operation of undesirable transesterification to give peak separ-
ations of 72 g mol™'. While less active than the previously
reported analogous iron chloride complex,'”> Fe(10)OAc was
observed to give higher isotacticity.

The more active catalysts were also tested at 80 °C (Table 6).
While the level of stereocontrol was not increased by this
temperature decrease, high conversion was achievable and the
dispersity was improved in all cases. MALDI-ToF analysis of
polymer derived from Fe(6,,e50)OAc revealed BnO-/-H end
groups with no transesterification. The molecular weight was,

Table 6 Polymerisation of rac-LA with Fe(6,es0.8, 11-12)OAc at 80 °C

Conv.“/ Mn,theor/ Mnd/
Catalyst % P, g mol ™" g mol~ p?
Fe(6mes0) OAC 96 0.58 13950 8100 1.09
Fe(8)OAc” 94 0.66 13 600 9900 1.07
Fe(11)OAc® 95 0.61 13 800 10750 1.49
Fe(12)OAc” 82 0.71 11 900 11050 1.37

Conditions: Toluene, 80 °C, [LA]:[Fe]:[BnOH]:[Et;N] = 100:1:1:1,
24 h. “Determined from 'H NMR spectroscopy. ” Determined from 'H
{'"H} NMR spectroscopy. ‘Calculated based on polymer conversion
{(%conv X Mp1a) + My gnow}, rounded to the nearest 50. 4 Measured by
GPC (THF, RI), rounded to the nearest 50.

Dalton Trans., 2019, 48, 15049-15058 | 15055


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9dt03327k

Open Access Article. Published on 06 September 2019. Downloaded on 4/5/2026 7:03:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

however, lower than expected potentially due to EtOH solvent
in the recrystallised complex.

Conclusions

Fourteen air-stable Fe(u)-acetate complexes were synthesised
and characterised by elemental analysis, ESI-MS, FT-IR spec-
troscopy and Evans’ NMR spectroscopic method. X-ray crystal-
lography confirmed the solid-state structures for Fe(2/3/4/
61mesol 7meso/8/10)OAC to be distorted pseudo-trigonal bipyramidal
geometries. Due to the simple synthetic method, a range of
ligand frameworks were explored and structure-activity-
relationships investigated, when the complexes were applied to
the coupling of CO,/CHO and the ROP of rac-lactide. Fe(8)OAc,
with the reduced aminopiperidine ligand backbone, was
found to be the most active complex for the selective formation
of cis-CHC from, the challenging internal epoxide, CHO with a
TOF value of 34 h™" at mild conditions (80 °C, 10 bar CO,,
24 h). High functional group tolerance was also demonstrated
when applied to a broad, terminal epoxide substrate scope.
Chirality of the ligand backbone was explored using Fe(6eso/
6zr/6ss)OAc and the R,R enantiomer showed a vast improve-
ment in activity, potentially due to the formation of an octa-
hedral complex. The change of colour of the CO,/epoxide
coupling reaction mixtures was attributed to the formation of
p-oxo-bridged Fe(m) complexes via UV-Vis spectroscopy. All Fe
(ur)-acetate complexes were trialled for the ROP of rac-LA using
both Et;N and BnOH, which were shown to be needed for
initiation. Fe(8)OAc and Fe(12)OAc were the most effective
complexes for the ROP of rac-LA with a slight isotactic bias
observed (P, = 0.66 and P,,, = 0.71 respectively).
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