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Abstract: A series of dinuclear iron(III)' complexes
supported by thioether-triphenolate ligands have
been prepared to attain highly Lewis acidic catalysts.
In combination with tetrabutylammonium bromide
(TBAB) they are highly active catalysts in the syn-
thesis of cyclic organic carbonates through the cou-
pling of carbon dioxide to epoxides with the highest
initial turnover frequencies reported to date for the
conversion of propylene oxide to propylene carbon-
ate for iron-based catalysts (5200 h™'; 120°C, 2 MPa,
1 h). In particular, these complexes are shown to be
highly selective catalysts for the coupling of carbon
dioxide to internal oxiranes affording the corre-

sponding cyclic carbonates in good yield and with re-
tention of the initial stereochemical configuration. A
density functional theory (DFT) investigation pro-
vides a rational for the relative high activity found
for these Fe(III) complexes, showing the fundamen-
tal role of the hemilabile sulfur atom in the ligand
skeleton to promote reactivity. Notably, in spite of
the dinuclear nature of the catalyst precursor only
one metal center is involved in the catalytic cycle.

Keywords: carbon dioxide fixation; cycloaddition;
density functional theory; homogeneous catalysis;
iron

Introduction

Over the last two decades an increasing interest in
the use of carbon dioxide as chemical feedstock has
engendered intensive efforts, in both academia and in-
dustry, in the search for new synthetic pathways to
useful compounds and polymers.! The main problem
slowing the development of a chemistry based on
CO, as C, building block lies in the kinetic and ther-
modynamic stability of this molecule that renders its
conversion into valuable chemicals energetically un-
favorable. Similarly to other industrially relevant pro-
cesses, the key to overcome the kinetic inertness of
carbon dioxide is the implementation of efficient cata-
lytic systems that allow the conversion of CO, to
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useful products under milder reaction conditions. In
this context, one of the most promising synthetic
routes is the development of efficient catalytic sys-
tems able to promote the coupling of CO, with oxir-
anes giving the corresponding cyclic organic carbo-
nates (COCs)? or polycarbonates.”) In particular
COCs have many applications, such as polar aprotic
green solvents, electrolytes in lithium-ion batteries,
and as chemical intermediates in the synthesis of
other small molecules or polymers. As a matter of
fact, a large repertoire of catalytic systems mainly
based on transition metal complexes combined with
a nucleophile (quaternary ammonium salts and phos-
phonium salts) as co-catalyst has been developed and
shown to be highly active and selective for the cyclo-
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addition of CO, to epoxides™ It is worth noting that
the most studied and active complexes are based on
metals such as chromium, cobalt, zinc, magnesium or
niobium.”¥ These are metals that have given rise to
health and environmental concerns, and have also
been recently defined as endangered elements, i.e.,
metals that will be not available anymore at afforda-
ble prices in the near future.”! This situation has trig-
gered the search for new, greener and inexpensive
catalytic systems able to efficiently promote this reac-
tion.*!

The two most promising approaches to achieve this
goal are: (i) the development of metal-free organoca-
talytic systems"® and (ii) the use of complexes based
on Earth-crust abundant metals (Fe, Al, Ti, Ca). In
spite of the growing number of organocatalysts, the
presence of a Lewis acidic metal center that activates
the opening of the oxirane ring still offers advantages
in terms of high activity, low catalyst loading and
even milder reaction conditions. In this field alumi-
num-based catalysts have been extensively investigat-
ed.”! In particular, the bimetallic aluminum (salen)
complex developed by North!®” and co-workers and
the aluminum amino-tris(phenolate) complex report-
ed by Kleij®® and co-workers have been shown to be
highly active and versatile catalysts for the formation
of cyclic carbonates. Conversely, notwithstanding the
growing interest in the use of iron in catalysis,” the
examples of iron-based catalysts for the formation of
cyclic carbonates from CO, and epoxides are rather
scarce.'” We have recently reported on new catalysts
based on dinuclear Fe(III) complexes (complexes 1-
3; Scheme 1), bearing dithioether-triphenolate-based
ligands in combination with tetrabutylammonium bro-
mide (TBAB), which have proved to be highly active
and versatile in the synthesis of COCs.'"! These re-
sults have shown that it is possible to obtain efficient
catalysts for the cycloaddition of CO, to epoxides
based on iron complexes, and that the presence of the
hemilabile Fe—S bond in the catalyst precursor has
a beneficial role in the subsequent epoxide coordina-
tion to the metal center, promoting the formation of
the cyclic carbonate in the presence of the nucleophil-

ic co-catalyst. Here we report the synthesis and com-
plete characterization of three novel iron(III) com-
plexes 4-6 bearing dithioether-triphenolate ligands
and their use as catalysts for the coupling of CO, with
epoxides and compare their performances with the
known iron(III) complexes 1-3 under the same reac-
tion conditions. In combination with TBAB and
under optimized reaction conditions, they show high
activity in the coupling of various terminal epoxides
with CO,. In addition, they also convert various inter-
nal epoxides affording the corresponding carbonates
in good yields and with high stereoselectivity. Density
functional theory calculations (DFT) reveal that in
spite of the bimetallic nature of the catalyst precursor
only one metal center is involved in the catalytic
cycle.

Results and Discussion

Synthesis and Characterization of the Iron(III)
Complexes 4-6

The Lewis acidity of the metal center, according to
the widely accepted reaction mechanism,? should
play a crucial role in the determination of the catalyt-
ic activity for the cycloaddition of carbon dioxide to
oxiranes. Indeed, with the aim to increase the Lewis
acidity of the iron atoms, we decided to modify the
pro-ligand structure by introducing an electron-with-
drawing substituent, such as chlorine, on the lateral
(L4) and central (L5) phenol rings, in order to evalu-
ate the impact on the catalytic activity in the forma-
tion of the cyclic carbonates. The methyl-substituted
pro-ligand (L6) was also synthesized to have an alkyl-
substituted complex (6) with a steric hindrance com-
parable with that of the chlorine substituted one (4).
The pro-ligands L4-L6, were synthesized by a modifi-
cation of the procedure previously reported
(Scheme 1).'"" All the new pro-ligands were fully
characterized by nuclear magnetic resonance ('H, *C
and '"H-"C HSQC NMR), mass spectrometry (ESI-
MS), elemental analysis (EA) and infrared spectros-
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Scheme 1. Synthesis of the proligands L1-L6 and the corresponding iron(IIT) complexes 1--6.
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copy (FT-IR) (see the Supporting Information). Com-
plexes 4-6, were obtained by reaction of an equimolar
amount of FeCl; with the sodium salt of the corre-
sponding pro-ligand in THF, obtained from the reac-
tion of the ligand precursor with 3 equivalents of
sodium hydride. All the products were recovered in
good yields (from 78 to 85%), as deep-blue powders.
Complexes 4-6 were characterized by elemental anal-
ysis. Furthermore, by comparison of the FI-IR spec-
tra of complexes 4-6 with those of the corresponding
ligands, disappearance of the hydroxy group vibration
around 3300 cm™' confirms the formation of the de-
sired complexes. Moreover, the shift of the vibration
bands diagnostic of the alkyl-sulfide moiety (see the
Supporting Information), indicates the coordination
of the sulfur atoms to the iron centers. Indeed the
UV-Vis spectra of the complexes only show a strong
ligand-to-metal charge transfer absorption and no d—d
transition as expected for two hexacoordinated HS
iron(IIT) centers. The ESI-MS analysis was consistent
with the formation of dinuclear species (Supporting
Information, Figures S14-S16-S18). In addition, the
values of the effective magnetic moments determined
using the Evans method” in toluene-dy at 30°C, are
comparable with the calculated value for two isolated
high spin (HS) iron(IIT) centers (8.37 uB).["’)

Notably, the magnetic moments measured in the
solid state with a Johnson-Matthey balance by using
the Faraday’s method' are in good agreement with
values obtained in solution confirming that the com-
plexes possess a dimeric structure both in the solid
state and in solution (see the Supporting Information,
Table S2). Finally addition of a large excess of
a strong coordinating species mimicking the epoxide
substrate, such as pyridine, to a toluene solution of 6
(50 equivalents with respect to 6) does not produce
any change of the UV-Vis spectrum profile, underly-
ing the stability of the dimeric structure in solution
(see the Supporting Information, Figures S21-23).
Single crystals of 6 were grown from a saturated ace-
tonitrile solution; the molecular structure of the com-
plex is shown in Figure 1. It is worth noting that each
ligand is coordinated to both iron atoms with the cen-
tral phenolate moiety bridging the metal centers pre-
sumably to relieve steric strain of the ligand. The mol-
ecule adopts an idealized D, symmetry one axis being
coincident with the Fe-Fe vector. Each iron(IIl) in
the dimeric complex exhibits a six-coordinated [O,S,]
environment generated by four phenoxo oxygens and
two sulfur atoms. The Fe—O(bridging) bond lengths in
6 are longer than the Fe—O(non-bridging) ones. These
Fe-O distances are slightly longer, for example, than
the corresponding ones found in an iron(III) thioca-
lix[4Jarene complex.'”) The Fe-S interactions are
rather weak and fall in the range 2.5914-2.6585(5) A
whereas the Fe-Fe distance of 3.331 A indicates that
no bonding interaction is present.
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Figure 1. Molecular structure of complex 6. a) The structure
is shown for the sake of clarity with the C atoms of one of
the two ligands represented in violet color (hydrogen atoms
have been omitted). Selected bond lengths (A): Fe(1)—Fe(2)
3.331; Fe(1)-O(1) 1.8894(14); Fe(1)—O(4) 1.9030(13);
Fe(1)—O(5) 2.0314(13); Fe(1)—0O(2) 2.0384(14); Fe(1)-S(1)
2.6102(5); Fe(1)—S(3) 2.6466(5); Fe(2)—O(6) 1.8943(14);
Fe(2)—0O(3) 1.8994(15); Fe(2)VO(5) 2.0345(13); Fe(2)—O(2)
2.0514(14); Fe(2)—S(2) 2.5914(5); Fe(2)—S(4) 2.6585(5). b)
The coordination geometry of the two iron(IIl) centers is
highlighted.

Cycloaddition of CO, to Epoxides Promoted by
Catalysts 1-6

Aiming to optimize the reaction parameters in the cy-
cloaddition of CO, to (+)-propylene oxide (PO) we
used the complex 6 as benchmark under solvent-free
conditions. A screening of various co-catalysts,
namely dimethylaminopyridine (DMAP), bis(triphe-
nylphosphine)iminium chloride (PPNCI) or quaterna-
ry ammonium salts such as tetrabutylammonium chlo-
ride (TBAC), iodide (TBAI) and bromide (TBAB) in
combination with 0,5 equivalent of 6 (0.025 mol%)
was performed (see Figure 2a and entries S1-S5 of
Table S1 in the Supporting Information).

Notably, by varying the amount of TBAB from
0.05 mol% to 0.25 mol% an appreciable improvement
of the catalytic activity is observed (entries S5-S7,
Table S1 in the Supporting Information). Increasing
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Figure 2. Effect of the co-catalyst type and loading (a) and
of temperature (b) on the catalytic activity of 6 in PO/CO,
coupling.

the temperature from 80 to 140°C results in a linear
increasing of the TOF (Figure 2b; entries S5 and S8-
S10 of Table S1 in the Supporting Information). A
control experiment using TBAB without the iron
complex results in very low conversion (10%; entry
S11, Table S1 in the Supporting Information), com-
pared to the binary system under the same reaction
conditions (80 %; entry S7, Table S1 in the Supporting
Information). The effect of the CO, pressure on the
catalytic activity was also investigated (compare en-
tries S7 and S12-S13, Table S1 in the Supporting In-
formation); by reduction of the pressure from 2.0 to
0.5 MPa the activity does not drop dramatically, while
on increasing the pressure to 4.0 MPa an activity en-
hancement from 3300 to 4000 h™', reaching complete
conversion of PO in only 1 hour, was observed.
Owing to these good results the catalyst loading
was reduced from 0.025 to 0.01 mol%, in order to
compare the catalytic activity of complexes 1-6 in the
coupling of CO, with PO (Table 1). The best per-
formance was achieved using complex 6, with a TOF
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Table 1. CO,/propylene oxide coupling promoted by the
iron(III) complexes 1-6.

o

Cs )J\

/Ao + CO, ——> 0 o©o

Co-cat \_&

Entry®  Catalyst  Conversion® [mol%] TOFWY [h7!]
1 1 43.0 4300

2 2 35.5 3550

3 3 40.4 4040

4 4 36.3 3630

5 5 50.0 4990

6 6 52.0 5200

7lel _ 5 -

81 Reaction conditions: PO=5mL, 7.15x107%> mol; cata-
lyst=1.43x10"° mol (0.01 mol%); TBAB=143x10"*
mol (0.1 mol%); PO/TBAB/catalyst=10000/10/1; T=
120°C; Pcp, =2.0 MPa; reaction time =1 h.

b) Determined by 'H NMR using mesitylene as internal
standard.

[l The selectivity toward the formation of PC was always
found to be >99%.

4" Turnover frequency (molpexmol,,, ' xreaction time™).

[l Control experiment in the absence of the iron catalyst.

equal to 5200h™"' at 120°C and 2.0 MPa of CO,
(entry 6, Table 1). To the best of our knowledge, this
is the highest TOF for an iron-based catalyst reported
in literature and not far from those observed for the
most active catalysts based on magnesium or alumi-
num.” Complex 5 also proved to be highly active,
with conversion near to that of 6 (compare entries 5
and 6, Table 1), suggesting that the electronic effect
of the substituent R, does not play a relevant role in
the determination of the catalytic performance. On
the other hand, the introduction of chlorine atoms in
the R, positions, as in complex 4, has a deleterious
effect on the catalytic activity (compare entries 4 and
6, Table 1). In addition, the appreciable lower activity
displayed by complex 2, bearing the more sterically
demanding cumyl groups on the phenol rings, con-
firms that the catalytic activity is strongly influenced
by the bulkiness of the substituents on the external
phenol rings.

To further evaluate the role of the steric demand
around the catalytic site on the catalytic performance,
the coupling of CO, with a bulkier terminal epoxide
such as the 1,2-epoxyhexane was performed (Table 2).

Both 5 and 6 exhibit again the highest activities (re-
spectively, 3390 and 3450 h™'), with differences in the
order of the experimental error (entries 12 and 13,
Table 2). Notably, the longer alkyl chain on the epox-
ide ring exalts differences in the activity due to the
steric hindrance of the substituents in the R; posi-
tions, with complex 2 displaying a considerably lower
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Table 2. CO,/hexene oxide coupling promoted by iron(I1I)
complexes 1-6.

o

fo) 1-6 ),L

CoOpb ——> 0° ©

TBAB \_W

Entry®®  Catalyst  Conversion®® [mol%] TOFY [h7!]
8 1 45.7 2290

9 2 17.9 900

10 3 43.1 2160

11 4 35.0 1750

12 5 67.8 3390

13 6 68.9 3450

[BI Reaction conditions: hexene oxide=8.6 mL, 7.15x10?
mol; complex=1.43 x 10~ mol; TBAB=1.43x10"* mol;
T=120°C; Pcp, =4.0 MPa; reaction time=1 h.

] Determined by 'H NMR using mesitylene as internal
standard.

[l The selectivity toward the formation of hexene carbonate
(HC) was always found to be >99%.

@' Turnover frequency (mol % molmm,ys,’1 x reaction
time ).

activity (entry 9, Table 2). The less sterically demand-
ing complex 3 shows lower activity compared to 6 due
to solubility issues in the reaction medium as previ-
ously reported."" In order to investigate the applica-
bility of the catalytic system 6/TBAB to a wider range
of substrates, we performed the coupling reaction of
carbon dioxide with a series of mono-, di-substituted
and internal epoxides. The results summarized in the
Table 3 clearly show that the presence of an electron-
withdrawing substituent in the substrate, such as
a chlorine atom in epichlorohydrin, has a positive
effect with a TOF of 7000 h™' (entry 14, Table 3).
Conversely, the presence of an electron-releasing
group, such as a phenoxy or a phenyl group results in
an attenuation of the reactivity (entries 15-17,
Table 3). Notably the more challenging substrate iso-
butylene oxide (1,1-dimethyloxirane) was converted
in good vyield to the corresponding carbonate
(entry 19 of Table 3). Moreover the cis form of 1,2-di-
methyloxirane was converted to the corresponding
carbonate not only in good yield but also with a high
degree of configuration retention (entry 20, Table 3).
Intriguingly, complex 6 in combination with TBAB
retains the configuration of the starting substrate re-
gardless of the cocatalyst/catalyst molar ratio (com-
pare entries 20 and 21, Table 3) indicating that the
attack of the bromide anion to the epoxide ring pro-
ceeds selectively via two consecutive inversions of
configuration (Sy2) on the same stereocenter and
that, differently to what was reported for other
iron(IIT)-based catalysts, ' this mechanism is not de-
pendent on the bromide concentration (see
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Scheme 2. Proposed mechanism for the retention of stereo-
chemical configuration in the production of cis-4,5-dimethyl-
1,3-dioxolan-2-one from cis-2,3-epoxybutane and CO, pro-
moted by catalyst 6 in the presence of TBAB.

Scheme 2). A complete stereoretention was also ob-
served in the case of frans-stilbene oxide (entry 22,
Table 3) and the exclusive formation of cis-cyclohex-
ene carbonate (cis-CHC) (entry 18, Table 3) also sup-
ports the proposed reaction mechanism. In fact, the
thermodynamically disfavored formation of cis-CHC
should necessarily arise from a mechanism involving
a double inversion of the starting CHO configura-
tion.l

Theoretical Calculations

Deeper insights into the reaction mechanism were ob-
tained by performing DFT on the reaction mechanism
for the cycloaddition of CO, to PO catalyzed by com-
plex 6 in the presence of TBAB, the complete energy
profile is reported in Figure 3 (for clarity, we refer to
the two Fe(IIl) centers in 6 as Fe, and Fe,). Coordina-
tion of PO to the Fe, center in 6 is only possible by
dissociation one of the two hemilabile S atoms [r(Fe,—
$)=2.704 A].

PO coordination is calculated to be endergonic and
leads to intermediate 6-A, which lies 7.5 kcalmol™!
above 6. From a structural point of view, in 6-A PO
coordinates to the Fe, center [r(Fe,—~0)=2.412 A] in
the coordination position previously occupied by the
dissociated S atom. PO coordination results in a slight

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. CO,/epoxide coupling promoted by iron(IIT) complexes 6.

Entry® Substrate Epoxide/TBAB/6 (molar Product Conversion®® cis:trans' (molar ~ TOF®
ratio) [mol%] ratio) [h™]
cl °\>_
o 0 ci _
14 s/ 10000/10/1 0 3/ 70.0 7000
o °>\_
15 o @ 10000/10/1 0 0@ 44.5 - 4450
> S
= =
16 0. o 10000/10/1 ?j_/of 21.0 - 2100
o
17 ?)—@ 10000/10/1 (B_@ 13.0 - 1300
o]
181 0@ 1000/10/1 o=<o]© 55.0 >99:1 550
o] Oy
[te] (0] _
19 > 1000/10/1 0% 65.8 660
o} °>\s
o}
20kl )>" 1000/10/1 o ))< 67.1 97:3 670
(o} °>\s
. o}
21kl )>" 1000/2/1 o ))< 12.6 98:2 125
o]
o]
[gh] O)LO
228 © 1000/10/1 \ 73 >1:99 70

81 Reaction conditions: epoxide =7.15x 1072 mol; T=120°C; Pco, =2.0 MPa; reaction time =1 h.
) Determined by 'H NMR using mesitylene as internal standard.
[l The selectivity toward the formation of cyclic carbonate was always found >99 %.

' Determined by '"H NMR.

] Turnover frequency (mol,,ponae ¥ molmm,ys,’1 x reaction time ™).

M Epoxide =1.0 mL.
8 P, =4.0 MPa.
b1 Stilbene oxide=1.0 g, MEK =2.0 mL.

decrease in the Fe,—Fe, distance in 6-A when com-
pared to the catalyst species 6 (3.271 vs. 3.364 A, re-
spectively; see Figure 4).

To explore the eventual dissociation of one of the
two Fe,—S bonds prior to PO coordination in the
starting complex 6, we removed PO from the opti-
mized geometry of intermediate 6-A and we re-opti-
mized the complex. The resulting complex with Fe,—S
bond being dissociated is lying only 5.8 kcalmol™
above species 6, in line with the expected lability of
the S binding. The experimental evidence that the in-
troduction of the electron-withdrawing chlorine atoms
on the lateral phenol rings (complex 4) results in
a lowering of the catalytic activity supports this sce-

Adpv. Synth. Catal. 0000, 000,0-0 6
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nario. As a matter of fact, the coordinating ability of
the phenoxide O atoms should be reduced in 4 due to
the presence of the ortho Cl atom. This should result
in increased Lewis acidity at the metal center and
should reduce the lability of the sulfur atoms, render-
ing substitution of one sulfur moiety by PO less favor-
able. This scenario is supported by our calculations on
complex 4, which presents slightly shorter Fe,—S dis-
tances when compared to complex 6 (2.66 A vs.
2.70 A, see Figure S1 in the Supporting Information).
Consistently, dissociation of one Fe,—S bond from
complex 4 requires 8.6 kcalmol ™! versus 5.8 kcalmol ™!
in 6, and the PO coordinated intermediate 4-A, is
slightly less stable than 6-A (8.7 vs. 7.5 kcalmol ).

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Computed free energy surface for the cycloaddition of propylene oxide (PO) and CO, catalyzed by species 6/
TBAB. The free energies in solution (PO as the solvent) are given in kcal-mol™! relative to the starting complex 6. The

energy values in red represent the energies of the transition states.

Back to the main mechanism catalyzed by 6, the
next step from the PO coordinated specie 6-A corre-
sponds to the opening of the PO ring by a Br anion,
leading to the formation of the more stable intermedi-
ate 6-B, 5.5 kcalmol™' below 6. This step proceeds
through transition state 6-TS-AB and requires over-
coming an overall barrier of 18.1 kcalmol ™' above 6.
Then, we studied insertion of CO, into the Fe—O
bond in the intermediate 6-B to give the hemicarbon-
ate intermediate 6-C, which lies 10.0 kcalmol™ above
6-B. This CO, insertion step requires the overcoming
of a barrier (6-TS-BC) of 21.9 kcalmol™' from the
most stable intermediate 6-B. To our surprise, despite
the relatively low calculated barrier we did not ob-
serve any cooperativity between the two Fe centers,
since the CO, molecule is quite a way away from the
Fe, center [r(Fe,—~CO,)=3.772 A], see Figure 5a.

As a further check on the possible cooperativity be-
tween the two Fe centers in the CO, insertion step,
we calculated an alternative transition state for CO,
insertion, 6-TS-BC’, by forcing decoordination of one
of the two hemilabile S atoms from the Fe, center. In

Adpv. Synth. Catal. 0000, 000,0-0
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indicates decoordination of a hemilabile S atom.

this case we observed a clear interaction between the
Fe, center and one of the O atoms of the CO, mole-
cule [r(Fe,~CO,)=2.320 A], see Figure 5b. However,
transition state 6-TS-BC’ is placed 15.7 kcalmol™
higher in energy relative to transition state 6-TS-BC.
These observations suggest that though the catalyst
species 6 under investigation is bimetallic, catalysis es-
sentially occurs at a single Fe(IIT) center without co-
operation of the second Fe(III) center. This is clearly
different from the case of PO coupling with CO, to
afford the cyclic carbonate promoted by monometal-
lic Nb complexes, where cooperativity between two
Nb centers occurs both in the homogeneous phase as
well as after grafting of the Nb complex on silica.!'®!
Next, starting from intermediate 6-C, we studied the
ring closing step leading to the formation of inter-
mediate 6-D with the desired cyclic carbonate product
coordinated to the Fe metal center. According to cal-
culations, ring closing is predicted to be the rate-de-
termining step, with a barrier of 26.7 kcalmol ' (6-TS-
CD) relative to the most stable intermediate 6-B. This
is clearly a high barrier, which is however consistent

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://asc.wiley-vch.de

FULL PAPERS

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

a)

6-A

Figure 4. Geometry of the starting complex 6 (a) and of the
PO coordinated intermediate 6-A (b). Hydrogen atoms
omitted for clarity and the selected distances in A.

with the remarkably high temperature of 120°C
needed experimentally to achieve a yield of at least
51% in 1 hour. Finally, intermediate 6-D would re-
lease the carbonate product and a Br™ anion, regener-
ating intermediate 6-A with recoordination of a free
PO molecule, thus closing the catalytic cycle.
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6-TS-BC’

Figure 5. Geometry of transition states 6-TS-BC (a) 6-TS-
BC' (b), for insertion of CO, into the Fe~O bond. Hydrogen
atoms omitted for clarity and the selected distances in A.

Conclusions

We have reported the synthesis and the complete
characterization of three novel bimetallic iron(III)
complexes (4-6) bearing thioether-triphenolate li-
gands. When activated by tetrabutylammonium bro-
mide the title iron(III) complexes prove to be very ef-
fective in the cycloaddition of CO, to epoxides giving
the highest initial activity so far reported for an iron-
based catalyst. In particular, complex 6 shows the best
catalytic performance in terms of activity and selectiv-
ity for several terminal epoxides with TOF values up
to 5200 h™! for the conversion of PO to PC. Further-
more, complex 6 also promotes the conversion to the
corresponding cyclic carbonates of internal epoxides
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with a high degree of stereocontrol in the ring-closing
reaction, leading to the retention of configuration of
the starting epoxide (>97%) via a mechanism involv-
ing a double inversion of the initial epoxide configu-
ration. Finally the mechanistic studies show that in
spite of the dinuclear nature of the catalyst precursor
only one metal center is operative in the catalytic
cycle and that coordination of the substrate and the
subsequent reaction pathway can only take place by
dissociation of a hemilabile S atom from one of the
iron centers. These findings not only show that is pos-
sible to obtain highly active catalytic systems based
on iron(IIl) for the CO,/epoxides coupling but also
highlight the fundamental role of these sulfur-contain-
ing ligands in modulating the Lewis acidity of the iron
center and thus the reactivity with CO, and oxiranes
for this family of catalysts.

Experimental Section

All manipulations involving air- and/or moisture-sensitive
compounds were performed under a nitrogen atmosphere
using standard Schlenk technique and a MBraun glovebox.
Toluene (99.5%; Sigma—Aldrich) and THF (99%; Sigma—Al-
drich) were used as received or refluxed for 48h over
sodium or sodium ketyls and distilled before use for mois-
ture- and oxygen-sensitive reactions. All other reagents
were used as received (TCI or Sigma-Aldrich) or distilled
under reduced pressure over calcium hydride. The ligand
precursors:  2,6-[(3,5-di-tert-butyl-2-hydroxyphenyl)thio]-4-
tert-butylphenol (L1), 2,6-[(3,5-bis-a,0’-dimethylbenzyl-2-hy-
droxyphenyl)thio]-4-tert-butylphenol (L2), 2,6-[(2-hydroxy-
phenyl)thio]-4-tert-butylphenol (L3) and the corresponding
iron(IIT) complexes (1, 2, 3, Scheme 2) were synthesized ac-
cording to the reported procedures.'!! Deuterated solvents
were purchased from Euriso-Top or Sigma-Aldrich and
used as received. NMR spectra were collected on Bruker
Avance spectrometers (600, 400, 300 or 250 MHz for 'H):
the chemical shifts were referenced to tetramethylsilane
(TMS) as external reference using the residual protio signal
of the deuterated solvents. Measurements of effective mag-
netic moments were performed on a Bruker Avance
600 MHz spectrometer at 25°C in toluene-dg using a 5 mm
Wilmad coaxial insert NMR tube.? Solutions of the com-
plex 4 (222 mM), 5 (2.29 mM) and 6 (2.16 mM) in toluene-
dg with 1% (v/v) of TMS were prepared under a nitrogen at-
mosphere. The effective magnetic moment () was calcu-
lated from p,;=8y,M,T, where x, (cm’g™") is the corrected
molar susceptibility derived from y,=3A/4nf,CM,, +7,. Ayis
the shift in frequency (Hz) of the residual protio signal of
the solvent in the presence of the complex from the value of
the pure solvent, C and M,, are, respectively, the concentra-
tion (mol cm™) and the molecular weight of the complex
(gmol ™), £, is the operating frequency of the spectrometer
(Hz), and ¥, is the mass susceptibility of the pure solvent
(=0.6179%x10%cm™>g™"! for toluene-dg). 4m/3 is the shape
factor for a cylindrical sample in a superconducting magnet.
The magnetic susceptibilities of all the complexes 1-6 in the
solid state were measured using a Sherwood Scientific MK
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1 magnetic susceptibility balance by means of the Faraday
method based on the following equation: fs/f,=(y,ms)/
(xm,) where fs, x, and ms are the magnetic force, the specif-
ic susceptibility and the mass of the sample, while f,, x, and
m, are the magnetic force, the specific susceptibility and the
mass of CuSO,5H,0O used as reference compound with
a value of y,=6.00-10"° cm®g~." Magnetic moments were
calculated wusing the following equation: p.;=2.828.
(T-x%m)"?, where p is the effective magnetic moment, T is
the absolute temperature and y,, is the molar susceptibility.
Effective magnetic moments values for all complexes in
both solution and solid state are listed in Table S2 of the
Supporting Information. Elemental analysis was performed
on a CHNS Thermo Scientific Flash EA 1112 equipped with
a thermal conductivity detector. ESI-MS were acquired on
a Quattro micro™ API triple quadrupole mass spectrometer
from Waters equipped with electrospray ion source, using
anhydrous acetonitrile as solvent. FT-IR measurements
were carried out on a Bruker Vertex 70 spectrometer
equipped with DTGS detector and a Ge/KBr beam splitter.
The samples were analyzed in chloroform solutions or in the
solid state as KBr disks. UV-Vis spectra were collected on
a Perkin—Elmer Lambda EZ 201 spectrophotometer.

Synthesis of the Pro-ligand 2,6-[ (3,5-Dichloro-2-
hydroxyphenyl)thio]-4-tert-butylphenol (L4, Scheme
2)

The pro-ligand L4 was synthesized using a modification of
the previously reported procedure for L1.lY A 100-mL two-
neck round-bottom flask equipped with condenser and mag-
netic stirring bar was charged with 0.76 g of 2-mercapto-4,6-
dichlorophenol (3.9 mmol) dissolved in 4 mL of ethanol,
1.4 g of Cs,CO; (4.3 mmol) and the mixture was refluxed for
2 h until complete dissolution of Cs,CO;. 0.66 g of 2,6-dibro-
momethyl-4-tert-butylphenol (1.96 mmol) dissolved in 2 mL
of ethanol were slowly added at 0°C and the mixture was
refluxed overnight. The solvent was distilled off, water was
added until dissolution of the residue and the aqueous
phase extracted twice with CH,Cl,. The combined organic
phases were dried with MgSO, and, after evaporation of the
solvent, the product was purified by column chromatogra-
phy (eluent: CH,Cl,) and recovered as a white solid; yield:
0.94 g (85%). 'HNMR (600 MHz, CD,Cl,, 25°C): §=1.12
(9H, s), 4.04 (4H, s), 6.80 (2H, s, Ar-H), 7.19 (2H, d, Ar-
H), 7.32 (2H, d, Ar-H); "CNMR (600 MHz, CD,Cl,,
25°C): 6=31.36, 34.21, 36.55, 121.08, 121.98, 123.05, 124.99,
127.99, 130.83, 134.07, 143.75, 150.61, 152.14; elemental
analysis: caled. for C,,H,,C1,0;S,: C 51.08, H 3.93, S 11.36;
found: C 51.02, H 3.82. S 11.25; MS: m/z=586.7 (M+Na").

Synthesis of the Pro-ligand 2,6-[(3,5-Dimethyl-2-
hydroxyphenyl)thio]-4-chlorophenol (LS, Scheme 2)

The pro-ligand LS was synthesized using a modification of
the previously reported procedure for L1.1 A 100-mL two-
neck round-bottom flask equipped with condenser and mag-
netic stirring bar was charged with 0.80 g of 2-mercapto-4,6-
dimethylphenol (5.2 mmol) dissolved in 13mL of DMEF,
0.90 g of K,CO; (6.5 mmol) and the resulting mixture was
refluxed for 2 h. 0.82 g of 2,6-dibromomethyl-4-chlorolphe-
nol (2.6 mmol) dissolved in 7mL of DMF were slowly
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added at 0°C and was refluxed overnight. The solvent was
distilled off, water was added and the aqueous phase ex-
tracted twice with CH,Cl,. The combined organic phases
were dried with MgSO, and, the product was recovered
after evaporation of the solvent as a white solid; yield:
0.97 g (81%). 'HNMR (400 MHz, CD,Cl,, 25°C): 6=2.17
(6H, s), 2.23 (6H, s), 3.86 (4H, s), 6.11 (1H, s broad, -OH),
6.54 (2H, s broad, -OH), 6.76 (2H, s, Ar-H), 6.92 (2H, s,
Ar-H), 6.95 (2H,, Ar-H); *CNMR (400 MHz, CD,Cl,,
25°C): 6=16.48, 20.36, 36.52, 116.53, 124.38, 125.27, 126.23,
129.69, 129.89, 133.83, 134.03, 151.25, 153.23; elemental
analysis calcd. for C,,H,s CL,0;S,: C 62.52, H 5.47, S 13.91;
found: C 62.49, H 5.42, S 13.87; MS: m/z=483.6 (M +Nat).

Synthesis of the Pro-ligand 2,6-[(3,5-Dimethyl-2-
hydroxyphenyl)thio]-4-terz-butylphenol (L6, Scheme
2)

The pro-ligand L6 was synthesized using the previously re-
ported procedure for L1 A 100-mL two-neck round-
bottom flask equipped with condenser and magnetic stirring
bar was charged with 3.14 g of 2-mercapto-4,6-dimethylphe-
nol (20.4 mmol) dissolved in 20 mL of ethanol, 0.90 g of
NaOH (22.4 mmol) and the mixture was refluxed about
1 hour until complete dissolution of the hydroxide. 3.42 g of
2,6-dibromomethyl-4-tert-butylphenol (10.2 mmol) dissolved
in 15 mL of ethanol were slowly added at 0°C and the mix-
ture heated to the reflux of the solvent that was kept over-
night. The solvent was distilled off, water was added until
dissolution of NaBr by-product and the aqueous phase ex-
tracted twice with CH,Cl,. The combined organic phases
were dried with MgSO,, after evaporation of the solvent the
product was purified by column chromatography (petroleum
ether : ethyl acetate =95:5) and recovered as a white solid;
yield: 2.82 ¢ (57.3%). '"HNMR (400 MHz, CD,Cl,, 25°C):
0=1.05 (9H, s), 2.14 (6H, s), 2.17 (6 H, 5), 3.91 (4H, s), 5.79
(1H, s, -OH), 6.60 (2H, s, -OH), 6.69 (2H, s, Ar-H), 6.91
(4H, s, Ar-H); "CNMR (400 MHz, CD,Cl,, 25°C): 6=
16.47, 2034, 31.27, 34.08, 37.17, 117.18, 124.04, 124.20,
127.55, 129.60, 133.75, 134.12, 143.46, 150.09, 153.56; ele-
mental analysis caled. for C3H3,05S,: C 69.67, H 7.10, S
13.29; found: C 69.55, H 7.09, S 13.18; MS: m/z=505.0
(M+Na").

Synthesis of the Iron(II) Complex 4 (Scheme 2)

The complex 4 was synthesized using the same procedure
previously reported for complex 1.'Y1 Pro-ligand L4 (0.54 g;
0.96 mmol) was dissolved in THF (30 mL). The solution was
added to a suspension of sodium hydride (0.082g;
3.4 mmol) in THF (20 mL) and the mixture stirred at room
temperature overnight. The resulting suspension was filtered
through celite and slowly added at room temperature to
0.148 g of anhydrous iron(III) chloride (0.91 mmol) dis-
solved in 15 mL of THF. The rapid change of the color to
blue was observed and the reaction kept overnight at room
temperature. The mixture was then filtered through a celite
path and the solvent removed under reduced pressure af-
fording a deep purple crystalline solid; yield: 0.44 g (78%);
elemental analysis calcd. for C,gHjgFe,ClgOS,: C 46.70, H
3.10, S 10.39; found: C 46.61, H 3.03, S 10.35; MS: m/z=
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981.2 (M+Na‘); 1354.8 [M(CH;CN),K*]; UV-Vis: g55=
5441 L-mol "cm™".

Synthesis of the Iron(III) Complex 5 (Scheme 2)

The complex 5§ was synthesized using the same procedure
previously reported for complex 1.'Y Pro-ligand L5 (0.94 g;
2.04 mmol) was dissolved in THF (70 mL). The solution was
added to a suspension of sodium hydride (0.17 g;
7.08 mmol) in THF (30 mL) and the mixture stirred at room
temperature overnight. The resulting suspension was filtered
through celite and slowly added at room temperature to
0.325 g of anhydrous iron(III) chloride (2.0 mmol) dissolved
in 30 mL of THF. The rapid change of the color to the blue
was observed and the reaction kept overnight. The mixture
was then filtered through celite and the solvent removed
under reduced pressure affording a deep purple crystalline
solid; yield: 0.83 g (80%); elemental analysis calcd. for
C,;sHyFe,CLOGS,: C 56.10, H 4.32, S 12.48; found: C 56.02,
H 4.28, S 12.39; MS: m/z=981.2 (M+Na%); UV-Vis: g5,=
4757 L'mol *:cm ™.

Synthesis of the Iron(III) Complex 6 (Scheme 2)

The complex 6 was synthesized using the same procedure
previously reported for complex 1.'l Pro-ligand L6 (1.62 g;
3.56 mmol) was dissolved in THF (100 mL). The solution
was added to a suspension of sodium hydride (0.30¢g;
12.5 mmol) in THF (70 mL) and the mixture stirred at room
temperature overnight. The resulting suspension was filtered
through celite and slowly added at room temperature to
0.567 g of anhydrous iron(III) chloride (3.50 mmol) dis-
solved in 100 mL of THF. The rapid change of the color to
the deep purple was observed and the reaction kept over-
night. The mixture was then filtered through celite and the
solvent removed under reduced pressure affording a deep
purple crystalline solid; yield: 1.60 g (85%); elemental anal-
ysis caled. for CssHgFe,O4S,: C 62.30, H 5.83, S 11.98;
found: C 62.20, H 5.78, S 11.89; MS: m/z=1072.1 (M+H?);
UV-Vis: €55,=4962 L-mol ":cm™".

Typical Procedure for CO,/Epoxide Coupling to
Cyclic Carbonates Catalyzed by 6/TBAB (Entry 15,
Table S1 in the Supporting Information)

A 60-mL stainless steel pressure reactor equipped with
a magnetic stirring bar was charged, under CO, atmosphere,
with 7.7 mg of catalyst 6 (7.15x107° mol) and 23.0 mg of
TBAB (7.15x107° mol) dissolved in 5.0 mL of PO (7.15x
107*mol). The reaction mixture was pressurized with CO, at
2.0MPa and stirred at 120°C for 1h. The reactor was
cooled with ice, the CO, released, 1.0 mL of mesitylene
(7.15x107° mol) was added as an internal standard and the
mixture was analyzed by 'H NMR spectroscopy using
CDCl,; as solvent; yield: 52.0%.

Crystallographic Data Collection and Structure
Determination for Complex 6

The X-ray intensity data were measured on a Bruker
SMART Apex II CCD area detector diffractometer. Cell di-
mensions and the orientation matrix were initially deter-
mined from a least-squares refinement on reflections mea-
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sured in three sets of 20 exposures, collected in three differ-
ent w regions, and eventually refined against all data. A full
sphere of reciprocal space was scanned by 0.3° w steps. The
software SMART!" was used for collecting frames of data,
indexing reflections, and determination of lattice parame-
ters. The collected frames were then processed for integra-
tion by the SAINT program!'”! and an empirical absorption
correction was applied using SADABS."™ The structure was
solved by direct methods (SIR 2004)! and subsequent
Fourier syntheses and refined by full-matrix least-squares on
F? (SHELXTL),?" using anisotropic thermal parameters for
all non-hydrogen atoms. All hydrogen atoms were added in
calculated positions, included in the final stage of refinement
with isotropic thermal parameters, U(H)=12 U,(C)
[UH)=1.5 U,(C-Me)], and allowed to ride on their carrier
carbons. Crystal data and details of the data collection for
complex 6 are reported in Table S3 and Table S4 in the Sup-
porting Information. CCDC 1477580 contains the supple-
mentary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Computational Protocol

All the DFT geometry optimizations were performed at the
GGA level with the Gaussian 09 set of programs,*! using
the BP86 functional of Becke and Perdew.”” The electronic
configuration of the molecular systems was described with
the split-valence plus one polarization function basis set of
Ahlrichs for H, C, N, O, S and Br (SVP keyword in Gaussi-
an).m] For Fe, we used the small-core, quasi-relativistic
Stuttgart-Dresden effective core potential, with the associat-
ed triple-C valence basis set (SDD keywords in Gaussi-
an09).?*! Geometry optimizations were performed without
symmetry constraints, and the characterization of the locat-
ed stationary points was performed by analytical frequency
calculations. For better energetics, energies were re-evaluat-
ed via single point calculations on the BP86/SVP optimized
geometries with the triple-C plus one polarization function
basis set proposed by Ahlrichs (TZVP keyword in Gaussi-
an)®! using the M06 functional.” Solvent effects (propyl-
ene oxide) were estimated with the polarizable continuum
solvation model PCM.”! To this MO6/TZVP electronic
energy in solvent, zero point energy and thermal corrections
were included from the gas-phase frequency calculations at
the BP86/SVP level.?®! All the calculations were performed
with an unrestricted DFT formalism, assuming the two Fe
centers in a high spin state.
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