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Herein we describe the syntheses of a series of molybdate and polyoxomolybdate ionic liquids (ILs), their
full spectroscopic characterisation (FT-IR, *H-, **C-, 3'P-, and **Mo-NMR and ICP-MS), a comparison of
their properties, and their applications as bifunctional catalysts for CO, insertion into epoxides. The syn-
thetic procedures to obtain ILs rely on anion exchange and acid—base reactions, including an innovative
route for the synthesis of molybdate ionic liquids (Mo-ILs) using a halide-free organic IL precursor. The
use of Mo-ILs as catalysts for CO, fixation was investigated using 1,2-epoxyhexane as a model substrate.
In the presence of 2.5 mol% of tetrabutylammonium molybdate, hexane carbonate was obtained in up to
86% yield at T = 120 °C, p°(CO,) = 30 bar in t = 9 h, under solventless conditions and without any added
halide co-catalysts. The substrate scope was broadened to other 12 terminal and internal epoxides; more-
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Introduction

In the last few decades, carbon dioxide (CO,) anthropogenic
emissions have gained alarming attention worldwide due to
their steadily increasing concentration in the atmosphere (ca.
35 Gt per year), linked to global warming and climate change
effects. CO,-based chemistry has drawn considerable attention
in the recent past due to its use as an abundant, low-cost and
renewable C; carbon source. In fact, due to the limited avail-
ability of fossil fuels, it is expected that CO, will become one
of the main carbon sources in the future." Although CO,
chemical fixation is not efficient in terms of volume and
storage timescale, its utilization as a renewable and non-toxic
C; feedstock represents a relevant synthetic strategy for the
production of renewable-based added-value fine chemicals
and energy vectors including ureas,” carbamates,® organic car-
bonates, polycarbonates,® carboxylic acids,® heterocycles,”
methanol,? etc.

The challenge associated with CO, chemical reactivity falls
within its high thermodynamic and kinetic stabilities.
Overcoming both barriers would require an adequate supply of
energy and/or the presence of suitable high-energy co-reac-
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tants: in both cases, it would likely lead to CO, emissions
higher than its fixation into organic compounds.® In contrast,
overcoming the kinetic barrier requires only the use of an
appropriate catalytic system.'® Common non-reductive routes
to activate CO, involve the use of Lewis bases such as organic
superbases, amine-containing species,'™'* N-heterocyclic car-
benes,"? or organometallic activation via the formation of tran-
sition metal-CO, complexes.'® Activated CO, can then react
with a variety of organic and inorganic co-reactants, including
unsaturated compounds (e.g. alkenes or alkynes), three- and
four-membered strained heterocycles (e.g. oxiranes, oxetanes
and aziridines) or organometallic species, to yield more
thermodynamically-stable products.'® In this respect, the last
decade has witnessed a steady development of bifunctional
catalysts capable of simultaneously activating both CO, and
the chosen co-reactant(s)."®

A remarkable case is represented by the design of catalytic
systems active towards CO, insertion into epoxides for the syn-
thesis of cyclic organic carbonates (COCs). As depicted in
Fig. 1, the accepted mechanism for the reaction requires two
catalytically active moieties: an electrophilic one, typically a
Lewis or Bronsted acid (A"), which activates the epoxide (I,
Fig. 1), and a nucleophile (Nu™), which plays a dual role by
initially promoting epoxide ring opening and the formation of
alkoxide (II, Fig. 1) and hemicarbonate (IIl, Fig. 1) intermedi-
ates, while acting as a good leaving group in the final ring-
closing step. Usually A" is an onium cation, a metal-based
Lewis acid (e.g. Fe, Cr, Co, Al, and Sn),"” or a species with
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Fig. 1 General mechanism for CO, insertion into an epoxide.

H-bonding ability (e.g. -OH, -COOH, and -NH groups),"® while
Nu~ is a halide salt (typically bromide or iodide salts with
organic countercations).™

Comprehensive reviews on the subject have further con-
firmed that the use of bifunctional metal- and organo-catalysts
for the reaction generally requires a co-catalyst or a halide salt
to induce epoxide ring-opening.'®'® More recently, the devel-
opment of halide-free CO, insertion protocols has become an
active and stimulating research theme in the field of CO,
valorisation.”*>”

The term polyoxometalates (POMs) refers to a class of com-
pounds based on early transition metal (groups 5 and 6) oxide
building blocks with a general formula of (MO,),, where M =
Mo, W, V, Nb, Ta etc.?8*°

In the past decades, POM-promoted CO, capture and utiliz-
ation has been widely explored and a plethora of POM-based
compounds have been reported as efficient catalysts or promo-
ters for CO, fixation processes.*”®' Interestingly, a limited
number of molybdenum-based active catalytic systems have
been reported for CO, fixation into epoxides. In 2011, Hu and
co-workers developed a one-pot two-step epoxidation/CO,
insertion protocol for the synthesis of COCs starting from
olefins, tert-butyl hydroperoxide as the oxidant and CO, as the
C; source in the presence of a catalytic system composed of
MoO,(acac), and tetrabutylammonium bromide, [N444][Br].**
The authors demonstrated the conversion of terminal and
internal olefins into the corresponding COCs, stating that the
presence of MoO,(acac), was fundamental in the first epoxi-
dation step while its presence practically did not affect the
insertion step which was promoted by the halide salt co-cata-
lyst. In 2016, Werner and co-workers developed a MoOj;/tetra-
butylphosphonium bromide catalytic system active towards the
synthesis of bio-derived COCs starting from CO, and epoxi-
dized fatty acid esters.*® In 2018, Cheng and co-workers syn-
thesized a novel binuclear molybdenum alkoxide catalyst,
(Mo,(O'Bu)g), which was employed in combination with
[N4444][Br] for COC synthesis under mild conditions (rt and
p°(CO,) = 0.1 MPa).** More recently, Dai et al. optimised the
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preparation of three N-heterocyclic carbene-nitrogen molyb-
denum complexes, active for the preparation of 1,2-butylene
carbonate from 2-ethyloxirane when used in combination with
tetrabutylammonium iodide, [Nys44][I] (cat: 0.5 mol%,
[N444][1] 2 mol%, T = 80 °C, ¢ = 20 h, p°(CO,) = 5 bar).** From
these studies, it has been suggested that molybdenum species
are mainly exploited as Lewis acid co-catalysts for the acti-
vation of the epoxide in combination with a tetraalkylammo-
nium and/or phosphonium halide salt acting as a nucleophilic
ring-opening promoter.

In this work, we report the preparation and characterization
of different molybdate and polyoxomolybdate ionic liquids,
which were evaluated as bifunctional catalysts for halide-free
CO, activation to synthesize COCs. Here we demonstrated the
effective interaction between CO, and Mo-ILs that allowed us
to avoid the use of any halide co-catalysts in the CO, insertion
reaction. The focal point of this work is the sustainable syn-
thesis of molybdate IL catalysts (Mo-ILs) starting from methyl-
carbonate ILs and their successful use for CO, insertion with
different epoxides under solventless conditions avoiding the
presence of halide salt co-catalysts.

Results and discussion
Synthesis and characterization of Mo-ILs

A series of molybdenum salts (compounds 1-8, shown in
Fig. 2) were synthesized in order to explore the correlation
between their catalytic activity and the type of organic cation
(ammonium, phosphonium, imidazolium and diazobicycloun-
decenium cations, characterised by distinctive lipophilic pro-
perties) as well as the structure of molybdenum-based anions,
which represent the active site of the catalysts.

Compounds 1-8 were obtained through three different
methodologies depicted in Fig. 3. Tetrabutylammonium isopo-
lyoxomolybdates 2, 3 and 4 were synthesized according to a
reported procedure based on the reaction between sodium
molybdate dihydrate (Na,MoO,-2H,0) and [Nj44,][Br] in an
acidic environment (Fig. 3a).’ ILs 1, 5 and 8 were prepared by
acid-base neutralization between tetraalkylammonium, phos-
phonium or 1,8-diazabicyclo(5.4.0) undec-7-enenium hydrox-
ide, [Q][OH] and molybdic acid (H,MoO,) (Fig. 3b).>” Catalysts
6 and 7 were synthesized upon metathesis of methylcarbonate
ILs with H,MoO,, extending the applicability of a sustainable

tet i i lybdates

[N4444]2[MoO,] [N4a4alo[M0207]  [N4a4alo[M0gO1g]  [N4aaals[MogOae]

(1) (2) (3) (4)
tetrabutylammonium  tetrabutylammonium  tetrabutylammonium  tetrabutylammonium
molybdate dimolybdate hexamolybdate octamolybdate

mono molybdates

[P444412[M0O4] [N1gggl2[M0O,] [C4C4Im]3[MoO,]  [DBUH]2[MoO,]
(5) (6) 7) (8)
tetrabutylphosphonium  trioctylmethylammonium butylmethylimidazolium diazobicycloundecenium
molybdate molybdate molybdate molybdate

Fig. 2 Mo-ILs used in this work.

This journal is © The Royal Society of Chemistry 2023
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a) Conventional
[n-BugN][Br] + Na;MoO4 + HCl ——> [n-BuyN[,[MoyO,] + NaBr + NaCl + H,0

x=2,4,y=26,8,z=7,19, 24

b) Acid-Base Exchange
2([QJ[OH] or DBU) + HM0oO4 ——> [Q])[MoOy] or [DBUH]3[MoO,] + H,0

Q= [Nagaa], [Paaas]

c) Methylcarbonate-ILs o CO, + MeOH

o
Q@eon\o’CHS + HoMoO4 — [Q]{MoO,] * H(O\)QO\,CHS
Q= [Nggg1], [C4C4Im]

Fig. 3 Synthetic routes for the preparation of molybdate ILs.

methodology previously developed by our group for the prepa-
ration of tungstate-based ILs to molybdenum-based ILs.*® As
depicted in Fig. 3c, the latter methodology allowed the prepa-
ration of different Mo-ILs via a simple, halide-free and clean
protocol avoiding work-up steps. The formation of methyl-
carbonic acid (i.e. the half ester of carbonic acid), which spon-
taneously decomposed to methanol and CO, above —36 °C, is
the driving force of the reaction.>®

The structures of Mo-ILs were confirmed by FT-IR, 'H-, *C-
, >'P- and “’Mo-NMR spectroscopy (see the ESIf for further
details). In particular, the presence of molybdate species (for
compounds 1 and 5-8) was confirmed by the large absorption
band associated with the Mo-O stretching vibration observed
between 831 and 826 cm™' (see Fig. $10, S26, S31, S35 and
S39%), while the dimolybdate one is characterized by a strong
and broad absorption band at 883 cm™" (see Fig. S141).

Tetrabutylammonium isopolyoxomolybdates 3 and 4
showed a different kind of absorption due to a more complex
polyoxoanion structure, more precisely, catalyst 3 is character-
ized by two strong absorption bands at 799 and 954 cm™"
while catalyst 4 is characterized by three characteristic absorp-
tion bands at 661, 807 and 922 cm™" (see ESI Fig. S18 for com-
pound 3 and S22 for compound 4%), in agreement with pre-
viously published results.*® ®>Mo-NMR spectroscopy provides
further confirmation of different oxomolybdenum species; in
fact, the monomolybdate anions (catalysts 1, 5, 6, 7 and 8)
present chemical shifts ranging from 5 to 13 ppm (see Fig. 4
and Fig. S9, S30, S25, $34 and S38t).%°*? These differences in
the chemical shifts are ascribed to the interaction of the
monomolybdate species with the cations, which influence the
electronic environment. In some cases (Fig. S9 and S307) the
contemporary presence of dimolybdate species (—5 ppm)
caused by the degradation process driven by the presence of
water traces is evident.*

®Mo-NMR spectra of tetrabutylammonium isopolyoxomo-
lybdates showed single peaks between —5 ppm and 125 ppm
as already reported in previous scientific reports,”> and con-
firmed the assumptions made through FT-IR spectroscopy

(Fig. 5).

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 °°Mo-NMR spectra of [MoO,4]" ILs (see the ESI for the complete
spectra, Fig. S9, S30, S25, S34 and S38%).
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Fig. 5 °°Mo-NMR spectra of tetrabutylammonium isopolyoxomolyb-
date (see ESI Fig. S9, S13, S17 and S217).

ICP characterization further confirmed the structures and
molecular weights of compounds 1, 2, 3 and 4 (see ESI
Table S3t). It should be noted that compound 1 has a lower
correspondence due to its peculiar hygroscopicity, as already
observed.

'H-, ®C-, and *'P-NMR spectroscopy techniques were
exploited to confirm the structure of organic cations. In the
case of Mo-ILs 6 and 7, the disappearance of the peaks of the
methyl carbonate anion of the precursors in the 'H-NMR
spectra allowed us to verify the quantitative formation of the
desired ILs obtained through path ¢, Fig. 3. Finally, *'P-NMR
spectra confirmed the presence of a phosphonium cation in
the case of catalyst 5 (see ESI Fig. S277).

Mo-IL-catalyzed insertion of CO, into epoxides

Initially, the role of different molybdate anions was investi-
gated by performing the CO, insertion reaction with 1,2-epoxy-
hexane (EH) as a model substrate to yield hexane carbonate
(HC) under solventless conditions. Table 1 reports the results
obtained by using 2.5 mol% of Mo with respect to the sub-
strate, regardless of the Mo salt used.

Green Chem., 2023, 25, 4849-4860 | 4851
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Table 1 Insertion of CO; into 1,2-epoxyhexane catalysed by different
polyoxomolybdates®

o}
o _ Cat(2,5% mol)
SN T g 100c \/\/okf)
4 mmol 30 bar CO,
(EH) (HC)
Conversion” Selectivity”  Yield”
Entry Catalysts (%) (%) (%)
1 [Ni444]2[M0O4] 93 68 63
2 [Ny444]2[M0,0,] 79 64 51
3 [N 4444]2[M06019] 0 - —
4 [N4444]2[M08026] 0 - -
5 [NH,],[M0O,] 0 — —
6 [Na],[MoO,] 0 — —

“Reaction conditions: 1,2-epoxyhexane (4 mmol), catalyst (2.5 mol%),
°(CO,) = 30 bar, T = 100 °C, t = 18 h, solventless reaction.
Conversion, selectivity and yield calculated by 'H NMR.

[N4444]2[M0O,] (entry 1, Table 1) gave almost quantitative
conversion and discrete selectivity towards HC (68%) while
[N4444]2[M0,0;] (entry 2, Table 1) showed poorer performance
in terms of conversion of the substrate and selectivity towards
HC. Tetrabutylammonium iso-polyoxomolybdates 3 and 4
(hexa- and octamolybdate) (entries 3 and 4, Table 1) did not
exhibit significant conversion of the substrate: the molybdate
atoms were likely poorly accessible and thus unable to interact
with CO, and promote the reaction, indicative of the impor-
tance of MoO, species.

We suppose that the greater catalytic activity of ILs based
on [MoO,]*~ and [M0,0,]>~ can be ascribed to two main
reasons: (i) interaction between CO, and monomeric/dimeric
Mo species demonstrated by *C and Mo NMR spectra (see
Fig. 9); this interaction was not observed with iso-polyoxometa-
lates 3 and 4, in particular when recording *>Mo NMR spectra
under a CO, atmosphere (see Fig. S17 and S217). (ii) Greater
solubility of Mo-ILs 1 and 2 in the reaction mixture since they
are soluble in neat epoxide while iso-polyoxomolybdates 3 and 4
are not soluble.

Ammonium and sodium molybdates were also tested
(entries 5 and 6, Table 1), displaying negligible conversion,
suggesting that the organic cation is fundamental to promot-
ing the reaction. The inactivity of ammonium and sodium
molybdates is probably due to their insolubility in the sub-
strate and the non-interaction of these salts with CO, (see
Fig. S27).

Catalyst 1 was chosen as a model catalyst to optimize the
reaction conditions for the CO, insertion reaction into 1,2-
epoxyhexane. The influence of temperature (7 = 50-160 °C) on
the reaction of EH in the presence of 30 bar of CO, and
2.5 mol% of catalyst for 18 h is reported in Fig. 6. Conducting
the reaction at 7> 120 °C was crucial to obtaining a high con-
version of EH, while lower temperatures did not allow ade-
quate CO, activation towards the formation of HC. However,
temperatures >120 °C caused a decrease in selectivity due to
the formation of polyethers as secondary products as observa-

4852 | Green Chem., 2023, 25, 4849-4860
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Fig. 6 Effect of the temperature on CO, insertion into 1,2-epoxyhexane
(EH) to obtain hexane carbonate (HC). Reaction conditions: EH
(4 mmol), 1 (2.5 mol%), CO, (30 bar), t = 18 h, T = 50-160 °C, solventless
reaction. Conversion, selectivity and yield were calculated by *H-NMR.

ble from the typical chemical shift (3.90-3.30 ppm) in the 'H
NMR spectra. The main by-product at 7' < 120 °C was 1,2-hexa-
nediol (according to "H-NMR, "C-NMR and GC-MS analysis,
see ESI Fig. S42-5447%) but 1-(2-hydroxyhexoxy)hexan-2-ol was
also observed as a smaller second by-product (see ESI
Fig. S45-S471). The formation of these compounds was
ascribed to the presence of water and the ability of the molyb-
date anion to promote the hydration reaction of the epoxide.

Crystallization of water is always observed in molybdate-
based ionic liquids since they are very hygroscopic (see ESI
Fig. 5107).

Having identified the optimal temperature (7 = 120 °C), the
kinetics of the reaction was monitored for ¢ = 18 h and the
product distribution is shown in Fig. 7. The conversion of EH
was quantitative after 9 h and there was a slight degradation or
side-reaction of the COC formed, as highlighted by the
increase of by-products (i.e. others, grey line) after 9 h.

100
80
60

40

Product distribution (%)

20

0 3 6 -9 12 15 18
time (h)

Fig. 7 Effect of the reaction time on CO; insertion into 1,2-epoxyhex-
ane (EH) to obtain hexane carbonate (HC). Reaction conditions: EH
(4 mmol), 1 (2.5 mol%), CO, (30 bar), T = 120 °C, t = 3-18 h, solventless
conditions. @ Determined by GC-FID.

This journal is © The Royal Society of Chemistry 2023
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The influence of CO, pressure (1-50 bar) was explored by
performing the reaction at T = 120 °C for ¢ = 9 h (Fig. 8).
Although EH conversion was always quantitative, 30 bar of CO,
were required to achieve the best selectivity (86%) while poorer
results were obtained with p(CO,) = 1-15 bar. Increasing the
CO, pressure to 50 bar led to a lower selectivity towards HC.
This behavior could be explained by observing the endogenous
pressure value in the autoclave, 65 bar, typical of quasi-critical
conditions and likely causing a lower interaction between CO,
and the epoxide, hence promoting the formation of
polyethers.

Once it was proved that the mono-molybdate species is the
most active for CO, fixation into the epoxide, the effect of the
organic onium cation was investigated. The catalytic activity of
four different Mo-ILs 5, 6, 7, and 8 was tested in a model CO,
fixation reaction under the optimized operative conditions (T =
120 °C, p°(CO,) = 30 bar CO,, t = 9 h). The results are summar-
ized in Table 2.

The reaction conversion showed a fluctuating trend consist-
ent with that of the cation: the use of [Ny44],[M00O,] and
[P4444]2[M00O,] allowed for achieving comparable conversion of
EH while [Ngggy]o[M00O,] and [C,C;Im],[M00O,] showed slightly
poorer performance. It is worth noting that the conversion of
EH and selectivity towards HC collapsed with DBUH,[Mo0O,]
(68% and 34%, respectively, entry 5, Table 2). Probably the
lipophilic character of catalysts 1 and 5-7 is crucial to ensure a
good performance, as already remarked in Table 1 for
[NH4];[M0O,] and [Na],[M0oO,] (entries 5 and 6, Table 1).
Additional control tests were performed with the catalyst pre-
cursors (e.g. [Nyg44]OH, [P4444]OH, [Niggg][CH;0COO0] and
[C,1C4im][CH;0CO0]), further proving the improved perform-
ance of our Mo-ILs (see Table S1%); catalyst loading tests (see
Table S27) confirmed 2.5 mol% as the optimal loading for our
Mo-IL 1. Hence, we decided to continue our investigation by
using 1 as the catalyst since it allowed us to reach an excellent
selectivity for the COC product (entry 1, Table 2), also leading
to the maximum yield of HC. With the optimized conditions

100 100 100
100 92 H Conv.
86
79 W Sel.
80 72 VA
60
S
T 40
20
0
1 15 30 50

P (bar)

Fig. 8 Pressure screening for CO; insertion into 1,2-epoxyhexane (EH)
to obtain hexane carbonate (HC). Reaction conditions: EH (4 mmol), 1
(2.5 mol%), T = 120 °C, t = 9 h, p = 1-50 bar (CO,), solventless con-
ditions. Conversion and selectivity were calculated by *H-NMR.
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Table 2 CO; insertion into 1,2-epoxyhexane (EH) catalysed by different
Mo-ILs?

Conversion” Selectivity” Yield”
Entry Catalysts (%) (%) (%)
1 [Nys44]2[M0O4] >99 86 86 (83)°
2 [P1444]2[M0O,] >99 79 79
3 [Nggs1]2[M0O,] 96 75 72
4 [C,CiIm],[M0O,] 88 75 67
5 [DBUH],[M00O,] 68 34 23

“ Reaction conditions: 1,2-epoxyhexane (4 mmol), p°(CO,) = 30 bar, T =
120 °C, t = 9 h, solventless conditions. ” Conversion, selectivity and
yield calculated by "H-NMR. “ Isolated yield.

in hand, the scope of the coupling reaction was broadened by
testing CO, fixation into various linear and cyclic aliphatic
epoxides with [Ny444],[M00O,] (Table 3).

The results demonstrated its catalytic activity for CO, fix-
ation into terminal epoxides a-h (entries 1-8, Table 3): these
compounds were converted into the corresponding COC pro-
ducts with conversion and selectivity similar to or higher than
the one reported for 1,2-epoxyhexane. In particular, we have
observed an excellent catalytic performance with industrially
relevant epoxides such as epichlorohydrin (b) and propylene
oxide (c). 1,2-Epoxybutane (d) shows a slightly higher conver-
sion than ¢ probably as a consequence of its lower volatility
that enables a better interaction with Mo-ILs and its adduct
with CO,. Terminal epoxides i and j were quantitatively con-
verted but the selectivity towards the corresponding COCs
decreased due to the formation of polyethers. The different be-
havior of i compared to b is probably due to the better leaving
group ability of bromide compared to chloride, which allows
the formation of polyethers. Nonetheless, Mo-ILs demon-
strated significant tolerance to different functional groups
such as in the cases of a, b, e, f, g and h, also demonstrating
higher conversions compared to ¢, probably due to the greater
occurrence of the latter in the gaseous phase under the reac-
tion conditions investigated. Internal cyclic epoxides, such as
k and 1, were less reactive, presumably because of the steric
factors. In particular for cyclohexene oxide (k, entry 11,
Table 3), the selectivity towards the carbonates decreased in
favour of polyethers and polycarbonates detected by 'H NMR
analysis through the characteristic broad signals at 3.40 and
4.40 ppm in CDCIl;, respectively (see Fig. S621).**** The for-
mation of cyclohexanone was not detected by 'H NMR ana-
lysis, hence excluding the occurrence of side products
obtained via the Meinwald rearrangement.’® The presence of
both cis and trans isomers (see Fig. S627) is due to the possible
ring closure of the five-membered ring and can occur by both
Sx1 and Sy2 mechanisms, but with an evident preference for
the formation of the cis product. This behaviour was already
reported in the literature and by us in previous papers regard-
ing the use of transition metal-based catalysts for CO, fixation
into internal epoxides.***” The presence of Mo-ILs evidently
promotes an Sy2 pathway and the formation of cis carbonate,
while the formation of trans carbonate is favored by an Syl
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Table 3 Fixation of CO, into various substrates catalysed by ["BusN]>[MoQO,] (1)7

(o]
/<? [N4444]2[M00Q4] (2.5% mol) 04
R oh; 120°C & Pe
4mmol 30 bar CO,
Entry Substrate Conversion® (%) Selectivity” (%) Yield® (%)
1 @/& 96 91 87 (76)°
styrene oxide (a)
2 C'v<(l) >99 >99 99 (88)
epichlorohydrin (b)
o]
3 /A 78 91 71
propylene oxide (c)
o
4 HsC <] 88 89 78
1,2-epoxybutane (d)
C
5 /\/\o/\<\o 92 90 83 (78)
butyl glycidyl ether (e)
6 0 85 (61)° 85 (61)° 85 (61)°
S (61) (61) (61)
1,4-Butanediol diglycidyl ether (f)
7 \/o \/<CI> 99 99 99 (75)°
2,3-Epoxypropyl propargyl ether (g)
8 0\/<? 98 86 85 (61]0
phenyl glycidyl ether (h)
9 Br\/<(]) >99 63 63
epibromohydrin (i)
O
10 HO\/<| >99 45 45
glycidol (j)
11 C\/[\ 64 637 40
(o}
cyclohexene oxide (k)
37° 9

limonene oxide (I)

“Reaction conditions: substrate (4 mmol), p°(CO,) = 30 bar, T = 120 °C, ¢ = 9 h, solventless. ” Conversion, selectivity and yield calculated by 'H

NMR. “ Isolated yield. 9 cis/trans ratio = 72 : 28. ° cis/trans ratio = 16 : 84.

pathway and the possible depolymerization of the polycarbo-
nate by-product. In the case of limonene oxide (entry 12,
Table 3), the high degree of substitution of the oxirane pre-
vents its coordination to the active molybdenum species,
leading to a low yield (8%) and selectivity towards the corres-
ponding COC.

Molybdate anions are hence able to activate CO, and cata-
lyse its insertion into epoxides without the addition of a halide
to promote ring-opening.

We then conducted further NMR experiments to better
understand the interaction of molybdate with CO, and delve
into the reaction mechanism (see Fig. 9).

Upon addition of 5 bar of CO, to a 0.4 M DMSO-d°® solution
of catalysts 1 or 6 at room temperature, in a pressure-resistant

4854 | Green Chem., 2023, 25, 4849-4860

NMR tube, the formation of a new species became quickly
evident. As reported in Fig. 9a, the "*C NMR spectra showed
the appearance of a peak at 164.16 ppm typical of a carbonyl
group. *>Mo NMR analysis (Fig. 9b) highlighted the substantial
disappearance of the initial molybdate species (9.62 ppm) and
the formation of a new broad peak at 44.48 ppm distinctive of
a molybdenum-CO, adduct. These observations are in agree-
ment with previous reports on the reversible binding of
[MoO4]*~ with CO, through ®Mo NMR and single crystal X-ray
diffraction analyses, demonstrating the formation of
[MoO3(CO3)]*~ carbonate complexes (*>’Mo-NMR = +46.7 ppm
and C-NMR = 165.7 ppm).*°

In our case, >Mo-NMR analysis also clearly indicates the
presence of [Mo0,0,]*7, identified by a signal at —6.75 ppm.*°

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 'C-NMR (a) and °°>Mo-NMR (b) analyses of [Ngggil2[MoOy4l
before (blue) and after (red) treatment with CO,. Operative conditions:
[Nggs1l2[MoO4] 0.4 M in DMSO-d®, T = 25 °C, p°(CO,) = 5 bar.

These observations led us to propose the mechanism
described in Fig. 10 for CO, insertion into epoxides catalyzed
by Mo-ILs.

The molybdate-CO, carbonate complex I formed in situ
could itself act directly as the nucleophile and attack the
cation-activated epoxide, yielding the hemicarbonate inter-
mediate II, which can ring-close with the formation of a COC
product and the release of the molybdate IL. This mechanism
was coherent with the fact that CO, insertion did not take
place at T < 50 °C but only at T > 70 °C, where complex I was
able to release activated CO,, as already observed for
[MoO5(CO3)>".*° While most of the metal-based catalytic
systems active towards CO, fixation into epoxides require the
presence of a halide (CI7, Br~, I") and/or a nucleophile co-cata-
lyst to achieve any conversion,®*° the present molybdate
anions were active in the absence of a halide source or other
external nucleophiles (Fig. 1). The mechanism proposed is
supported by the evidence of CO,-molybdate complex for-
mation described above, as well as by a comparison with other

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper
)OL €02 5
o Yo [Q]2[MoO4] A
\ _/ R
R
®
Q ®
! Q
11 /(}»R /(’) :"
o -G
a0 % Mel 09 &
eo’ O\\O @O ~0 \/(
® ®
Q I Q |

Fig. 10 Mechanistic hypothesis for CO, fixation into epoxides catalyzed
by Mo-ILs.

mechanisms reported for the synthesis of polycarbonates
mediated by metal complexes containing an alkoxide or arylox-
ide group (TOR) that are able to undergo CO, insertion into
epoxides without requiring an external nucleophile.*®

Finally, we evaluated the recyclability of our catalytic system
and tested the scaling-up of our protocol. The results obtained
from the first five recycles are reported in Fig. 11 while more
details are reported in Fig. S63-S66 (see the ESIt).

Reactions were performed starting from 2 g of 1,2-epoxyhex-
ane (20 mmol) in the presence of 30 bar of CO, and were con-
ducted in a glass liner inserted into an autoclave at 7= 120 °C
for ¢t = 9 h. At the end of each cycle, the products were separ-
ated through short path distillation apparatus (see Fig. S63,T
left) while the catalyst was recovered and reused without
further processing. The product mixture was recovered as a
clear transparent liquid by distilling the vapors between T = 65
and 75 °C at p = 0.9 mbar (see Fig. S63,} right).

Catalyst Recycling

%6
100 89 Rg Py 8990
) I 83
80 713 |
60
40
20
0
1 2 3
HConv (%) MSel (%) Yield (%)

Fig. 11 Catalyst recycling tests for CO, insertion into 1,2-epoxyhexane
(EH) to obtain hexane carbonate (HC). Reaction conditions: EH
(20 mmol), 1 (2.5 mol%), T = 120 °C, t = 9 h, p°(CO,) = 30 bar, solvent-
less conditions. Conversion, selectivity and yield were calculated by
'H-NMR.
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The distilled fraction was characterised by '"H NMR ana-
lysis, observing that it was mainly composed of the COC
product, with traces of diol and dimerized ether 1-(2-hydroxy-
hexoxy)hexan-2-ol as the main by-products (see Fig. S6471 for
further details). Since our original objective was to demon-
strate catalyst recyclability, we did not optimize the fractional
distillation of each recycle run, nevertheless this system
appeared suitable for both separation and recycling of the
homogeneous catalyst. From Fig. 11, we can see how 1 could
be used and recovered effectively for 5 consecutive cycles
without any loss of activity. Except for step 1, in which a con-
version and a lower selectivity were achieved due to the loss of
the product inside the distillation system, the other steps
maintained a conversion between 96 and 89% and a selectivity
between 92 and 89%.

Our catalytic system remains efficient when compared to
other halide-free (and solvent-free) protocols. Table 4 summar-
izes and compares our results with some recently reported
systems for CO, fixation into epichlorohydrin as an industrial
key model epoxide.*” Mo-ILs showed a catalytic activity com-
parable to other homogeneous metal catalysts (entries 2-4,
Table 4), heterogeneous metal catalysts, such as ZIFs, MOFs,
and amorphous polymers (entries 5-9, Table 4), organic ILs
(entries 10-13, Table 4), homogeneous organocatalysts (entries
14-17, Table 4), and heterogeneous organocatalysts (entries 18
and 19, Table 4). Interestingly, most catalysts are active under
similar operative conditions (e.g. T = 60-150 °C, ¢t = 3-24 h,
p°(CO,) = 10-30 bar) and yields are usually >90%. Compared to
other homogeneous catalysts (see entries 2-5 and 10-17,
Table 4), Mo-ILs showed enhanced recyclability and were re-
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used up to 5 times without significant loss of catalytic activity.
All the reported studies are relevant for the use of (renewable)
CO, but several other factors should be considered with a view
to achieving sustainable organic transformations, such as syn-
thesis routes, safety of the reactants, complexity, greenness
and atom economy for the synthesis of catalysts, recyclability,
the presence of co-catalysts, the presence of solvent, etc.

Mo-ILs are excellent catalysts since they are synthesized
through a green, halide-free route starting from simple and
cheap precursors compared to other catalysts reported in
Table 4. They are easily recyclable and reusable. This is the
first example in the literature of Mo-based catalysts effective
for CO, activation through a halide-free pathway. The down-
side of Mo-ILs is the presence of a metal since many recent
studies focused on organocatalysts (c¢f. entries 10-19, Table 4)
which may have a greener connotation. However, although the
catalytic systems surveyed in Table 4 are useful for CO, fix-
ation, none are conceived to act in different consecutive cata-
lytic transformations in a divergent approach.?”** Here we
established that Mo-ILs are active for both CO, fixation into
epoxides and the epoxidation of olefins.

Considering the well-known oxidation ability of molyb-
denum-based catalysts,*® we performed some preliminary tests
to evaluate the epoxidation activity of our Mo-ILs, with a view
to the direct conversion of an olefin in the corresponding
COC. Epoxidation of 1-decene was chosen as the model reac-
tion and performed in the presence of hydrogen peroxide as
an environmentally benign oxidant, [Nggs;],[M0O,] as a cata-
lyst and H3PO, as a co-catalyst. The best operative conditions
are summarised in Scheme 1.

Table 4 Literature survey of the CO, insertion reaction on ECH under solvent-free conditions with halide-free catalysts

o Catalyst

C'\/Ok’fo

O TCC), th,
CO; (bar)
ECH CPC

No. Catalyst T (°C) t (h) CO, (bar) Yield (%) Number of recycles Ref.
1%¢ [N4444][M0O,] - our work 120 9 30 99 5

20:¢ (DBUH);NbOs 130 5 30 90 8 27
3¢ [(C4Hs)sN];H,GeWoMn;(H,0);05, 150 3 30 93 No 51
44 Cr(0) complex 100 4 10 99 No 52
5° HE-ZIF-PM 100 8 10 97 No 53
6° ZIF-67 120 6 10 95 3 54
7° Zn/Co-ZIF-H2Ar-1000 140 8 8 93 11 55
8P (Me,NH,),[Zng(Ad),(DABA)sO], (MOF) 100 24 10 99 5 56
9° Aluminium-based polymeric (Al-PDC) 100 20 1 93 11 57
10° [P4asa][bzim] 100 3.5 10 88 no 58
11° Pyridinium saccharinate (PPy-Sac) 60 24 1 90 no 59
12¢ Butyl methyl imidazolium acetate 80 2 10 78 no 60
13° [APBIm][Glu] 105 3 5 98 5 61
14¢ Salophen ligand 120 24 10 76 no 62
157 Acen-H catalyst 110 4 10 99 no 63
164 Carbodicarbene 100 12 20 92 no 64
17¢ 2-Aminopyridine 60 16 10 90 no 65
18° Chitosan biochar 100 12 20 90 no 66
19° N-doped shrimp shell carbon 150 4 30 93 6 67

@ Metal homogeneous catalysts. ” Metal heterogeneous catalysts. ¢ Ionic liquids. ¢ Homogeneous organocatalysts. ¢ Heterogeneous organocatalysts.
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[Ng g,6,112M0O4(5%)
H3PO, (5%)
Conv=71%

T=80°C, t = 24h m Sel = 95%

W * H0,
7

(4 mmol) (9 eq)

Scheme 1 Epoxidation of a model substrate in the presence of hydro-
gen peroxide as an oxidant and a Mo-IL as a catalyst. Reaction con-
ditions: 1-decene (4 mmol), H,O; (30% w/wy,0, 9 eq.), [Nggail2[MoO4l
(5 mol%), HzPO4 (5 mol%), T = 80 °C, t = 24 h. Mesitylene was added as
an internal standard. Conversion and selectivity were calculated by GC
analysis.

Thus with these preliminary tests, we achieved 71% conver-
sion of 1-decene and excellent 95% selectivity towards the for-
mation of 1-decene epoxide. This result indicated the possi-
bility of a one-pot olefin epoxidation-CO, fixation by a halide-
free route.

Conclusions

A set of novel molybdate ILs (Mo-ILs) was synthesized through
a novel halide-free synthetic route and fully characterized with
different spectroscopic techniques. These new compounds
proved to be viable catalysts for CO, fixation into epoxides; in
particular, catalyst 1 ([Ny444]2[M0O,]) promoted the conver-
sion of 1,2-epoxyhexane to the corresponding cyclic carbonate
in 86% yield with p°(CO,) = 30 bar at 7' = 120 °C. To explain
these results, a reaction mechanism based on the formation of
a molybdate-carbonate intermediate as the active nucleophile
was proposed in light of an evident interaction between CO,
and Mo established through °Mo-NMR analysis. Although the
investigated Mo-ILs were less efficient than other metal-based
catalysts coupled with nucleophile sources, Mo-ILs exhibit a
surprisingly higher catalytic activity with respect to other
metals when used alone. To the best of our knowledge, this
paper describes the first example in which simple Mo-ILs are
successfully used for the cycloaddition of CO, to epoxides
without the use of any halide co-catalysts. Finally, our Mo-ILs
were also active for the epoxidation of olefins with aqueous
H,0,, with high selectivity towards the corresponding epoxide
and high conversion of the olefin. The tandem olefin epoxi-
dation-CO, fixation processes are currently under investigation
in our laboratory.

Experimental section
Materials and methods

All chemicals were purchased from Sigma Aldrich (now Merck)
and used as received. Trioctylmethylammonium methyl-
carbonate  ([Nygg5][CH;0COO]) and  1-butyl-3-methyl-
imidazolium methylcarbonate ([C,C,im][CH;0COO]) were syn-
thesized following a procedure previously reported by our
group.®® Qualitative and quantitative analyses and characteriz-
ation of reaction mixtures and pure products were performed
with: (a) a GC-MS system consisting of an Agilent 6890N GC

This journal is © The Royal Society of Chemistry 2023
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equipped with an HP-5 capillary column (30 length, 0.32 mm
internal diameter, and 0.25 mm film thickness) coupled with
an Agilent Technologies 5975 mass detector operating at 70 eV,
(b) a Bruker Ascend 400 (AV400) NMR spectrometer operating
at 400 MHz for 'H nuclei, 100 MHz for **C nuclei, 75 Hz for
31p nuclei and 26 MHz for Mo nuclei, and (c) a PerkinElmer
Spectrum One FT-IR spectrometer operating at wavenumbers
ranging from 400 to 4000 cm™'. GC-MS analyses were per-
formed in EtOAc or Et,O, while 'H NMR and '*C NMR
samples were prepared using deuterated solvents (CDCls,
MeOH-d, or DMSO-ds, deuteration grade >99.9% D in all
cases). In the "H NMR spectra, the deuterated solvent residual
signal was selected as the spectrum reference. ICP-MS analysis
was conducted with a Nexion 350XX coupled with a seaFAST
autosampler optimized in KED mode (4.4 ml of He) using Pt
195 as an internal standard. Further details about materials
and methods are reported in the Experimental section of the
ESL ¥

General synthesis of [N444],[M00,], [P4444],[M00O,] and
[DBUH],[M00O,]

These ILs were synthesized by adapting a reported pro-
cedure.’” In a 50 mL round bottom flask, 1.85 mmol of
H,Mo00, were slowly added in portions to a solution of
[Ny4,4.4,4][OH] (3.7 mmol, 2 equiv.) in 10 mL of H,O. The solu-
tion was then stirred for 3 h at room temperature. During this
time the initial white suspension slowly dissolved, obtaining a
clear, homogeneous solution accompanied by a pH variation
from 13 to 9. Water was quantitatively removed from the
mixture by evaporation in vacuo at T = 100 °C, yielding the
corresponding ["BusN],[M00O,] as a white powder in a quanti-
tative yield. A similar procedure was followed to synthesize
["Bu,P],[M00,] and [DBUH],[Mo0O,] starting from 3.7 mmol of
["Bu,P][OH] or 1,8-diazabicyclo[5.4.0Jundec-7-ene, respectively.
The IL products were characterized by FT-IR, 'H-NMR,
3C-NMR, *'P-NMR (if suitable) and *>Mo-NMR spectroscopy.

Synthesis of trioctylmethylammonium molybdate,
[N188s],[M00O,], for the corresponding methylcarbonate IL
precursor

H,Mo00, (0.51 g, 3.16 mmol) was slowly added to an aqueous
solution of [NgggJJCH;0COO0] (2.80 g, 6.32 mmol, 2.0 equiv.).
The solution was stirred for ¢ = 3 h at T = 50 °C, and it was
observed that the initially opalescent solution turned yellow.
The solution was cooled to rt, and the product, [Nggg;],[M0O,4],
was extracted with ethyl acetate. 2.49 g (2.78 mmol) of the IL
was obtained (88% yield). The product was characterized by
FT-IR, '"H-NMR, *C-NMR and °*°Mo-NMR spectroscopy.

Synthesis of 1-butyl-3-methylimidazolium molybdate
([C4C4im],[M00,]) using the methylcarbonate IL precursor

[C4C4im],[M00,] was prepared following the same procedure
as [Nggg1][M0O,] starting from 1-butyl-3-methylimidazolium
methylcarbonate [C,C,Im],[CH;0COO] as reported in a pre-
vious paper.®® The ionic liquid product was characterized by
IR, '"H-NMR, *C-NMR and *Mo-NMR spectroscopy.
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Typical procedure for CO, insertion reactions

The selected epoxide (4 mmol, 1 equiv.), molybdate catalyst
(2.5 mol%) and mesitylene as an internal standard (20 mol%)
were charged in a 5 mL glass reactor equipped with a stirring
bar and a pierced glass cap. The glass reactor was placed
inside a 10 mL stainless steel autoclave. The autoclave was
sealed, degassed via two vacuum/CO, cycles and pressurized
with CO, (1-50 bar). The autoclave was then electrically heated
at the desired temperature (50-160 °C) and the reaction
mixture was magnetically stirred for the desired time (3-18 h).
At the end of each run, the autoclave was rapidly cooled in an
ice bath and vented. The final mixture was analysed by
"H-NMR (CDCl;) to calculate the conversion, yield and
selectivity.

Scaled-up procedure and recycling of the catalyst

2 g of 1,2-epoxyhexane (20 mmol, 1 equiv.) and catalyst 1
(0.05 mmol, 0.025 equiv.) were charged in a 5 mL glass reactor
equipped with a stirring bar and a pierced glass cap. The glass
reactor was placed inside a 100 mL stainless steel autoclave.
The autoclave was sealed, degassed via two vacuum/CO, cycles
and pressurized with 30 bar of CO,. The autoclave was then
heated at 7 = 120 °C under stirring for ¢ = 9 h. At the end of
each run, the autoclave was rapidly cooled in an ice bath and
vented. The glass reactor was removed from the autoclave and
equipped with short distillation apparatus to separate the cata-
lyst from the reaction mixture. 0.8 mmol of mesitylene as an
external standard were added to the distilled fraction which
was then analyzed by "H-NMR (CDCI;) to calculate the conver-
sion, selectivity and yield. The glass liner containing the cata-
lyst was recharged with 2 g (20 mmol) of 1,2-epoxyhexane for
another catalytic run. The procedure was repeated 4 times (5
runs).

Procedure for *>*C-NMR and °>Mo-NMR tests under CO,
overpressure

A 0.4 M DMSO-d® solution of [Ny444],[M00,] or [Nggg:],[M0O,]
was introduced into a 3 mL glass inlet of an autoclave reactor.
A glass reactor equipped with a pierced glass stopper and a
stirring bar was introduced into a 10 mL stainless steel auto-
clave and charged with CO, [p°(CO,) = 0.5 MPa]. The system
was kept at room temperature for ¢t = 4 h before transferring
the mixture into a pressure-resistant tube which was then
filled with CO, [p°(CO,) = 0.5 MPa]. The *C- and °*Mo-NMR
spectra were recorded for 5120 scans.

Procedure for the epoxidation of 1-decene

4 mmol of 1-decene, (Nggg1)2(M00,) (5 mol% molgpsirate ),
mesitylene as an internal standard (20 mol molgypstrate © and
H3;PO, as an acid co-catalyst (5 mol% molgpeerace ') Were
charged into a 10 ml glass reactor equipped with a magnetic
stir bar and a condenser. The mixture was stirred for 1 minute
and hydrogen peroxide (30% w/wi,0, 9 equiv.) was added
through a syringe pump (0.15 mL min~"'). The reactor was
heated at the desired temperature (7' = 80 °C) and the mixture

4858 | Green Chem., 2023, 25, 4849-4860

View Article Online

Green Chemistry

was stirred at 800 rpm for 24 h. At the end, an aliquot of the
reaction mixture was sampled and diluted with ethyl acetate,
dried over Na,SO,, and then eluted through a Pasteur pipette
filled with a plug of 2-3 cm of silica gel to remove the ionic
catalyst from the reaction mixture. The aliquot was analysed by
GC-MS to calculate the conversion and selectivity.
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