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It is our pleasure to introduce this Thematic Series on CO,
chemistry for the Beilstein Journal of Organic Chemistry
(BJOC). Today’s growing demand for energy, materials and
chemicals has prompted renewed interest in CO, chemistry.
More resource-efficient chemical processes are being imple-
mented, while we are facing the change from a fossil fuel-based
society to one that must rely on the sustainable use of renew-
able resources. Although there are many ways to harness renew-
able energy resources, much of the needed materials and chemi-

cals will continue to be carbon-based.

One of the most abundant renewable resources of carbon is
carbon dioxide (Figure 1). Carbon capture technologies are
being implemented [1] to capture a part of the yearly anthro-
pogenic CO, emission of 36,600 million metric tons of CO, [2].
If only a fraction of the captured CO; stream could be made
available for chemical production, a significant contribution to
the annual production of carbon-based materials and chemicals
could be supplied. Here, we offer the reader to relate these
figures with the annual production of polymeric materials of
280 million metric tons [3]. Remarkably, 110 million metric

tons of CO; per year for producing urea, methanol and salicylic
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acid are industrial reality today. These applications clearly illus-
trate the path forward. Due to the abundant availability of pure
CO, gas streams [1], it is only logical to promote a more wide-
spread use of carbon dioxide as chemical feedstock. Notably,
the use of CO, for manufacturing materials and chemicals is
still in its infancy.

000

co,

Figure 1: The carbon dioxide molecule.

Carbon dioxide (CO,) has long stirred the fascination of
chemists. A rich chemistry has evolved utilizing this molecule
in chemical synthesis [4]. Hitherto the low reactivity of the CO,
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molecule poses significant challenges to the utilization of
carbon dioxide in industrial applications. Thus, the CO, mole-
cule is commonly perceived to be highly inert. This perception
clearly stems from the high chemical stability of carbon
dioxide. However, the reactivity of the CO, molecule may be
underestimated. Carbon dioxide is isoelectronic to highly reac-
tive molecules such as isocyanates and ketenes (Figure 2). This
implies that reactivity and kinetic limitations may be encoun-
tered much less frequently in the chemical conversion of carbon
dioxide than generally assumed.
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Figure 2: Examples of highly reactive molecules that are isoelectronic
to carbon dioxide.

To overcome its thermodynamically low level, additional
energy is required to activate the CO, molecule. The threefold
reactivity (Figure 3) of CO, with a nucleophilic oxygen atom,
an electrophilic carbon atom and a m system provides the
chemist with many options. Likewise, a rich coordination chem-
istry to metal centres has been reported for CO, [5,6]. A forth-
coming path is the reaction of CO; to form energy-rich inter-
mediates that can subsequently transfer the CO, molecule to
target substrates [7]. The use of efficient catalysts is often
another requisite to direct the reaction pathways with high
selectivity to yield the desired target products and to overcome
kinetic limitations associated with certain slow elementary

steps.

Nucleophilic centre = O8
I15* = Electrophilic centre
n system m ||

u,—n?, Class I

u—n?, Class |

Figure 3: Threefold reactivity of carbon dioxide and examples for
different activation modes for CO; involving metal centres in homoge-
neous and heterogeneous catalysts [5,6].

This Thematic Series on CO; chemistry presents intriguing
approaches regarding different methodologies to activate carbon
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dioxide. One emerging field is the electrochemical fixation of
CO,, which can be applied in the synthesis of carboxylic acids
[8]. Also highly interesting is the combination of enzymatic and
photocatalytic approaches for activating CO, [9]. Bifunctional
catalyst systems are frequently needed and well-understood in
the synthesis of cyclic carbonates [10]. Activation of carbon
dioxide by inserting it into metal-alkoxide bonds allows for
subsequent applications in polymer synthesis such as the
copolymerisation of carbon dioxide with epoxides and other
co-monomers [11]. Here, the catalysis with cobalt complexes
still presents surprising effects [12]. More efficient systems for
CO, capture are being developed on the basis of amine-func-
tionalised ionic liquids where zwitterionic adduct formation is
the key to higher efficiency [13]. Furthermore, many physical
properties of carbon dioxide are outstanding, making supercrit-
ical carbon dioxide a solvent like no other [14].

Altogether, the articles in this Thematic Series present a
remarkable overview of opportunities in the field of CO, chem-
istry from many of its top practitioners. These opportunities are
harbingers of the many additional reactions, reactivity modes
and catalysts that remain to be discovered. Exploiting carbon
dioxide to create economic value will be the driving force for
the more widespread use of this fascinating molecule. In the
long term, we envision mankind creating an anthropogenic
carbon loop where CO; released at the end of the life span of
carbon-based goods of everyday life is again employed in the

production of new materials and chemicals.

We are highly grateful to the authors for their excellent contri-
butions towards making this Thematic Series as successful as

the previous editions.
Thomas E. Miiller and Walter Leitner
Aachen, April 2015
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Abstract

The (salen)Co(III) complex 1 tethering four quaternary ammonium salts, which is a highly active catalyst in CO,/epoxide copoly-
merizations, shows high activity for propylene oxide/phthalic anhydride (PO/PA) copolymerizations and PO/CO,/PA terpolymer-
izations. In the PO/PA copolymerizations, full conversion of PA was achieved within 5 h, and strictly alternating copolymers of
poly(1,2-propylene phthalate)s were afforded without any formation of ether linkages. In the PO/CO,/PA terpolymerizations, full
conversion of PA was also achieved within 4 h. The resulting polymers were gradient poly(1,2-propylene carbonate-co-phthalate)s
because of the drift in the PA concentration during the terpolymerization. Both polymerizations showed immortal polymerization
character; therefore, the molecular weights were determined by the activity (g/mol-1) and the number of chain-growing sites per 1
[anions in 1 (5) + water (present as impurity) + ethanol (deliberately fed)], and the molecular weight distributions were narrow
(M,/M,, 1.05-1.5). Because of the extremely high activity of 1, high-molecular-weight polymers were generated (M, up to 170,000
and 350,000 for the PO/PA copolymerization and PO/CO,/PA terpolymerization, respectively). The terpolymers bearing a substan-
tial number of PA units (fpa, 0.23) showed a higher glass-transition temperature (48 °C) than the CO,/PO alternating copolymer
(40 °C).

Introduction

Carbon dioxide (CO,) can be utilized to prepare aliphatic poly- lyst was developed based on the concept of combining
carbonates through coupling reactions with epoxides [1-6]. The (salen)Co(IIl) units with quaternary ammonium salts in a mole-
pioneering work for this copolymerization was introduced by cule [8-12]. The highly efficient catalyst (1 in Scheme 1)
Inoue in 1969 [7]. Eventually, a highly active and efficient cata- showed a high turnover frequency (TOF, 16,000 h™!), high
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Scheme 1: Synthesis of poly(propylene carbonate) (PPC) using cata-
lyst 1.

molecular weight (M, up to 300,000), and good selectivity
(>99%). These promising performances motivated to construct
a continuous-process pilot plant in industry [13]. Currently,
many hurdles in the preparation of 1 on a large scale have been
overcome, and an economical synthesis on the 100 kg scale has
been achieved [14-16], along with precise control of the molec-
ular weight and chain topology, facilitating the applications of
these attractive materials [14,17-19]. Now, the production of
poly(propylene carbonate) (PPC) using catalyst 1 is at the stage
of the final decision regarding a commercial investment.
Another success story using double metal cyanide (DMC) cata-
lysts has been reported recently [20]. The DMC catalysts
provided low-molecular-weight CO,/PO copolymers containing
significant numbers of ether linkages [21,22].

PO and ethylene oxide (EO) are bulk chemicals produced annu-
ally on the million-ton scale, and the focus in industry has been
on CO,/PO and CO,/EO copolymerizations. Catalyst 1 is also
highly active in CO,/EO copolymerizations [23]. Even though
the CO,/PO or CO,/EO copolymer itself shows some advanta-
geous properties such as biodegradability, good adhesiveness,
good barrier properties, and clean burning properties, the
incorporation of a third monomer has also been pursued to
improve the properties and hence facilitate its use in more wide-
spread applications. For example, the terpolymerization of CO,/
PO/cyclohexene oxide (CHO) was successful, providing resins,
of which the glass-transition temperatures (7) were modulated
in the range of 50-100 °C according to the mole fraction of the
incorporated CHO [24,25]. However, the feeding of a third
monomer such as CHO gives rise to intrinsic problems in terms
of commercial operation. The third monomer is not completely
consumed, and the remaining CHO should be recovered and
recycled, which is a severe burden because of its high boiling
point (130 °C). Moreover, the toxic CHO should be removed
completely from the resin for use in our daily life. In this work,

Beilstein J. Org. Chem. 2014, 10, 1787-1795.

we demonstrate the complete incorporation of the third mono-
mer of phthalic anhydride (PA) in CO,/PO copolymerizations
using catalyst 1.

Results and Discussion

PO/PA copolymerizations

Alternating copolymerizations of epoxides and cyclic anhy-
drides using a diiminate zinc catalyst as well as a chromium(III)
salen complex have been reported [26,27]. Long reaction times
(>10 h) were needed to reach full conversion, and the average
molecular weights were in the region of several ten thousand.
When a zinc glutarate catalyst was used in PO/PA copolymer-
ization, significant numbers of ether linkages were generated

through consecutive PO incorporation [28].

When PA (1.00 g) and PO (10.4 g) were reacted using catalyst 1
(3.0 mg; 1/PA/PO = 1:3,750:100,000) at 80 °C for 3 h, 100%
conversion of PA was achieved (entry 1 in Table 1). The
'H NMR spectrum indicated that no PA remained in the
resulting solution, and that the generated polymer was strictly
alternating with no ether linkages (Scheme 2, Figure 1(A)). The
isolated polymer mass was 1.39 g, in exact agreement with that
calculated (1.39 g) on the basis of full conversion of 1.0 g PA to
the strictly alternating PO/PA copolymer. Three aromatic
signals were observed in the 'H NMR spectra at 7.71, 7.68, and
7.50 ppm in 1:1:2 ratios (Figure 1(A)). The OCH(Me) signal
was observed at 5.35 ppm, while the CH,0O signal was observed
at 4.3-4.5 ppm. When a larger amount of PA (2.0 g) was added,
the conversion of PA was 76% after 3 h (Table 1, entry 2) and
96% after 4.5 h (Table 1, entry 3), but full conversion of PA
was achieved after running the copolymerization for 5.0 h
(Table 1, entry 4). When 3.0 g PA was added, the conversion of
PA was very low (16%), and after polymerization, a lot of unre-
acted PA was deposited as a solid. The solubility of PA in PO
was limited; 3.0 g of PA might not dissolve fully in 10 g of PO
even at a high temperature of 80 °C. Catalyst residues were
removed completely through filtration with a short pad of silica
gel after the polymerization. After filtration, the light orange
solution became colorless, and the isolated polymer was also
colorless (see Supporting Information File 1). If PA was not
fully converted, the polymers were obtained as admixtures with
unreacted PA (Table 1, entries 2 and 3).

CH3
O =
N cat=1 . /_/_\ .
L\ (0] (0]
O o (0] O O A

Scheme 2: PO/PA alternating copolymerization.
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Table 1: PO/PA alternating copolymerization results with catalyst 1.2

Entry

~NOoO b WN =

8

PA
(9)

1.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

EtOH
(mg)

20

Time

PA conversion
(%)

100
76
96

100

100

100

100

100

Beilstein J. Org. Chem. 2014, 10, 1787-1795.

ielde Vi e
o Kelgat e Mg

1.39 (1.39) 0.46 59,000 1.61 65
2.2) (0.73) 80,000 1.26 62

2.7) (0.90) 116,000 1.27 65

2.70 (2.78) 090 167,000 1.21 65
270 (2.78) 0.90 17,000 143 63
2.63(2.78) 0.88 11,000 1.42 60
2.54 (2.78) 0.84 9,000 1.40 58
2.48 (2.78) 0.83 6,000 1.40 55

aPolymerization conditions: PO (10.4 g, 180 mmol), catalyst 1 (3.0 mg, 1.8 ymol), temperature (80 °C). PIncluding heating time of ca. 50 min. ®Values
in parentheses calculated from the conversion. 9Determined on GPC using a polystyrene standard. ®Determined on DSC.

©)
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J *
|

T T T T
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Figure 1: "H NMR spectrum of crude products in the PO/PA alter-
nating polymerization (A, entry 1 in Table 1), PO/CO,/PA terpolymer-
ization (B, entry 3 in Table 2), and CO,/PO alternating copolymeriza-
tion (C) ("a" signal for ester-CH(Me)CHs-ester; "b" signal for ester-
CH(Me)CHa-carbonate; "c" signal for ester-CH,CH(Me)-carbonate; "d"
signal for carbonate-CH,CH(Me)-carbonate; "*"
carbonate; "#" signals for unreacted PA).

signals for propylene

At the full conversion of 1.0 g PA, the number average molec-
ular weight (M) of the resulting polymer was 59,000 (Table 1,
entry 1). Upon increasing the PA feed amount to 2.0 g and
achieving full conversion, a high-molecular-weight polymer
with M;, = 167,000 was obtained (Table 1, entry 4). As the reac-
tion time (and consequently, the PA conversion) increased, the
number average molecular weight (M,,) increased gradually
with a narrow molecular weight distribution (M,/M,, ca. 1.2)
preserved in all cases, indicating living or immortal polymeriza-
tion (Table 1, entries 2—4). Bimodal distributions were observed
in the GPC curves (Figure 2). The peak molecular weight in the
high-molecular-weight mode was always twice that in the low-
molecular-weight mode. The chains in the high-molecular-
weight mode were attributed to those grown biaxially from
water, which was present as an impurity, while those in the low-
molecular-weight mode were grown from the nitrate and acetate
anions in 1. The numbers of polymer chains generated per 1,
which was calculated from the yield (g) and M, values
[yield/(M, x (mole of 1)], were 13, 15, 13, and 9 for the
samples in Table 1, entries 1-4, respectively. These numbers
were roughly in agreement with the sum of the number of
anions in 1 (5) and the number of water molecules per 1 present
as an impurity (8, 10, 8, and 4, respectively). The portion of the
high-molecular-weight mode (that is, the portion of chains
grown from water molecules) relative to the portion of the low-
molecular-weight mode decreased in the GPC curves in the
order of entries 2, 3, and 4 (see Supporting Information File 1).
This order was in accord with the number of water molecules
calculated above from the yield and M, values (10, 8, and 4,
respectively). These observations indicated that the polymer
chains grew uniformly from the anions in 1 and water mole-
cules with immortal polymerization character. Water molecules
might be incorporated into the polymerization system from
various sources such as PO, CO, gas, catalyst, and the reactor
surface. The amount fluctuated batch by batch in the lab scale
polymerization.
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Figure 2: GPC curves of the PO/PA copolymers.

Upon the addition of ethanol, which was expected to act as a
chain-transfer agent, the M, values decreased significantly and
were regulated precisely by the amount of ethanol fed (Table 1,
entries 5-8). With 5.0 mg of ethanol fed at the PA feeding of
2.0 g, full PA conversion was achieved by running for 5 h, and
the M, value of the resulting polymer was 17,000, indicating
that the ethanol worked well as a chain-transfer agent (Table 1,
entry 5). As the amount of ethanol was increased to 10, 15, and
20 mg, full conversions were also achieved in 5 h, and the M,
values decreased systematically to 11,000, 9,000, and 6,000,
respectively. The number of polymer chains per 1, calculated
from the yield and M,, values [yield/(M, x (mole of 1)], were
92, 141, 173, and 259 for the samples obtained with 5, 10, 15,
and 20 mg ethanol feeding, respectively. These numbers were
in rough agreement with the sum of the number of ethanol
molecules per 1 (60, 120, 180, and 240, respectively) and the
number of anions in 1 (5). The polymer chains were grown
uniformly from the fed ethanol and the anions in 1 with
immortal polymerization character. The portion of the chains
grown biaxially from impurity water molecules was relatively
small, and unimodal distributions were observed when ethanol
was fed. The T value of the PO/PA copolymer was 65 °C when
the molecular weight was high (mostly M, > 80000, Table 1,
entries 1-4), and decreased gradually from 63 °C to 55 °C as
M, was lowered from 17,000 to 6,000 (Table 1, entries 5-8).

Beilstein J. Org. Chem. 2014, 10, 1787-1795.

PO/CO,/PA terpolymerizations

The terpolymerization of CHO/CO,/diglycolic anhydride using
a diiminate zinc catalyst has been reported. Here, the block
copolymer of poly(ester-block-carbonate) was formed through
the faster reaction of CHO/anhydride coupling, and after
complete conversion of the anhydride, the carbonate block was
grown by CO,/CHO coupling [29]. Porphyrin Al or Cr(III)
complexes also generated block copolymers in PO/CO,/PA
terpolymerizations [30]. The terpolymerizations of CHO/CO,/
PA and PO/COj/maleic anhydride using a zinc glutarate cata-
lyst have also been reported, where random copolymers
containing some ether linkages were generated [28,31].

When CO, gas was also pressurized under the PO/PA copoly-
merization conditions [PA (1.00 g), PO (10.4 g), 1 (3.0 mg; 1/
PA/PO = 1:3,750:100,000), 80 °C, 3 h], all the fed PA was
consumed (entry 4, Table 2). No signals due to unreacted PA
were observed in the "H NMR spectrum of the resulting crude
product dissolved in THF-dg, in which both PA and the
resulting polymer were freely soluble. Upon shortening the
reaction time to 1.5, 2.0, and 2.5 h, unreacted PA signals were
observed at 8.0 and 7.9 ppm along with the resulting polymer
signals (Figure 1(B)). In all cases, negligible amounts of propy-
lene carbonate were generated (less than 2 mol % per consumed
PO) and no ether linkages were formed (Scheme 3). The
conversions of PA were calculated simply from the 'H NMR
spectra by using the formula (/7 5.78)/(l7.5.7.8 + 17.9.8.1), Where /
is the integrated value of the region defined by the subscript. As
the reaction time increased, the PA conversion increased
(Table 2, entries 1-4), and full conversion of PA was achieved
with the formation of 6.5 g of polymer at a reaction time of
3.0 h (including the heating time of ca. 50 min). The formation
of 6.5 g of polymer corresponded to a commercially acceptable
high activity of 2.2 kg-polymer/g-catalyst. The CO, pressure
decreased monotonously from 35 to 32 bar up to the cutoff time
of 3 h, indicating that the catalyst was not deactivated during
the polymerization. The turnover number (TON = mole of
consumed PO/mole of 1) and turnover frequency (TOF) at the
full PA conversion were calculated to be 32,000 and
12,000 h™!, so the performance of 1 was not deteriorated by
feeding PA. In the absence of PA (that is, in CO,/PO copoly-
merizations), catalyst 1 showed a TOF of approximately
16,000 h™!,

O N\ / cat=1 HsG 0 .
A+ o0 R @t oSl o
(0] o (0] a HsC o o) blc

Scheme 3: CO,/PO/PA terpolymerization.
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Table 2: CO,/PO/PA terpolymerization results with catalyst 1.2

PA

Beilstein J. Org. Chem. 2014, 10, 1787-1795.

PA EtOH Time ) Yieldd Activit Tof
Entry @ (ma) (h)° Conzgzr)smn fonC @ (Kg/g-cgt.) M,e M M2 ‘ g )
1 1.0 0 15 38 0.12 (2.5) (0.83) 115,000 1.22 29, 69
2 10 0 2.0 68 0.23 (2.5) (0.83) 215,000 1.33 48
3 1.0 0 25 91 0.15 (4.7) (1.6) 198,000  1.40 44
4 10 0 3.0 100 0.11  6.5(7.0) 2.2 381,000 1.27 41
5 20 0 15 31 0.31 (1.8) (0.60) 87,000 1.20 24,73
6 20 0 2.0 86 0.39 (4.2) (1.4) 193,000 1.22 43
7 20 0 3.0 100 023 7.3(7.4) 2.4 354,000 1.23 48
8 1.0 5.0 15 50 0.18 (2.2) (0.73) 19,000 1.08 25, 67
9 1.0 10 15 59 0.19 (2.6) (0.87) 10,000  1.06 25, 72
10 1.0 15 15 63 0.22 (2.4) (0.80) 8,000 1.07 25, 69
11 1.0 20 15 63 0.25 (2.2) (0.73) 5000 1.05 14
12 1.0 15 2.0 80 0.18 (3.6) (1.2) 11,000  1.03 28
13 1.0 15 25 100 0.13  5.7(5.9) 1.9 16,000  1.03 39
14 1.0 15 3.0 100 0.12  6.4(6.3) 2.1 19,000  1.03 39
15 1.0 15 4.0 100 0.10  7.0(7.6) 2.3 26,000 1.04 38
16 20 15 3.0 100 024 6.6(7.2) 2.2 22,000 1.05 43

aPolymerization conditions: PO (10.4 g, 180 mmol), catalyst 1 (3.0 mg, 1.8 ymol), CO5 (35 bar), 80 °C. PIncluding heating time of ca. 50 min. °Mole
fraction of PA in the polymers determined by "H NMR spectroscopy. Values in parentheses calculated from conversion and fpp. ®Determined on

GPC using a polystyrene standard. 'Determined on DSC.

Catalyst residues could also be removed completely by filtra-
tion through a short pad of silica gel to provide colorless poly-
mers (see Supporting Information File 1). The catalyst residue
should be removed thoroughly because it is not only toxic, but
also leads to the thermal instability of the products [32]. It was
not easy to separate the generated polymer and the unreacted
PA; the polymers were obtained admixed with the unreacted PA
unless 100% conversion of PA was reached.

The pattern of the aromatic signals in the 'H NMR spectra was
different from that observed for the alternating PO/PA
copolymer: just two broad signals were observed at 7.71 and
7.57 ppm (Figure 1(B)). Four OCH(Me) signals were observed
at 5.45,5.30, 5.10, and 4.95 ppm. The large signal at 4.95 ppm
(marked "d" in Figure 1(B)) was assigned unambiguously to the
carbonate-CH(Me)CH,-carbonate signal through comparison
with the spectrum of PPC (Figure 1(C)). The signals at
5.30 ppm (marked "b") and 5.10 ppm (marked "c") were
assigned to ester-CH(Me)CH,-carbonate and ester-
CH,CH(Me)-carbonate, respectively. A comparatively small
signal was observed at 5.45 ppm (marked "a"), which was
assigned to ester-CH(Me)CHj-ester. The mole fractions of PA
in the polymers (fps) were determined from the 'H NMR
spectra using the equation fpa = [(/7.5.7.8)/41/14.3-5.4, Where
175.7.3 and I4 g5 4 are the integrated values in the region
7.5-7.8 ppm (benzene-H signal) and 4.8-5.4 ppm (OCHMe

signal), respectively. The yields calculated from the conversion
(c) and fpa [yield (g) = (206.19 x y +102.08 x y x (1 — fpa)/
fpa), Where y is the number of moles of consumed PA, that is,
y = (fed PA (g) x ¢)/148.12], were in good agreement with the
measured weights of the isolated polymers at full PA conver-
sion (Table 2, entries 4, 7, 13—16). The fpa values decreased
gradually from 0.23 to 0.11 upon increasing the reaction time
from 2.0 to 3.0 h (Table 2, entries 2—4). The CO; concentration
was almost unchanged at the pressure of 35-33 bar, whereas the
free PA concentration in solution was gradually depleted,
resulting in lower fpp values with increased polymerization
times. A deviation was observed at a very early reaction time of
1.5 h (Table 2, entry 1), where the fpp value was low (0.12)
even at a high PA concentration. This deviation might be attrib-
uted to the uncontrolled reaction temperature. The bomb reactor
was warmed slowly using a hot oil bath (80 °C), reaching the
desired temperature (80 °C) in ca. 50 min. If the small portion
of chains grown during the warming time is ignored, the gener-
ated polymers should be gradient poly(1,2-propylene carbonate-
co-phthalate). The chains grown in the early stages were
enriched with PA units, while those grown at a later stage were
enriched with or composed solely of carbonate units. When the
fed PA amount was doubled to 2.0 g, polymers with higher PA
mole fractions were generated (Table 2, entries 5-7). Upon
running the reaction for 3.0 h, full conversion of PA was also

achieved (Table 2, entry 7). The fpa value at this full conver-
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sion was 0.23, which was twice that attained at the PA feeding
of 1.0 g. Related stereogradient CO,/PO copolymers have been
reported, in which one end of the polymer chain is enriched
with the R-isomer of PO, while the other is enriched with the
S-isomer [33,34]. A related copolymer composed of aliphatic
polycarbonate and aromatic polyester units [poly(1,4-butylene
terephthalate-co-carbonate)], prepared by condensation poly-
merization of 1,4-butanediol, dimethyl terephthalate, and

dimethyl carbonate, has also been reported recently [35,36].

When ethanol (5.0 mg, 60 equiv/1) was fed as a chain-transfer
agent with 1.0 g PA, faster PA consumption was observed
(Table 2, entry 8). At the initial stage of 1.5 h including a
heating time of ca. 50 min, the PA conversion was 50% with a
high fpa value (0.18) compared with that in the absence of
ethanol (PA conversion, 38%; fpa, 0.12). The PA conversions at
the identical reaction time of 1.5 h increased gradually from
50% to 63% upon increasing the ethanol feeding amount from
5.0 to 20 mg, and the fpa values also increased gradually from
0.18 to 0.25 (entries 8—11). Because of the faster PA consump-
tion, full PA conversion was achieved in 2.5 h (entry 13). At
this full conversion, the polymerization solution was stirrable
because of the formation of a low-molecular-weight polymer.
By running the polymerization for a further 1.0 or 2.0 h, the
yields increased further from 5.7 g to 6.4 and 7.0 g, respective-
ly (entries 14, 15). During the additional polymerization time
after full PA conversion, only the carbonate units were grown,
resulting in the formation of a block copolymer. One side of the
block copolymer was gradient poly(1,2-propylene phthalate-co-
carbonate), while the other side was poly(1,2-propylene
carbonate). When 2.0 g of PA was fed along with 15 mg of
ethanol, full conversion of PA was achieved in 3.0 h and the fpp
value (0.24) was almost twice that attained at a PA feed of 1.0 g

(entry 16).

When a substantial number of PA units (fpa, 0.23) was incorpo-
rated in PO/CO,/PA terpolymers, a high T of 48 °C was
observed (entries 2 and 7), which was higher than that of the
PO/CO; alternating copolymer (40 °C), but lower than that of
the PO/PA alternating polymer (65 °C) (Figure 3). With a small
number of incorporated PA units (fpa, ca. 0.1), Ty was similar
to that of the PO/CO, alternating copolymer (entries 4, 13—15).
For the polymers generated at the early stage (1.5 h), two Ty
signals were observed at 25 °C and ca. 70 °C (entries 1, 5,
8-10).

In the polymerization reaction, the nitrate and acetate anions in
1 became chain-growing carbonate or alkoxide anions [14,17].
In the presence of protic compounds such as water (present as
an impurity) or alcohols (deliberately added), reversible proton

exchange reactions occur rapidly between the chain-growing
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Figure 3: DSC curves of PO/PA alternating polymer (A, entry 1 in
Table 1), PO/CO,/PA terpolymer (B, entry 7 in Table 2), and PO/CO,
alternating copolymer (C).

anions and protic compounds, resulting in uniform chain growth
not only from the protic compounds but also from the anions in
1. In all cases, when the polymerizations were carried out
without the deliberate addition of a chain-transfer agent
(Table 2, entries 1-7), bimodal GPC curves were observed (see
Supporting Information File 1). Polymer chains in the high-
molecular-weight mode were grown biaxially from water, while
those in the low-molecular-weight mode were grown from the
anions in 1. The ratio of the two modes was different for each
entry. A very small amount of catalyst 1 was fed under the
polymerization conditions employed (1/PO = 1:100,000), so the
number of impurity water molecules was not negligible, and
varied in the range of the same order of the number of anions in
1, even with thorough drying of PO and CO,. High-molecular-
weight polymers with M, 381,000 and 354,000 were obtained at
the full conversions of 1.0 g and 2.0 g PA, respectively
(Table 2, entries 4 and 7). The molecular weights were
controlled by the amount of ethanol fed as a chain-transfer
agent. At the feeding amount of 15 mg of ethanol (180 equiv
per 1) and full conversion of PA (Table 2, entries 13—16), low-
molecular-weight polymers with M, 16,000-26,000 were gener-
ated. The numbers of polymer chains generated per 1 under
those conditions were calculated to be 198, 187, 145, and 167,
respectively, roughly in agreement with the number of ethanol
molecules (180 equiv per 1). For the feeding of a large amount
of ethanol (180 equiv per 1), the number of polymer chains
grown biaxially from the water molecules was negligible, and
very narrow unimodal distributions were observed with M,/M,
of ca. 1.05 in the GPC curves.

Scheme 4 shows the PA incorporation process in the PO/CO,/
PA terpolymerizations. In addition to the direct attack of the

1792



alkoxide anion on PA, another PA consumption process might
operate in the presence of the chain transfer agent such as delib-
erated added ethanol or impurity water. In this process, PA
directly reacted with the formed OH chain terminus, leading to
incorporation of PA without the action of the catalyst. This
process made the PA conversion faster, consequently helping to
achieve the full conversion of PA.

o—( YO

+0-—
gNBus ~ Bu3N
NBu3
g/ oT’ O %\%L (X OorC)
rapid .
o H* exchange “ramd H* exchange
n0:<o o Ox O
—PAs e o\)\
y hig (6] l A
HO le} P

Scheme 4: PA incorporation process in PO/CO,/PA terpolymerization.

Conclusion

The (salen)Co(III) complex 1 tethering four quaternary ammo-
nium salts, which is a highly active catalyst for CO,/PO copoly-
merization, worked efficiently as a catalyst in both PO/PA
copolymerizations and CO,/PO/PA terpolymerizations. An
attractive feature in view of commercial application is that full
conversion of PA could be achieved within 5 h in both polymer-
izations, even under the conditions of a high feeding amount of
PA (2.0 g PA/10 g PO) and a very small feeding amount of
catalyst 1 (3.0 mg). No ether linkages were formed in either of
the polymerizations to afford poly(1,2-propylene phthalate) or
poly(1,2-propylene phthalate-co-carbonate). The latter had a
gradient composition with one end enriched with PA units and
the other enriched with carbonate units. Both showed immortal
polymerization character: the molecular weights of the resulting
polymer were controlled precisely by the activity (g/mol-1) and
the number of chain-growing sites per 1 [anions in 1 (5) + water
(present as impurity) + ethanol (deliberately fed)], and the
molecular weight distributions were narrow (M,/M,,, 1.05-1.5).
Because of the high activity of 1, polymers with very high
molecular weights were generated (M, up to 170,000 and
350,000 for PO/PA copolymerization and CO,/PO/PA terpoly-
merization, respectively). The terpolymer bearing a substantial

Beilstein J. Org. Chem. 2014, 10, 1787-1795.

number of PA units (fpa, 0.23) showed a higher Ty value
(48 °C) than the CO,/PO alternating copolymer (40 °C).

Experimental

General remarks. CO;, gas (99.999% purity) was dried
through storage in a column of molecular sieves 3A at a pres-
sure of 30 bar. PO was dried by stirring over CaH, and then
vacuum-transferred to a reservoir. PA was purchased from
Aldrich and purified by recrystallization in ethyl acetate.
'H NMR (400 MHz) and 13C NMR (100 MHz) spectra were
recorded on a Varian Mercury Plus 400 instrument. Gel perme-
ation chromatography (GPC) was performed in THF at 40 °C
using a Waters Millennium apparatus with polystyrene stan-
dards. The T, data were determined from a second heating at a
heating rate of 10 °C/min by differential scanning calorimetry
(DSC) using a Thermal Analysis Q10 instrument.

Typical procedure for PO/PA alternating copolymeriza-
tions. A bomb reactor (ca. 50 mL) was assembled inside a
glove box after being charged with 1 (3.0 mg, 1.8 pmol), PO
(10.4 g, 179 mmol), and PA (and ethanol as a chain-transfer
agent). The reactor was immersed in a hot oil bath (80 °C).
After running of the polymerization for a given time, the reactor
was cooled to room temperature. An aliquot was taken to
measure the PA conversion by 'H NMR spectroscopy. The
polymer solution was filtered over a short pad of silica gel to
remove the catalyst residue. The silica gel pad was washed with
methylene chloride (10 mL x 2). The colorless filtrates were
combined. The solvent was removed using a rotary evaporator,
and the residual solvent was removed completely by keeping
the isolated lump in a vacuum oven overnight at 100 °C. When
the PA conversion was not 100%, the polymer was obtained
admixed with unreacted PA. For DSC studies, small pieces of
the polymer lump admixed with the unreacted PA were
dissolved in a copious amount of CH,Cl,, and the resulting
solution was eluted through a relatively long pad of silica gel.

Typical procedure for PO/CO,/PA terpolymerizations. A
bomb reactor (ca. 50 mL) was assembled inside a dry box after
being charged with 1 (3.0 mg, 1.8 pmol), PO (10.4 g,
179 mmol), and PA (and ethanol as a chain-transfer agent). The
CO, gas was pressurized to 25 bar at room temperature, and the
reactor was then immersed in a hot oil bath (80 °C). When the
temperature inside the bomb reactor reached the bath tempera-
ture, the pressure was 35 bar. After running of the polymeriza-
tion for a given time, the reactor was cooled to room tempera-
ture through immersion in an ice bath. CO, gas was released
and the reactor was opened. An aliquot was taken to measure
the PA conversion by 'H NMR spectroscopy. The catalyst
removal and work-up procedures were as described for the PO/

PA alternating copolymerizations.
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Zn(salen) complexes have been employed as active catalysts for the formation of cyclic carbonates from epoxides and CO,. A

series of kinetic experiments was carried out to obtain information about the mechanism for this process catalyzed by these

complexes and in particular about the order-dependence in catalyst. A comparative analysis was done between the binary catalyst

system Zn(salphen)/NBuyl and a bifunctional system Zn(salpyr)-Mel with a built-in nucleophile. The latter system demonstrates an

apparent second-order dependence on the bifunctional catalyst concentration and thus follows a different, bimetallic mechanism as

opposed to the binary catalyst that is connected with a first-order dependence on the catalyst concentration and a monometallic

mechanism.

Introduction

Carbon dioxide may be regarded as an ideal, renewable carbon
feed stock for the synthesis of organic compounds being also of
interest in an industrial context [1-5]. This inexpensive, abun-
dant and nontoxic source of carbon has been extensively used to
convert epoxides into their respective cyclic carbonates [6-9]
(Scheme 1), that find useful applications as green solvents,
precursors towards pharmaceutical intermediates and as elec-
trolytes in lithium ion batteries [1,10,11]. However, energy is

required to activate the kinetically highly stable CO, making
the use of catalysts a requisite to overcome this limitation and to
convert it under more attractive reaction conditions. Over the
past years many different catalytic systems have been devel-
oped for this kind of process exemplifying the huge interest in
the synthesis of cyclic carbonates and these catalysts include
quaternary ammonium salts [12], ionic liquids [13,14] and

metal-based catalysts [15-21]. In this regard, our group has

1817


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:akleij@iciq.es
http://dx.doi.org/10.3762%2Fbjoc.10.191

shown in previous reports various effective organic [22,23] and
metal-based systems [24-29] applied as catalysts for organic
carbonate formation. Interestingly, we demonstrated high
activity and versatility of cheaper, nontoxic and earth-abundant
metal-based complexes based on aluminum [24] and iron [25]
amino-triphenolate complexes. Additionally, salen-based Zn
complexes were also found to be rather efficient catalyst for this
transformation. More specifically, these systems relate to the
Zn(salphen) family of complexes [salphen = N,N’-phenylene-
1,2-bis[salicylidene]imine] (Figure 1, 1) combined with a
nucleophilic ammonium halide salt [26,27], or an analogous
bifunctional system (Figure 1, 2) containing a Lewis acidic and
nucleophilic center within the same molecule [29].
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Scheme 1: Catalytic synthesis of organic (poly)carbonates from epox-
ides and CO,.
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Mechanistic investigations for these CO,/epoxide coupling
reactions are essential to control the process selectivity (cyclic
versus polycarbonate formation, Scheme 1) and to improve the
activity of the used catalysts. Several computational investi-
gations have been reported in this area focusing on catalysts
comprising ionic liquids [30], N-heterocyclic carbenes [31],
polyphenolic compounds [32], quaternary ammonium salts [33]
or metal-containing complexes [34-37]. Also, a detailed theo-
retical analysis combined with experimental evidences using a
Zn(salphen) complex has been reported [36]. Beside these
computational activities, experimental studies involving kinetic
measurements have also been undertaken with the aim to obtain
more insight into the operating mechanism [15,37-45]. Promi-
nent among these studies is the work carried out by North and
co-workers [15,39] who described kinetic studies of a binary,
dimetallic aluminum—salen complex 4 (see Figure 1) in
conjunction with NBuyBr. Remarkably, a second-order depend-
ence on the concentration of the ammonium salt was deter-
mined suggesting that two molecules of NBuyBr are involved in
the rate-determining step: one molecule is supposed to be
converted in situ to NBuj able to activate CO, whereas the
other molecule helps to ring-open a coordinated epoxide. This
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Figure 1: Structures of some metal complexes used as catalyst for (cyclic) organic carbonate synthesis.
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activation mode differs from one reported for the binary system
based on Al complex 3/NBuyl (Figure 1) [37] and the first-order
dependence with respect to each catalyst and co-catalyst
displayed when the dimetallic aluminum complex 5 (Figure 1)
was utilized [40]. Another interesting example was described by
Rieger et al. who used a single-component catalyst 6 based on
iron (Figure 1) for which a second-order rate dependence was
determined indicating a dimetallic reaction mechanism [41]. Of
further importance are the efforts from Coates and co-workers
[44] and the kinetic studies described by the group of Williams
[45]. In each of these latter cases a binuclear mechanism was
proposed for the copolymerization reaction of CO, and epoxide,
establishing a second-order dependence for mononuclear Zn
complex 7 (Figure 1) employed by Coates and first-order
behavior in the case of the dinuclear Zn complex 8 (Figure 1).
However, to the best of our knowledge, reports on comparative
kinetic studies between structurally related binary and bifunc-
tional systems are rare [43].

Herein we describe such a kinetic investigation of the mecha-
nism of the coupling between CO, and epoxides catalyzed by
Zn-based complexes containing salen ligands. A comparative
kinetic analysis between the binary system Zn(salphen)
1/NBuyl and bifunctional, alkylated Zn(salpyr) complex 2
[salpyr = N,N'-bis[salicylidene]-3,4-pyridinediamine] has been
carried out and the results are in line with the view that the
mechanisms by which the organic carbonate product is formed
are essentially different and contrasting to previously reported
literature [43].

Results and Discussion

We have described the catalytic capability of Zn(salphen)
complexes in conjunction with NBuyl for CO,/epoxide
coupling reactions [26-29], proposing for this process the
monometallic mechanism depicted in Scheme 2 [26]. Further-
more, a detailed DFT study for this transformation was reported
supporting this proposed mechanism [36]. In the catalytic cycle
of Scheme 2 first the epoxide coordinates to the Zn center
allowing Lewis acid activation following the ring opening by
nucleophilic attack of X. Then, carbon dioxide insertion into the
metal—-oxygen bond takes place and a consecutive cyclisation
step (ring closure) occurs to give the cyclic carbonate and
regenerates the (binary) catalyst.

In addition, this transformation has also been developed using a
structurally related bifunctional Zn catalyst (Figure 1, 2) [29]
showing a different behavior in terms of reactivity with respect
to the binary system. Catalysts based on Zn complexes
containing the nucleophile anchored onto the ligand framework
are less active than “similar” binary-type catalysts based on

comparable components. For instance, coupling between 1,2-
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Scheme 2: Proposed mechanistic cycle for cyclic carbonate synthesis
mediated by Zn(salphen) complexes in the presence of onium salts
(XY).

epoxyhexane and CO; to afford the cyclic carbonate derivative
mediated by binary Zn(salphen) 1/NBuyl was virtually
complete whereas the alkylated Zn(salpyr) complex 2 gave a
substantially lower 67% result under similar reaction condi-
tions (0.25 mol % of (co)catalyst, 18 h, 1.0 MPa of CO, and
80 °C). On the basis of this difference we decided to investi-
gate the operating mechanisms in more detail through a series
of kinetic experiments to obtain more details about the catalytic
activation mode of both the binary and bifunctional systems
1/NBuyl and 2 respectively.

In an attempt to assess the role of the catalyst structure in the
synthesis of cyclic carbonates, kinetic measurements as a func-
tion of catalyst loading were performed (for more details see
experimental section). As benchmark substrate 1,2-epoxy-
hexane was chosen, and in all studied cases complete selec-
tivity towards the cyclic carbonate was observed under neat
conditions. The conversion of the substrate was calculated by
'H NMR spectroscopy of an aliquot taken from the reaction
mixture at the initial stage (at low conversion) of the process
assuming “steady-state” conditions working in the presence of
an excess of CO, (see Figure 2). Under these reaction condi-
tions the reaction rate can be defined as Equation 1 and further
simplified to Equation 2 since both the CO, and epoxide
concentration may be considered pseudo constant at the initial
stage of the reaction. The natural logarithm of the rate law

(Equation 2) results in Equation 3, from which is possible to
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Figure 2: Typical "H NMR spectrum of a sample of a crude mixture in CDCl3 (300 MHz) at rt.

afford the order “c” with respect to the catalyst concentration by

examination of a double logarithmic plot.

Rate = k -[CO, * -[epoxide]” - [cat]" (1)

with [cat]® = [Zn]4-[I]¢ in the binary and [cat]® = [Znl]¢ in the
bifunctional system

Rate = kg, -[cat]®, with k, =[CO,]* -[epoxide]® (2)
In(Rate) = In(k,, ) + cIn[cat] 3)

Before performing the kinetic experiments with Zn complexes 1
and 2, the catalytic activity of NBuyl (the “co-catalyst”) was
first tested where [cat] is equal to [NBuyl]. A linear and well-
behaved correlation between In(Rate) and In([NBuyl]) was
found (Figure 3) with a gradient of 0.734. This apparent first
order in [NBuyl] is expected for the synthesis of cyclic carbon-
ates being comparable with that observed for other similar salts
[38] with the attack of the nucleophile on the epoxide proposed
as the rate-determining step of the mechanism (Scheme 3). This
kinetic behavior was evaluated after 18 h at 50 °C in view of the
very low catalytic activity of NBuyl being virtually absent at
ambient temperature. This fact allowed us to analyze the binary

system and to study the catalytic activity of the binary couple
Zn(salphen) 1/NBuyl since no conversion was observed at
30 °C for NBuyl alone after two hours, whereas a significant
conversion is achieved by the binary system under these latter
conditions.

In (Rate)

y =0.734x - 9.1126
R?=0.9841

-4,8 -4,3 -38 -33 -2,8 23

In((NBu,1))

Figure 3: Double logarithmic plot and to determinate the order in
NBuyl. Conditions: 1,2-epoxyhexane (10 mmol) as substrate, 50 °C,
1.0 MPa of CO, 18 h, [NBuyl] = 0.01-0.12 mol %.

To evaluate the function of the Zn complex and the NBuyl in
the binary catalyst system, three different kinetic experiments
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Scheme 3: Proposed mechanism for the formation of cyclic carbonates mediated by an ammonium salt.

were carried out using similar reaction conditions (30 °C,
1 MPa of COjy, 2 h). Initially, the amount of co-catalyst was
fixed at 0.4 mol % whilst the concentration of Zn complex 1
was varied between 0.025-0.225 mol %. In the second series,
the concentration of Zn was kept at 0.2 mol %, and altering
[NBuyl] from 0.04—-0.4 mol %. In both cases the double loga-
rithmic plot showed a linear behavior providing a slope of 0.889
and 0.915 respectively (Figure 4 and Figure 5).

87 -
92 -
M
©
x 97
£
-10,2
. y =0.889x - 7.295
R?=0.987
-10,7 T
-3,8 -3,3 -2,8 -2,3 -1,8 -1,3
In((Zn])

Figure 4: Double logarithmic plot to determine the order in binary cata-
lyst Zn(salphen) 1/NBuyl in the presence of a (small) excess of NBuyl.
Conditions: 1,2-epoxyhexane (10 mmol) as substrate, 30 °C, 1 MPa of
COy, 2 h, [Zn] = 0.025-0.225 mol % and [NBuyl] = 0.4 mol %. For the
steady state domain using two different concentrations of binary cata-
lyst please refer to Supporting Information File 1, Figure S5.

The apparent first-order dependence on the binary catalyst
system in either case suggests that only one molecule of Zn
complex 1 as well as one molecule of ammonium salt is
involved in the rate-determining step of the catalytic cycle.
Similar results have been reported by Otero and co-workers
[40], describing a monometallic mechanism for dimetallic
aluminum complex 5 (Figure 1). However, in the literature we
can also find different proposals. For instead, North proposed a
second-order dependence on NBuyBr when using the binary
system 4/NBuyBr. A double role of the salt was suggested,
providing bromide as nucleophile for the ring opening of the co-
ordinated epoxide and conversely triethylamine which can acti-
vate the CO,.

85 -
-9
95
)
T
€ 0
£
-105
y=0914x - 7.757
R =0.986
-1 :
34 2,9 2,4 19 14 09

In(INBu,l])

Figure 5: Double logarithmic plot to determine the order in binary cata-
lyst Zn(salphen) 1/NBugyl in the presence of (a small excess of)
Zn(salphen) complex 1. Conditions: 1,2-epoxyhexane (10 mmol) as
substrate, 30 °C, 1 MPa of COj, 2 h; [Zn] = 0.2 mol %, [NBuyl] =
0.04-0.4 mol %. For the steady state domain using two different
concentrations of binary catalyst please refer to Supporting Informa-
tion File 1, Figure S5.

In addition, we also performed kinetic studies using a fixed
ratio (1:1) between the Zn(salphen) complex 1 and NBuyl
(Figure 6) at different concentrations; also in this case a first-
order dependence seems obvious. This result implies that both
the Lewis acid and iodide species are important in the rate-
determining step, therefore they should not be considered sepa-
rately. Thus, the first order in catalyst concentration observed in
these three different experiments that we performed can be
ascribed to the order shown in the catalytic species formed by
both the Zn complex 1 and NBuyl.

Next we turned our focus on the bifunctional system 2 (struc-
ture presented in Figure 1) to examine the order in 2 as to
propose a plausible mechanism for the formation of cyclic
carbonates mediated by this system. With this in mind kinetic
analysis was undertaken by varying the concentration of 2. It
should be noted that in this case an elevated temperature was
required to allow for satisfactory product formation. At lower
temperatures (rt) complex 2 in solution is likely present in an
aggregated form by means of intermolecular interactions
(Figure 7) as was recently demonstrated by Santo Di Bella for a

similar Zn(salen) complex comprising ammonium bromide
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Figure 6: Double logarithmic plot to determine the order with respect
to the binary system NBuy4l/Zn complex 1. Conditions: 1,2-epoxy-
hexane (10 mmol) as substrate, 30 °C, 1 MPa of COy, 2 h, [Zn] =
[NBuyl] = 0.10-0.35 mol %. For the steady state domain using two
different concentrations of binary catalyst please refer to Supporting
Information File 1, Figure S5.
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Figure 7: Proposed association for complex 2 and schematic struc-
ture for bifunctional complex 9.

functions in the ligand scaffold [46]. The presence of reminis-
cent Zn—I coordination patterns has also been reported by our
group [47]. Another possible barrier to overcome is the (strong)
ion-pair effect between the methylpyridinium unit in 2 and the
iodide when comparing to the binary system Zn(salphen)
1/NBuyl. Thus, to potentially break the Zn-I coordinative inter-
action and to enable both Lewis acid and nucleophilic functions,
the reaction had to be heated to at least to 40 °C. A similar
behavior was observed in previous work from our group for the

trinuclear complex 9 (Figure 7) since high temperatures were
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Figure 8: Double logarithmic plot to determine the order in Zn com-
plex 2. Conditions: 1,2-epoxyhexane (10 mmol) as substrate, 80 °C,
1 MPa of COy, 2 h; [2] = 0.205—-0.69 mol %. For the steady state
domain using two different concentrations of bifunctional catalyst
please refer to Supporting Information File 1, Figure S6.

required for the dissociation process of the coordinating iodides
[28].

Thus, catalytic experiments for bifunctional complex 2 were
finally performed at 80 °C and at a CO, pressure of 1 MPa.
After 2 h, aliquots of the crude reaction mixtures were checked
by 'H NMR to determine substrate conversion, and from these
data it was possible to correlate the rate with the catalyst
concentration in the range 0.205-0.69 mol %. A pseudo-second
order was found for the catalytic system indicating a dimetallic
reaction mechanism (Figure 8) as was also suggested by Rieger
et al. for iron catalyst 6 [41]. This experimental evidence
suggests that in the rate-determining step one molecule of the
Zn complex 2 may activate the substrate through coordination,
while the iodide anion of a second molecule of 2 attacks the co-
ordinated epoxide (Scheme 4).

This mechanistic proposal does not seem to be affected by
temperature, since the apparent second-order dependence was
also found when the kinetic experiments were executed at 50 °C
(see Supporting Information File 1, Figure S2 for more details).

To further increase the credibility of a dimetallic mechanism,
the bifunctional Zn complex 2 incorporating a methylpyri-
dinium iodide fragment was combined with an external halide
source (i.e., NBuyl). At relatively low temperature, such a
combination should behave (mostly) as a binary system as com-
plex 2 and NBuyl alone have lethargic activation behavior.
Therefore it may be anticipated that a pseudo first-order
dependence results from this combination of catalyst compo-
nents. We thus performed a series of reactions with a constant

NBuyl loading (0.6 mol %) while varying the concentration of
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catalyst 2/NBuyl are shown.

bifunctional Zn complex 2 (0.1-0.4 mol %). These experiments
were carried out at 40 °C, a minimal reaction temperature
required for the bifunctional catalyst to provide a sufficiently
disaggregated state and thus the required Lewis acid centers for
catalytic turnover when combined with NBuyl (Figure 9).

In(Rate)
o
w

9.9 y=0.915x-7.716
R? = 0.898

24 1,9 1,4 0,9
In(2)

Figure 9: Double logarithmic plot to determine the order with respect
to the bifunctional Zn complex 2 in the presence of NBuyl. Conditions:
1,2-epoxyhexane (10 mmol) as substrate, 40 °C, 1 MPa of CO,, 2 h;
[2] = 0.1-0.4 mol %, [NBuyl] = 0.6 mol % [48].

At this temperature individual catalytic conversions for bifunc-
tional complex 2 and ammonium salt alone (2.0 and 2.6%, res-
pectively) are much lower compared with the combination of
both (16.5%). Thus, we can assume that the conversion data
observed in these experiments correspond mostly with the in
situ formed binary catalyst Zn(salpyr)-Mel 2/NBuyl. Under
these reaction conditions the initial rate is directly proportional

to catalyst concentration and the corresponding double loga-
rithmic plot gives a slope of 0.915 (Figure 9). The effect of the
catalyst concentration on the rate for bifunctional complex 2 in
the presence or absence of an (external) co-catalyst is markedly
different: a pseudo-first order seems apparent for complex 2 in
the presence of NBuyl consistent with a monometallic mecha-
nism, whereas for bifunctional complex 2 alone the activation
of the substrate requires two molecules of 2 (Scheme 4). This is
an interesting observation since in the work from Lu et al. [43]
an exact opposite observation was done; the comparison
between a bifunctional and binary type Co(salen) catalyst for
polycarbonate formation revealed that the bifunctional system
displays a first order and the binary system a second order rate
relationship.

Conclusion

In summary, kinetic investigations for the addition of CO, into
epoxides mediated by Zn(salen) complexes were performed to
obtain a more complete understanding of the reaction mecha-
nism. In particular, the binary system 1/NBuyl was compared
with the structurally related bifunctional system 2 and both
were shown to behave differently. A first-order dependence on
catalyst concentration for the binary system was found in line
with previous computational work on this system [36]
while a second-order rate dependence was observed for the
bifunctional catalyst 2. These observations thus support a
monometallic mechanism when Zn species 1 and NBuyl are
combined, while a bimetallic mechanism seems more likely for
the bifunctional complex 2. The possibility of using this type of
alkylammonium halide functionalized ligand in the synthesis of
new salpyr-based complexes (M = Co, Cr) allows to reconsider

and improve the design of this kind of bifunctional catalyst as to
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prepare efficient mediators of both cyclic as well as polycarbon-
ates starting from epoxides and CO,. In particular the presence
of a tethered co-catalyst with a long enough linker between the
ligand and the nucleophilic center [49,50] could allow for more
efficient combination with the Lewis acid ion thereby creating a
higher degree of synergy.

Experimental

General procedures

Carbon dioxide was purchased from PRAXAIR and used
without further purification. Epoxide substrate and tetrabutyl-
ammonium iodide are commercially available and were used as
received. Complexes 1 [51] and 2 [27] were prepared according
to literature procedures. NMR spectra were recorded using a
Bruker AV-300 spectrometer and referenced to the residual
NMR solvent signals.

Typical catalysis procedure

A solution of the respective catalyst in 10 mmol of 1,2-epoxy-
hexane (1.2 mL, 1.0 g) was transferred to a stainless steel
reactor (30 mL). Three cycles of pressurization and depressur-
ization of the reactor with carbon dioxide (0.5 MPa) were
carried out to replace all air by CO; in the reactor. The final
pressure was then adjusted to 1.0 MPa, and the reaction was left
stirring at the required temperature for 2 or 18 h, depending on
the experiment. Afterwards, the conversion was calculated by
TH NMR spectroscopy of an aliquot of reaction mixture using
CDCl3 as solvent. Reactions carried out in the presence or
absence of mesitylene as an internal standard gave similar
results (see Supporting Information File 1, Table S8 for more
details). The carbonate product, 4-butyl-1,3-dioxolan-2-one, has
been previously described, therefore its identification was done
by comparison with reported data [52]. For a photograph of the
reactor see Supporting Information File 1.

Kinetic experiments

For the catalytic studies, the same procedure was used but doing
the reaction in an SPR16 Slurry Phase Reactor (Amtec GmbH).
The AMTEC vessels were charged with the corresponding cata-
lyst. First a leak test was performed with 1.5 MPa of N, to
finally reduce the pressure to 0.2 MPa. Then, the reactors were
subjected to three cycles of pressurization and depressurization
with CO; (from 0.4 to 0.2 MPa). Finally 10 mmol of 1,2-epoxy-
hexane was injected into the reactors and the CO, pressure was
raised to 1 MPa. Reactions were stirred at the appropriate
temperature for two hours. At the end of the process stirring
was stopped, reactors were cooled and depressurized. The
conversion of the substrate was examined by '"H NMR spec-
troscopy (CDCI3) of an aliquot taken from the crude reaction
mixture. For a photograph of the Amtec reactor system see

Supporting Information File 1.
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Supporting Information

Further details of experimental procedures, typical

'H NMR spectra for the aliquots taken in the kinetic studies
(containing the carbonate product
[4-butyl-1,3-dioxolan-2-one]) and photographs of the
reactor systems used for the catalytic/kinetic studies are
given.

Supporting Information File 1

Experimental procedures, typical 'H NMR spectra for
aliquots taken in the kinetic studies and photographs of the
reactor systems.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-10-191-S1.pdf]
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Supercritical carbon dioxide (scCO,) could be one aspect of a significant and necessary movement towards green chemistry, being

a potential replacement for volatile organic compounds (VOCs). Unfortunately, carbon dioxide has a notoriously poor solubilising

power and is famously difficult to handle. This review examines attempts and breakthroughs in enhancing the physicochemical

properties of carbon dioxide, focusing primarily on factors that impact solubility of polar and ionic species and attempts to enhance

scCO; viscosity.

Introduction

In this day and age, sustainability and renewability are watch-
words. This includes focus within the scientific community on
the philosophy of green chemistry, a concept encouraging the
design of chemically efficient products and processes that
reduce or eliminate the use or generation of hazardous
substances [1]. This can, in theory, be achieved through the
application of a set of ‘principles’, including reduced use and
production of toxic reagents and products, avoidance of auxil-
iary substances where possible, and minimization of the energy
requirements needed for the process, under this umbrella [2].
Attention has been drawn to the potential surrounding by the
use of supercritical fluids and carbon dioxide in chemical
processing and as a solvent [3], thus replacing the volatile
organic compounds (VOCs) that are currently commonly used

[4]. These VOCs are environmentally hazardous and notori-

ously difficult to dispose of so a reduction in use would
improve the sustainability of many chemical processes. As well
as being readily available, cheap, non-flammable, recyclable
and unrestricted by the US Environmental Protection Agency
(EPA) [3,5-15], supercritical CO; (scCO») is non-toxic so could
potentially be used for the production of consumable products,
such as pharmaceutical and food products [14] as well as
already being an established system for numerous processes
[16], including extractions [17], nanoparticle production and
modification [18-21] and polymer processing [22-25]. Super-
critical fluids also make appealing solvents due to the opportu-
nities for tuning of solvent properties through changes in
temperature and pressure; supercritical conditions are also
easily reached with CO,, with critical pressure (P.) and
temperature (7.) being 72.8 bar and 31.1 °C, respectively.
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Unfortunately, scCO, suffers from a range of inconvenient
physicochemical properties ordinarily required for an effective
solvent, with a lower viscosity, dielectric constant [26,27] and
surface tension in comparison to other common reference
solvents. Also, as CO; is a linear molecule with no net dipole
moment there is significant difficulty dissolving polar and ionic
species [26].

As well as looking to modify physicochemical properties of
scCO;, to increase its appeal as a solvent, the ability to control
properties will aid CO; use in other avenues, including atmos-
pheric CO, capture, sequestration and storage as well as
enhanced oil recovery processes (EOR) [28,29]. Increasing
levels of atmospheric CO; is a substantial challenge faced by
scientists, politicians, engineers and economists, and carbon
capture and sequestration (CCS) is one of the favoured tech-
niques envisaged for tackling this. The ease and efficiency of
both EOR and CCS require the fluid properties to be managed
and controlled; both of these techniques would be both econom-
ically and technically more viable if the viscosity of CO; used
could be increased (leading to a reduction of viscous fingering
during EOR and giving generally more overall control
in CCS). The physicochemical properties of CO, have thus
far been managed through the addition of soluble and self-
assembling additives, such as surfactants and polymers [11,30-
51].

Viscosity of CO, has been shown to be modifiable through the
addition of aggregation and self-assembly of polymers and
surfactants; however before internal/aggregated structures can
be considered, and therefore viscosity modifiers developed, it is
essential to ‘crack’ the puzzle of solubility, solvophilicity and
CO,-philicity.

Review

Solvent compatibility — solubility and
solvophilicity

Solubility is the property of a given substance (solute) that
allows dissolution in a solvent leading to a homogeneous solu-
tion. It is measured in terms of the maximum amount of solute
that can be dissolved in a solution at dynamic equilibrium, i.e.,
until the solution is fully saturated. Solubility can be quantified
using either molar units, mol dm™, or mass per unit volume
units, such as g L™!. Solubility range can vary widely, from
infinitely soluble (fully miscible) to poorly soluble. The term
insoluble is often applied to solutes with very poor solubility,
although in actuality there are very few truly insoluble systems.
Solubility is determined by the balance of intermolecular forces
between solvent and solute, along with the entropy change that
occurs on dispersal of the solute, so is therefore dependent on

both pressure, temperature and system polarity. Solvophilicity

Beilstein J. Org. Chem. 2014, 10, 1878-1895.

could be defined as the affinity a solute has for a given solvent,
therefore CO,-philicity would represent the affinity a solute has
for CO,.

A commonly coined term, ‘like dissolves like’ is often used in
regard to solubility [52], i.e., polar solutes are easily solubilized
by polar solvents. Molecular polarity arises from a separation of
electrical charge within a molecule that leads to an electric
dipole/multipole moment. It is dependent on a difference in
electronegativity between the atoms within a compound and the
degree of asymmetry in the compound. Point group determin-
ation is useful for the prediction of polarity. If individual dipole
moments within a molecule cancel each other out, the molecule
will not be polar. Any molecule with an inversion centre, a hori-
zontal mirror plane (o), or multiple C,, axes will not have
dipole moments and therefore will not be polar, (Cy, Cg, Coop,
D Cy and Cyy do not have a dipole moment). CO, has a point
group of D, so is not polar.

As previously mentioned above, the difficulty observed in solu-
bilisation of polar solutes in carbon dioxide is a substantial
problem which must be overcome if the possibility of scCO, as
a solvent is to become a reality. Early studies by Consani and
Smith [53] into the solubility of commercially available surfac-
tants in scCO, showed that the majority are insoluble, with a
few non-ionic surfactants showing marginal solubility (out of
the 130 or so surfactants tested). Following this discovery
efforts have been directed towards the development of CO,-
soluble additives. Focus has primarily been in surfactant and
polymer design in water-in-CO, (w/c) systems, however, atten-
tion is now beginning to expand into other alternative systems,
including ionic liquid-in-CO; systems [54-56] and the produc-
tion of microstructures such as lamellar and bicontinuous
phases [43,48].

Solubility

Surfactants

Surfactant tails — fluorinated surfactants: Fluorine has a high
electron affinity and electronegativity, hence fluorocarbons with
a carbon number () that is equal to or greater than 4 have lower
boiling points and refractive indices than the corresponding
hydrocarbons [57] (different behaviour is observed when n < 4).
Additionally, fluorocarbons have a larger molecular volume in
the liquid state in comparison to corresponding hydrocarbons;
therefore the polarizability per volume (a/v) and the Hilde-
brand solubility parameter (3, Equations 1) are significantly
smaller than the equivalent hydrocarbons.

[AH, -RT
8=, |—— o
Vm
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The Hildebrand solubility parameter 6 can be used as an indica-
tion of solubility of a substance, as it provides a quantifiable
estimate of the degree of interaction between materials. The
parameters in Equation 1 are enthalpy change through vaporisa-
tion (AHy), gas constant R and temperature 7" divided by molar
volume (Vy,).

As CO; also has a low dielectric constant, a/v and 9, it is
expected that fluorocarbons and CO, will be more compatible
than HCs and CO,. It can therefore be said that fluorocarbons
are more CO,-philic than the corresponding hydrocarbons. A
range of surfactants are discussed throughout this review; the
structures of which are displayed in Table 1.

Table 1: Structures of CO»-philic surfactants discussed in this review.

Compound Structure

Beilstein J. Org. Chem. 2014, 10, 1878-1895.

Fluorocarbon-based surfactants have been used frequently in
the field due to the high solubility of fluorocarbon chains in
liquid and supercritical CO,. They were first introduced by
Hoefling, Enick and Beckmann in 1991, through the synthesis
of fluorinated AOT (Aerosol-OT, sodium dioctylsulfosuccinate)
analogues and the observation of Windsor II microemulsions
[26]. Microemulsions are thermodynamically stable dispersions
of two or more immiscible/partially miscible fluids which are
stabilised through the addition of amphiphilic molecules, such
as surfactants or polymers. The domains created are on the
nanometer scale leading to the dispersions being transparent or
translucent in appearance. The microemulsion appearance does
not alter over time. Following this discovery, a vast array of
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Table 1: Structures of CO,-philic surfactants discussed in this review. (continued)
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fluorocarbon surfactants have been investigated and success-
fully solubilised in dense CO, to form w/c reverse micelles and
microemulsions; this area has been extensively reviewed
[36,38,63]. In more recent years, efforts have been made to
reduce fluorocarbon use due to the high expense and ensuing
environmental hazards [64-67]. Investigations focusing on
partially fluorinated hybrid surfactants as a way to reduce fluo-
rine content began in 1994 with the design and synthesis of
F7H7, a partially fluorinated surfactant with an n-C7 fluoro-
carbon chain and an n-C7 hydrocarbon chain (Table 1, com-
pound 1) [27,58,68]. Subsequently both surfactant development
and the understanding of applications of scCO, have advanced
considerably. Surfactant solubility has been previously
expressed in a range of ways based on pressure and tempera-
ture phase behaviour studies. The phase instability Py, (cloud
point pressure) is the minimum pressure where a dispersion is a
stable single transparent phase. It has been used as a measure of
surfactant efficiency in CO,, with a lower Py, being equated
to a more efficient surfactant. The w value expresses the degree
of water uptake or the number of water molecules solubilised by
the additive/surfactant being tested in CO, and is quantified by
the water-to-surfactant ratio (Equation 2). A relationship
between w value and Py, has been highlighted, with Pyapng
increasing with increased w value [45].

_ [water]
W= 4urfactant] @

The effects of the surfactant chain length on microemulsion
stability and the effects of fluorination have also been investi-
gated, with studies showing that longer surfactant tails lead to
increased stability in microemulsions. This is possibly due to
increased interfacial activity and the changing of the terminal
group from -CF3 to -CF,H reduces ease of microemulsion for-
mation [35,69,70]. A systematic study by Mohamed et al. [59]
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identified the minimum amount of fluorine needed in a surfac-
tant to remain CO,-philic. This was achieved with a controlled
range of fluorinated AOT analogues, di-CFn, where n = 1-4
(with di-CF4 having fully fluorinated C4 groups and di-CF1
having the minimum level of fluorination, Table 1, compounds
2-5), and a HC control analogue (di-C5SS, Table 1, compound
6) containing no fluorine. The study also looked at the effects of
replacing a terminal fluorine atom with hydrogen (n-CF3 to
n-CF,H), hereby introducing a dipole moment at the end of the
chain; a property that has strong possibility of decreasing CO,-
philicity. This also leads to a reduction in the levels of fluorine,
making the precursors cheaper [61,71]. Overall the study identi-
fied important factors for CO,-philicity as well as several
avenues that could potentially be pursued further. A key CO,-
philicity indicator identified was surfactant coverage at the
water-CO, interface, which can be quantified using surface
tension measurements of aqueous solutions and the interface

coverage index g, Equation 3.

Vel
¢surf - C%meas 3)

Where Vieas is the total fragment volume at the interface and
Veal is the volume of surfactants in total. Ve, is calculated
using the area of surfactant headgroups (A4¢m¢) and the interfa-
cial thickness (1) [59,72], Equation 4.

V.

meas

= Aime XT “4)

An increased ®g,r value ensured a greater separation at the
interface between CO, and water, see Figure 1.

A linear relationship between Ogyrf, Pirans and Yeme (surface
tension of aqueous solutions) has been identified, with Ogy,¢
increasing with decreased Pians and yemce. This has been

Figure 1: A visual representation of fluorocarbon surfactants at the air—water interface, highlighting the fragment and interfacial volumes is used to
calculate the surface coverage (Pgf). The measured surfactant molecular volume is Vineas and the calculated volume is Vi), based on the summa-
tion of fragments and the free space in the interface Vjee. Reprinted with permission from [72]. Copyright 2011 American Chemical Society.
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observed with a range of surfactants, including fully and
partially fluorinated and hydrocarbon-based surfactants
(Figure 2).
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Figure 2: Correlation between relative surface coverage (Pgyrf) — see
Figure 1, limiting aqueous surface tension (y¢mc) and cloud point pres-
sure (Pyans)- Circled points represent CO»-philic surfactants which are
either fully fluorinated (red circles) or partially fluorinated (black
circles), non-circled points represent non CO»-philic, hydrocarbon-
based surfactants. There is a linear relationship between ®gf, Yomc
and Pyans, With higher surface coverage values corresponding to lower
cloud point pressure and surface tension at cmc. Reprinted with
permission from [59]. Copyright 2012 American Chemical Society.

Surfactant tails — siloxane, hydrocarbon and oxygenated
surfactants: Though the use of fluorocarbons can be signifi-
cantly reduced through the development of hybrid, semi-fluori-
nated surfactants, the race toward the development of a non-
fluorinated, CO; soluble surfactant is of primary focus in this
field. These include hydrocarbon based, siloxane based and car-
bonyl based/oxygenated surfactants (Table 1, compounds 1-10)
[13,42,47,60,61].

Trisiloxanes have been identified as stabilisers for emulsions in
both water-in-carbon dioxide and carbon dioxide-in-water
systems but have yet to be seen to stabilise microemulsions.
Investigations were carried out with a range of ethylene oxide
(EO) repeat units, with an inversion of emulsion morphology
from water-in-carbon dioxide to carbon dioxide-in-water as EO
repeat units increased from 2 to 7. There was noteworthy
stability at EO7 thought to be due to the strong solvation of the
trisiloxanes by CO, [47].

Hydrocarbon based surfactants: As previously mentioned,
the compatibility of many commercially available hydrocarbon
surfactants has been investigated to find that the majority are
not CO,-philic [53], however, efforts to increase CO,-philicity
have been made through intelligent surfactant design and syn-
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thesis. Several structural aspects have thus far been identified as
increasing CO,-philicity of hydrocarbon surfactants, including
the degree of surfactant tail branching and methylation [49],
where increased tail branching and methylation led to increased
solvophilicity in carbon dioxide in comparison to linear alkanes.
This in turn led to the formation of w/c microemulsions with
increased stability. It is thought that this is due to weaker inter-
actions between surfactant tails as well as lower surfactant
affinity to water thus leading to an improved partition coeffi-
cient.

Pitt et al. [73] drew attention to the fact that surfactants with
tert-butyl chain tips have the lowest surface energies for hydro-
carbon surfactants following a systematic study using a range of
surfactant types. Following this study, two variations of AOT
with tert-butyl tipped chains were observed to have low water-
CO; interfacial tensions (Table 1, compounds 8 and 9). The
presence of reversed micelles was also confirmed with small-
angle neutron scattering (SANS) where the w value = 0,
although phase separation occurred immediately upon water ad-
dition [59]. SANS is a non-invasive technique that utilizes
elastic neutron scattering at small scattering angles in order to
investigate internal sample structure over length scales of
~10 A-1000 A. It is used extensively in the field of colloid
science due to the ability to identify a range of internal struc-
tures, as well as having the capacity to contrast individual
components in a multicomponent mixture through selective
isotropic (hydrogen/deuterium) labelling. Research around a
group of tri-chain surfactants has been carried out through the
addition of a third extensively methylated tail in hope to both
enhance CO, compatibility and to also reduce surface energy
[39]. TC14 (sodium 1,4-bis(neopentyloxy)-3-(neopentyloxycar-
bonyl)-1,4-dioxobutane-2-sulfonate, Table 1, compound 10)
was solubilised in water, heptane and supercritical carbon
dioxide and aggregates were characterised with SANS [39,60].
Results from surface tension measurements show that y
decreased as the number of tails increased, which is attributed
to hydrocarbon tail packing efficiency balanced against head-
group repulsions, as well as the increase in the number of low
energy methyl groups per headgroup. Expectations surrounding
the impacts of chain-tip structure on CO;-philicity also
supported data from previous studies [49], with structures
having a greater extent of chain-tip branching showing a lower
Pirans in comparison to those which baring less chain-tip
branches [60]. Sagisaka et al. have synthesised and success-
fully solubilised a hydrocarbon based CO;-philic surfactant,
SIS1 (sodium 2-(4,4-dimethylpentan-2-yl)-5,7,7-trimethyloctyl
sulfate, Table 1, compound 11) [61]. It was designed on the
basis that a strongly hydrophobic tail was needed to efficiently
solubilise surfactant in CO, alongside the discovery that a

highly methylated isostearyl unit is highly CO,-philic following

1883



the successful stabilisation of silver nanoparticles using
isostearic acid [74]. It was compared to TMN-6 (Table 1, com-
pound 12), a non-ionic surfactant with highly branched alkyl
tails and around eight oxyethylene units which has previously
been reported as solubilising water up to a w, value of 30 (w,
value is similar to w value, however, uses a corrected water-to-
surfactant ratio, where the number of moles of water solu-
bilised by carbon dioxide is taken into account) when tempera-
tures and pressures exceed 55 °C and 210 bar, respectively [75-
77]. SIS1 has been observed to achieve a w, value of 50 but
only with high temperature and pressure (55 °C and 210 bar).
Both the cmc and the 4.y, (the surface area per molecule) of
SIS1 were around 1.5 and 1.7 times larger than that of TMN-6
(1.5 x 1073 mol L™! ¢f. 8.8 x 1074 mol L™! and 103 A2 cf.
70 A? respectively) resulting potentially from the bulkier
isostearyl tail or from the increased electrostatic repulsion from
the larger sulfate head group. The surface tension at cmc was
marginally lower in SIS1 cf. TMN-6 (25 mN m™! cf.
26 mN m™ !, respectively), indicating that SIS1 has a greater
ability to lower interfacial tension and therefore a higher solubi-
lizing power in CO;. It is hypothesised that w/c microemul-
sions may be obtained at lower pressures and temperatures if;
(i) the CO,-philicity of reversed micelles can be increased, (ii)
if there are reduced attractive interactions between micelles or
(iii) if the solvent power of CO; could be tuned to make it more
hydrocarbon-like [61]. It was reported that these properties
could be modified through co-solvent/co-surfactant addition or
by tuning the position and the amount of methyl groups on the
surfactant tail [61].

The concept of FFV: A range of different models have been
used to attempt to predict and quantify CO,-philicity. One very
popular approach is the concept of fraction free volume, or
FFV, defined by Johnston et al. [78]. The fractional free volume
of an adsorbed monolayer is calculated from surfactant tail
geometry and surface coverage, using the surfactant tail volume
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(V), the surfactant tail length (¢) and the area of the surfactant

headgroup at critical micelle concentration (A4¢y¢), Equation 5:

FFV=1-V/, )

cmce

Surfactants with lower FFV values are expected to be effective
CO;-philes, corresponding to improved solubility of surfactants
and therefore increased stability with the formation of w/c
microemulsions. The concepts and properties identified as
effectively making surfactants soluble in CO; are known to
reduce FFV; fluorinated surfactants have a significantly larger
tail volume in comparison to their hydrocarbon counterparts,
and hydrocarbon surfactants with increased branching and a
larger number of surfactant tails (tri-chain surfactants vs double
chain surfactants) have been seen to be more CO,-compatible
[39,49,60,73,78]. A reduced value for FFV leads to a more
densely packed interfacial film and therefore a decrease in both
CO, and water penetration into the surface layers. Penetration
of CO; into the surfactant film could destabilise the aggrega-
tion structures, see Figure 3. Unfortunately the concept of FFV
cannot be used exclusively as a measure of CO,-philicity but
has served as a useful tool along with Py,,s and @gy,f, for
guiding selection and design of CO,-compatible surfactants.

Oxygenated surfactants: Oxygenated hydrocarbon chain
surfactants have also been identified as potential replacements
for fluorocarbon surfactants for applications in supercritical
carbon dioxide. Kazarian et al. carried out a study investigating
the interactions between CO, and carbonyl groups using FTIR
spectroscopy with polymers incorporating electron donating
(carbonyl) groups. These polymers showed splitting of the band
corresponding to the CO, v, mode, which was not observed in
spectra from polymers without electron-donating groups [71].
The splitting is likely to be caused by Lewis acid-base interac-
tions, arising from electron donation from the lone pair of the

SO;zNa

SO3Na

Figure 3: Structures illustrating the difference in fraction free volume (FFV) within a surfactant tail region through fluorination. On the left is a surfac-
tant with a relatively high fractional free volume (DiH8) and on the right a surfactant with relatively low fractional free volume. The use of bulky fluorine
atoms decreases the volume available to the solvent, hence reducing FFV value [78]. Reprinted with permission from [78]. Copyright 2004 American

Chemical Society.
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oxygen in a carbonyl group to the electron-deficient carbon
atom in CO,. On this basis carbon dioxide should also interact
favourably with other Lewis bases, another potential reason that
fluorocarbon surfactants exhibit high solubility in scCO,
[26,79]. This is also supported by Reilly et al., who indicated
that CO, is more likely to behave as an electron acceptor over
an electron-pair donor, through a study investigating CO, inter-
actions with d-methanol. Research confirmed that a
d-methanol-CO; complex occurred through Lewis acid-base
interactions over hydrogen-bonding interactions [80].
Oxygenated hydrocarbon-based molecules have also been
designed for use in CO, by Raveendran et al., where selected
carbohydrates were solubilised indicating the potential that they
hold as alternative CO,-philic groups (Table 1, compound 13)
[62]. Eastoe et al. stabilised spherical reverse micellar
microemulsions (characterised by SANS) with specifically
designed AOT analogues; one containing a carbonyl group in
each chain along with a fert-butyl at the chain tip (AOK,
Table 1, compound 14) and another with twin vinyl acetate
oligomeric chains (AO-Vac, Table 1, compound 15).

Table 2: Structures of CO»-philic polymers discussed in this review.
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Polymers: Amphiphilic block-copolymers are classic examples
of molecules which have an inherent ability to adsorb at inter-
faces and generate aggregation structures. Polymeric micelles
may be generated in water and have been used in a range of
applications, including biomedical science for drug delivery
[81,82]. Judicial choice of the chemical nature of block compo-
nents could help drive the formation of structures, such as
reverse micelles, in scCO,. Many of the factors that have been
employed to increase CO,-philicity of small molecule surfac-
tants have reapplied during the design of CO,-philic polymers.
The structures of polymers discussed in this review can be seen
in Table 2.

Fluorinated polymers: One of the first polymers reported to be
solubilised in CO, was Krytox 16350 (Table 2, compound 16),
a perfluoropolyether (PFPE) oil [83] with a molecular weight of
11350 g mol™!. The study showed that polymer solubility
decreases with increased molecular weight with lower molec-
ular weight polymers (<15000 g mol™!) showing high solu-
bility in scCO,. The effects of head group composition and

Name Reference

Krytox 16350 [83]
Teflon AF [11,12]

Poly(propylene glycol)-diol [13]
Poly(propylene glycol) monobutyl ether [13]
Poly(propylene glycol) acetate [13]
Poly(ether carbonate) [13]
Poly(methyl acrylate) [84]
Poly(vinyl acetate) [84]
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Table 2: Structures of CO,-philic polymers discussed in this review. (continued)
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polymer chain length were investigated by Howdle et al. [90].
When the PFPE polymers were in their carboxylic acid form no
microemulsions were formed, however, upon the conversion of
the headgroups to ammonium carboxylates w/c microemulsions
were observed. The length of the polymer tail was also shown
to affect the ability to form microemulsions. The optimum
molecular weight was found to be around 2500 g mol™!, with
longer chain lengths being too CO;-philic, whereas shorter
chain lengths were too hydrophilic to disperse extensive quan-
tities of water within reverse micelles [90]. Partially fluorinated
analogues, including an ethylene-based copolymer and fluori-
nated Teflon analogue Teflon AF have also been solubilised in
CO; (Table 2, compound 17) [11,12].

Non fluorinated polymers: There has also been a large amount
of research around non-fluorinated polymer analogues, for the

Poly(dimethylsiloxane) [85,86]
Cellulose triacetate [87]
Cyclodextrin [88]
Poly(lactic acid) [89]
Glucopyranoside [89]
Pluronic [51]

same reasons as surfactants, to reduce fluorocarbon use. The
identification of Lewis acid—base interactions as a mechanism
for solubility in CO, has given rise to many potentially CO,
soluble polymers, including oxygenated and acylated species
[26,71,79,80]. The first non-fluorous polymers to be effectively
designed and solubilised were poly(propylene glycol)-diol,
poly(propylene glycol) monobutyl ether, poly(propylene glycol)
acetate and poly(ether carbonate), (Table 2, compounds 18-21)
[13]. Beckman et al. developed a set of design rules for CO,-
philic polymers based on both theoretical and experimental
approaches [91]. These include (a) chain flexibility (for
example, the addition of ether/oxygen linkages can increase the
flexibility within the polymer backbone or side chains); (b) free
volume, similar to the FFV principle mentioned earlier, with
tert-butyl groups and other highly branched moieties giving a
decrease in free volume; (c) presence of functional groups that
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have thermodynamically favourable interactions with CO5; (d)
low crystallinity; this can be decreased by increased branching
structures on side chains and finally (e) a low glass transition
temperature (7) [92]. There are also several factors that have
been identified as having a negative impact on polymer solu-
bility, including the presence of amine-functional groups and
allyl polymers with a —CHj-spacer between the polymer back-
bone and the side chain or group [85,91]. These have since been
used more as a set of guidelines as opposed to a set of hard-and-
fast rules; poly(methyl acrylate) (PMA - Table 2, compound 22)
has a greater degree of acetylation than poly(vinyl acetate)
(PVAc - Table 2, compound 23) but has a much higher melting
point and is insoluble in CO, [84].

A significant amount of experimental and theoretical work has
been carried out on the addition of CO,-philic moieties to
polymer backbones and side groups, including the addition of
tertiary amines and pyridine (all analogues tested were insol-
uble) [91] and siloxanes (poly(dimethylsiloxane) (PDMS,
Table 2, compound 24)), which has the highest solubility of all
known non-fluorinated polymers in carbon dioxide [85,86].
There is also promise being seen with organic hydroxylated and
oxygenated compounds such as cellulose triacetate [87],
cyclodextrins [88], amorphous poly(lactic acid) and glucopy-
ranoside [89] (Table 2, compounds 25-28) as well as polymers
with incorporated ether linkages [87].

Beckman and Enick et al. have a large body of both practical
and theoretical work around polymer solubility in carbon
dioxide [84]. The first reported use of ab initio modelling to
design oxygenated hydrocarbon polymers for use in CO, was in
2009, where one oligomer and two polymers were synthesised
and found to be soluble in CO, after ab initio predictions. The
molecules OAO, PVMME and PVMEE were derived from the
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smaller CO,-philic moieties MIA, 2MME and 2MEE. It is
hoped that other macromolecules could also be designed based

on these moieties in time (Figure 4).

Unfortunately, ab initio modelling can be quite limiting as there
are interactions and factors that cannot be taken into account.
These include effects of temperature, density effects of the
solvent, polymer—polymer interactions and the fact that only
interactions between polymer segments and the solute can be
computed, as the polymer cannot be represented as one macro-
molecule but instead must be represented in smaller fragments.

The induced micellisation by scCO, of commercially available
Pluronic polymers/poloxamers has also recently been observed
at low temperatures [51]. Pluronics are non-ionic triblock
copolymers with a central hydrophobic polyoxypropylene
(PPO) unit edged by two hydrophilic polyoxyethylene (PEO)
units (Table 2, compound 29). It is hypothesised that the
increased hydrophobic interaction of the internal PPO blocks
with CO, during addition is responsible for the change in
morphology. These polymeric micelles differ slightly from
those that have been previously reported due to the amphiphilic
nature of their cores; ensuring that both non-polar and polar
components could be dissolved in the micellar interiors.

Conclusions — factors impacting solubility in CO»

Significant effort has gone into further understanding the
origins and intrinsic properties for both surfactant and polymer
solubility in scCO,, which have been highlighted above. These
include the inclusion of CO;-philic moieties which show
favourable interactions with CO,, such as Lewis bases and fluo-
rocarbons. Effort has been made to move away from the use of
fluorocarbons in both surfactant and polymer design, but they
are still potentially the most CO,-philic moieties observed thus
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Figure 4: Structures of three CO,-philic candidates: (30) MIA, (31) 2MEP and (32) 2MMP and the respective polymer candidates they produce:
(33) -OH terminated oligo(3-acetoxy acetate), OAO, based on MIA; (34) -OCOCHj3 terminated OAO, also based on MIA; (35) PVMEE, poly(vinyl
1-methoxyethyl ether-co-acetate), based on 2MEP and finally (36) PVMME, poly(vinyl methoxymethyl ether-co-acetate), based on 2MMP.
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far. This is thought to be due to their high molar volume and as
well as their lower polarisability volume and solubility para-
meter, leading fluorocarbons to be more akin to CO, (with low
dielectric constant) than the respective hydrocarbon counter-
parts. There has been success in the design and synthesis of
non-fluorinated polymers and surfactants, with hydrocarbon
based, siloxane based and carbonyl and oxygenated hydro-
carbon surfactants and polymers successfully solubilised [11-
13,26,83,84,86,91].

Several models for quantifying solubility have also been devel-
oped: (A) the concept of Fractional Free Volume. Depending on
surface tail geometry and surface coverage calculated using the
tail volume and length and the surfactant headgroup, a lower
FFV value is expected to be a better CO,-phile because of a
more densely packed interfacial film, leading to increased
stability at the interface. (B) Surfactant coverage at the inter-
face (®gy,f). This is a similar property to FFV, but taking into
account the fractional fragment volume of surfactant at the
interface in respect to the volume of surfactant in the entire
system. The fragment volume at the interface is calculated using
the interfacial thickness and the area of surfactant headgroups at
critical micelle concentration. Increased @y, s corresponds to
greater separation between two phases at the interface.

Viscosifiers for CO»

Though solubility of additives in CO; is a very important factor,
the eventual goal would be to have the ability to tune solvent
properties with solutes, as is commonly done with regular
solvents (e.g., water). As discussed above, a huge amount of
research has been carried out around solubility and identifying
and quantifying the properties that make any given additive
CO,-philic. Alongside this, work focusing on modification of
CO; solvent properties has been undertaken; viscosity is one of
these key properties, with viscosity enhancing solutes acting
through increasing internal structure. The majority of structures
observed with surfactants and polymers in CO; have been
spherical reversed micelles [69], however, other anisotropic
surfactant aggregate structures have been observed. Surfactants
and polymers that undergo self-assembly and aggregation
provide convenient ways to develop structure and affect
viscosity. Examples of self-assembly structures that are
commonly used to enhance viscosity include ellipsoid and rod-
like micelles, worm and lamellar structures, bicontinuous
phases and also the formation of gels [32,46,49,50,93-95].

Polymeric CO; viscosifiers: Several polymeric thickeners for
CO, have previously been identified, following investigations
into polymer solubility in CO, [96,97]. Heller et al. identified
poly(1-decene) (P-1-D, Figure 5, compound 37) as having
potential CO, viscosifying properties due to its high solubility
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in CO;, [97]. This work has been built on by Zhang et al. along
with another low molecular weight, CO,-philic polymer;
poly(vinyl ethyl ether), (PVEE, Figure 5, compound 38)
[98,99].

37 38

Figure 5: Structures of poly(1-decene) (37, P-1-D) and. poly(vinyl ethyl
ether) (38, PVEE).

Viscosities of the polymer-thickened CO, were measured by
capillary viscometry across a range of pressures along with
cloud point pressures. Higher Py, values were observed for
PVEE systems in comparison to the P-1-D systems, attributed
to the presence of the oxygen containing ether group in the
polymer (previously established as a group capable of
increasing CO;-philicity and therefore solubility in CO;)
[26,71,79,80]. Results showed that the viscosity of the polymer
thickened CO, (WCO,/PVEE) was around 13 to 14 times higher
than that of the pure CO, (LCO;) (LCO, = 0.048-0.063 mPa s
cf. uCO,/PVEE = 0.68-0.95 mPa s and pCO,/P-1-D =
0.70-0.93 mPa s) at 329.15 K [98]. Enick and Beckman et al.
successfully enhanced the viscosity of dense CO; by a factor of
around 5 to 400 through the addition of fluoroacrylate and
styrene copolymers at a range of polymer concentrations
(1-5 w/w %) and styrene:fluoroacrylate molar ratios [100].
Cloud point pressures indicated that polymer solubility
decreased with increased concentrations of styrene in the
polymer chain, due to poor solvency of styrene in CO,. It was
anticipated that m—n stacking between phenyl groups is a main
contributor to the viscosity increase, through its provision of a
fundamental intermolecular force needed to raise viscosity in a
system. The optimum composition of polymers for viscosity
enhancement in this study was 29 mol % styrene:71 mol %

fluoroacrylate.

Surfactant headgroups — counterion effects: An important
area of investigation is salt addition and counterion exchange in
surfactant headgroups. The effects of counterion exchange from
Nat to MZ" jons ( Mg2+, CaZ*, Co?*, Ni2", Cu?* and Zn2+) on
Aerosol OT in water-in-oil (w/o) microemulsions has been
investigated [101]. A range of aggregate morphologies was
characterised through SANS, with Na(AOT), Mg(AOT), and
Ca(AOT), forming spherical micelles with reduced viscosities
of around 2.5 cm® g™! in comparison to rod-shaped micelles
formed by Co(AOT),, Ni(AOT),, Cu(AOT), and Zn(AOT),
which showed a reduced viscosity of between 10 cm? g~! and

1888



20 cm3 g~ 1. Though this was not a CO,-water system, AOT has
been the basis for many successful CO,-philic surfactants, so
attempts have been made to apply this strategy to CO;, surfac-
tants.

Work using the fluorinated surfactant anion di-HCF4 changing
the normal Na™ counterion for Co?™ or Ni%" resulted in an
increase of viscosity between 20-90% over shear rates of
6000-10000 s~ ! at approximately 6-10 wt % with Ni(di-CF4),
in comparison to the minor viscosity increase seen for the Na*
ion analogue (approximately 10% over the same conditions)
[49]. The high pressure viscosity data in this study is combined
with high pressure SANS (HP-SANS) characterizations which
confirmed the presence of anisotropic microemulsion aggre-
gates, or rod-like micelles, within samples containing Ni2* and
Co?" counterions. This phenomenon has also been observed
with di-CF3 with the replacement of Na* with Ni2* and Co®"
counterions [8] but not with the tri-branched hydrocarbon chain
TC14 analogue for which spherical aggregates were observed
[102].

Work around the effects of counterion hydrated radius (rpyq)
and critical packing parameter (CPP) on self-assembled
morphologies of the CO,-philic hybrid semi-fluorinated surfac-
tant M-F7H4 (pentadecafluoro-5-dodecyl sulfate) was carried
out by Cummings et al. through the substitution of a range of
metal counterions (Li-F7H4, K-F7H4, Na-F7H4 and Rb-F7H4)
[32]. It is known that ryyq of the M™ ion can impact preferred
curvature and therefore impact surfactant morphology, and
exchanging counterion induces a change in effective ion size
through the hydrated radius (Figure 6).

The study indicated that micelles in water and CO, should have
a range of geometric packing parameters as a function of M, as
interfacial packing density and limiting the area of the head
group at the critical micelle concentration (A4¢p) are dependent
on the identity of M* (highlighted through surface tensiometric
measurements). Decreases in cmc, 4.y and surface tension
were observed with a respective increase in the size of the
counter ion (Li* < K* < Na* < Rb™). 4. is a good approxima-
tion of the limiting area per head group in micellar aggregates
and can be used to estimate the critical packing parameter,
Equation 6.

Where V' is the surfactant tail volume and ¢ is the maximum
extended length of the tail group chains within the micelle.
Surfactants with smaller tail volumes (V) and larger head

groups (A¢me) Will have CPP values of <1 and will self-
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Figure 6: Schematic showing how hydrated cation radius (rhyq) medi-
ates surfactant headgroup repulsions by controlling limiting headgroup
area at critical micelle concentration (Agmc). Changes in Agme and rhyqg
affect preferred curvature and therefore aggregate morphology in
water and scCO,. Reprinted with permission from [32]. Copyright 2012
American Chemical Society.

assemble with a positive surface curvature, whereas those with
smaller headgroups and larger tail volumes will have CPP
values of >1, giving rise to a negative surface curvature and
reverse micelles. As CPP value of a system decreases towards
1.5—1, reversed cylindrical and rod-like reversed micelles are

expected to form.

When CPP < 0.33, normal curved spherical aggregates are
expected, if 0.33 < CPP < 0.5, ellipsoidal or rod-like aggregates
are expected to form and when 0.5 < CPP < 1, lamellar struc-
tures are expected to form. SANS was used to characterise
morphologies of M-F7H7 at the air-water interface, which were
in line with the predictions from CPP values: Li-F7H4
(CPP = 0.26) and K-F7H4 (CPP = 0.44) formed prolate ellip-
soids, Na-F7H4 formed rods (CPP = 0.40) and Rb-F7H4
formed vesicles (CPP = 0.52) at w = 12.5 systems. An increase
of the w value lead to micellar elongation in the Li*, Na* and
K* systems and no change in the Rb™ systems. The area of
counterion exchange and its impact on surfactant packing in
CO; has been extensively reviewed by James et al. [41]; readers

are referred to this for further information on the subject.

Co-surfactant, salt and additive addition: Methods of
viscosity enhancement in general have been reviewed by
Trickett et al. with a specific focus on surfactant gel formation
through the production of worm-like micelles [50]. Worm-like

micelles have been shown to build viscosity through entangling
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or cross-linking of the structures, which then generates a struc-
tural network and enhance elasticity and viscosity [31,50].
Micellar growth in these systems was induced through the addi-
tion of co-surfactants and additives. Though the review does not
include gelation in CO, systems, it is still worth mentioning due
to the inclusion of fluorocarbon and AOT surfactants since
AOT derivatives and fluorocarbon surfactants have both been
successfully solubilised in dense CO,. The one-dimensional
growth of worm-like micelles has been reported with the addi-
tion of cosolvents and salts with a range of surfactants,
including anionic, cationic and mixed surfactants, in oil-in-

water systems [95].

Salt addition to an amphiphilic system is known to screen the
charged surfactant headgroup repulsions, which leads to a
reduction of the effective headgroup size [103]. This leads to a
reduction in preferred curvature (as described by the CPP
model) and therefore the formation of microstructures that
favour reduced curvature, such as rod-like micelles.
Hydrotropic salts have shown to be successful in elongating
spherical reverse micellar structures to form rod-like and ellip-
soid microemulsions in alkanes, and also interestingly scCO,
systems [40,94,104]. Extensive work by Hatzopoulos et al. has
been carried out to investigate further the impacts of
hydrotropic salt structure and water level (w) on AOT surfac-
tant microemulsion structure in w/o systems [40,105,106]; these
findings were used as the basis for designing CO,-philic
analogues. James et al. studied the impacts of w value and

39 CyBenz sodium ethylbenzoate
40 CyBenz sodium butylbenzoate
41 CgBenz sodium octylbenzoate
42 PhenCjy sodium phenylpropanoate
43 PhenCsy sodium phenylpentanoate

44 CyclohexCj
45 CyclohexCs
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sodium cyclohexanepropanoate
sodium cyclohexanepentanoate
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hydrotrope concentration in water-in-oil (w/o) and in water-in-
scCO, (w/c) systems using universal surfactant TC14 [94]. In
general, in both w/c and w/o systems, as w level is increased
morphologies transitioned from cylinders to ellipsoids, and
finally to spheres. This is accounted for through the decrease of
the aqueous concentration of the hydrotrope toward the critical
aggregation concentration (cac) with increased water content;
when the hydrotrope concentration decreases below the cac,
spherical micelles are formed. In this study, a range of
hydrotrope structures was also investigated, see Figure 7. It was
also discovered that hydrotropes with longer alkyl tails (com-
pound 40 — C4Benz and compound 41 — CgBenz) had the
greatest solubilisation capacity, followed by the remaining
“long” hydrotropes (compound 43 — PhenCs and compound 45
— CyclohexCs), which could be due to the destabilizing effects
of the rings in the surfactant layers. Hydrotropes with equal
numbers of C atoms also had similar upper temperature bound-
aries (C4Benz, CsPhen and CyclohexCs) [40].

James et al. recently published research around the use of
hydrotropes with a universal surfactant TC14 reporting spher-
ical to rod reverse micellar transitions in both w/o and w/c
systems [94]. Impacts of water content, hydrotrope structure
and hydrotrope mole fraction (X, Equation 7) were investigated.

_ [hydrotrope]
X= [hydrotrope] + [surfactant] ™

ONa 42

3

ONa 43

3!

ONa 44

ONa 45

{9

Figure 7: Abbreviated names and structures of hydrotropes tested by Hatzopoulos et al. [40,105,107].
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Micellar elongation was observed in water-in-oil systems with
increased w value; though this is the opposite of that which was
observed by Hatzopoulos et al. [40], this is attributed to the
aqueous concentration of the hydrotrope never reaching the cac,
due to the inability of TC14 to stabilise w values as high as
those observed within AOT microemulsions [42]. Increased
hydrotrope mole fraction also lead to increase in micellar elon-
gation and hydrotrope structure was also shown to impact elon-
gation; however, there was no visible trend around the magni-
tude of elongation and hydrotrope structure (hydrotrope struc-
tures investigated include hydrotropes 39-43, Figure 7). For
water-in-CO, systems the structure of the hydrotrope was
shown to have minimal impact on morphology and higher mole
fractions of hydrotrope gave rise to an increase in microemul-
sion elongation; this was significantly less pronounced than
those seen in water-in-oil systems [94].

AOT surfactant organogels have also been induced in isooctane
through the addition of trace levels of para-substituted phenols
(p-ethylphenol and p-methylphenol, Figure 8), with reports of
vast viscosity enhancements up to ~5 orders of magnitude with
phenol addition being as low as 0.1 mol dm™3 [93,104,108].
Particularly stiff gels were formed when the surfactant concen-
tration and the phenol concentration were close to 1:1 and soft-
ening appeared when the surfactant:phenol ratio moved to
around >3:1 or <1:3; the gels ‘melted’ when trace amounts of
water were added to the system. The gel is thought to be formed
through a stacked phenolic structure, with AOT adsorbing onto
the external surface. FTIR data indicates that there was
hydrogen bonding between AOT and the phenolic species
[93,104]. Though AOT is not CO,-philic, significant develop-
ments surrounding AOT, like those made by John et al. are
included in this review, in hope that they may shed light on
potential CO; viscosifiers due to the CO,-philicity of many
AOT analogues.

/©/0H \Q/OH
Figure 8: Structures of para-methylphenol and para-ethylphenol. Para-

substituted phenols have been shown to trigger gel formation in AOT
w/o systems [94,104] .

Hydrotropic salts have also been shown to increase internal
structure through intermolecular n—= interactions. Highly
ordered macroscale structures were formed through surfactant
self-assembly with the addition of the hydrotropic salt benzyl-
amine hydrochloride (BnNH,-HCI) to a sodium sulfonate
surfactant (sodium dodecylbenzene sulfonate, SDBS) [109].
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With hydrotrope addition, self-assembly of the surfactant into
multilamellar vesicles was observed. Multi-lamellar vesicles
consequently transform into ultra-long fibres when
[BnNH;-HCI] > [SBDS]. These ultra-long fibres are visible
through optical microscopy and can entangle which would lead
to an increase in viscosity. The one dimensional fibre growth is
attributed to directional forces arising from n—= interactions
between the phenyl groups present in both the surfactant and the
hydrotrope.

Conclusions — viscosity enhancers in dense CO»

There is a range of approaches to help develop viscosity in
scCO,, most of which surround the principle of building
internal structure. Exchange of surfactant counterion has been
known to impact viscosity in both water-in-oil and water-in-
CO, systems; research by Eastoe et al. [101] showed that coun-
terion exchange from Na™ ions to heavier MZ" ions lead to the
formation of rod-shaped reverse micelles when transition metal
analogues were used as opposed to spherical micelles with the
use of Na*, Mg and Ca2" ions in AOT systems. An increase
in reduced viscosity was observed along with the change in
morphology. This was then built on through research around
counterion exchange in a range of CO,-philic surfactants, where
the same phenomenon was generally observed and accompa-
nied by a significant viscosity increase when M* ions were
exchanged for M2" jons [32,49]. Effective ion size, hydrated
ion radius and surfactant critical packing parameters were some

of the factors used to explain these phenomena [32,41].

The addition of low molecular weight polymers has shown
some promise, with viscosity increases being observed in
polymer containing CO, in comparison to pure CO,, which are
attributed to strong intermolecular forces arising from n—m inter-
actions of phenyl groups in the polymeric constituent [96-100].
Salt addition to systems is also shown to drive the formation of
elongated micelles, leading to increased screening of the surfac-
tant headgroups and reduction in effective headgroup size and
therefore favouring a reduced surface curvature. Similarly, the
addition of hydrotropic salts and phenols to microemulsions can
lead to positive viscosity builds in both water-in-oil and water-
in-carbon dioxide systems as observed by Eastoe et al. and John
et al. [40,94,104]

Emerging areas using supercritical CO,

Bicontinuous and lamellar phases, lamellar liquid crystals
and foams: Klostermann et al. has recently reported research
around balanced supercritical CO, microemulsions; systems
where there are equal volumes of carbon dioxide and water
[43]. These systems use a polyfluoroether surfactant
(poly(ethylene glycol) perfluoroalkyl ether), along with
commercially available ethoxylated surfactants Zonyl FSN 100
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and Zonyl FSO 100 and NaCl. SANS data and phase behaviour
work indicated that these systems follow a bicontinuous struc-
ture, with microemulsion domain size increasing with increased

pressure [43].

Sagisaka et al. reported the production of water-in-CO, lamellar
structures after a study using fluorinated double-chain anionic
surfactants with varied chain lengths. Surfactants with chain
length n = 4, 6, & 8 were found to form spherical reverse
micelles and those with chain length n = 2 were found to form
lamellar structures (confirmed through SANS). These observa-
tions are accounted for through the reduction of CPP with
shorter fluorocarbon surfactant tails. The surfactant where n = 4
showed the highest solubilizing power out of those tested
(w = 80); the reason for this is still unclear, although it has been
proposed that this is due to the formation of a water-in-CO,
bicontinuous microemulsion (also based of the reduction of
CPP value) [48].

Carbon dioxide-in-water (¢/w) foams have been formed with a
range of branched non-ionic hydrocarbon surfactants and their
viscosities, stabilities and morphologies studied using
microscopy and capillary microscopy for potential application
in CCS and EOR [110,111]. Surfactant design requirements are
more flexible for ¢/w foams in comparison than for w/c
microemulsions, due to the lower y values needed to stabilise
w/c microemulsions [112]. Branching in the surfactant tails was
seen to increase foam stability in comparison to linear chain
surfactants, through reducing the contact of water and CO,. The
greater stability of ¢/w films in comparison to air-in-water (a/w)
was attributed to a smaller film size as well as smaller y and ©

(surface pressure) values.

Ionic liquid-in-scCQO,: Room temperature ionic liquids (ILs)
are organic salts composed purely of organic and inorganic ions
with a melting point below 100 °C. They have recently received
a significant amount of attention, and due to their chemical
stability, non-flammability, low toxicity and low volatility are,
alongside supercritical CO,, regarded as green solvents [113].
Research has particularly focused around combining ILs with
scCO; to form microemulsions with the hope to combine the
advantages of each solvent. Liu et al. have reported the forma-
tion of IL-in-CO, microemulsions using a highly fluorinated
surfactant, N-ethyl perfluorooctylsulfonamide (compound 49,
Figure 9). Ionic liquids solubilised included 1,1,3,3-tetramethyl-
guanidinium acetate (TMGA, compound 46, Figure 9), 1,1,3,3-
tetramethylguanidinium lactate (TMGL, compound 47,
Figure 9) and 1,1,3,3-tetramethylguanidinium trifluoroacetate
(TMGT, compound 48, Figure 9). Additives such as methyl
orange, CoCl, and HAuCly were solubilised within the IL

domains, which were shown to be spherical micelles by trans-
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Figure 9: Structures of 1,1,3,3-tetramethylguanidinium acetate (46),
1,1,3,3-tetramethylguanidinium lactate (47), 1,1,3,3-tetramethylguani-
dinium trifluoroacetate (48) and N-ethyl perfluorooctylsulfonamide (49),
as used in IL-in-CO, microemulsions.

mission electron microscopy (TEM). The group also observed
an increase in Py, With increased w value, as expected
(w = 0.1-0.8) [54].

Chandran et al. have mapped the formation of reverse IL
micelles in scCO, through a computer simulation technique,
which also gives evidence for the production of stable IL
droplets within a continuous CO, phase through amphiphilic
surfactant addition. This study suggests that microemulsion
stability is dependent on ionic liquid anion-surfactant head-
group interactions and that ionic liquid cations play only a
minor role [55]. The study was also indicative of the presence
of ellipsoidal reverse micelles, which is supported by SANS
data previously carried out on a similar IL-in-oil system [56].

Conclusion

Over the last 20 years there have been significant developments
surrounding the use of supercritical carbon dioxide, both as an
alternative green solvent to volatile organic compounds but also
towards the efficiency of carbon dioxide handling with a view
to enhance carbon capture and sequestration techniques, as well
as enhanced oil recovery. This has come in several forms,
through identifying factors that lead to an enhancement of CO,-
philicity in additives as well as the development of CO, viscosi-
fiers. A combination of these breakthroughs may lead to both
commercially viable and practical surfactants and additives that
will effectively thicken CO;. A myriad of structures has been
observed in water-in-CO, systems, including a range of reverse
micellar shapes to bicontinuous phases and lamellar structures.
The virtuous properties of scCO, as a solvent could be
enhanced further through the use of IL-in-CO, systems, thus
combining with the positive properties of ILs have as solvents.
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Though noteworthy breakthroughs have been made around this
area, more work needs to be undertaken to overcome the unco-
operative nature of CO, to fully utilize it as a solvent and

processing medium.
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Highly efficient CO, absorption was realized through formation of zwitterionic adducts, combining synthetic strategies to ionic

liquids (ILs) and coordination. The essence of our strategy is to make use of multidentate cation coordination between Li" and an

organic base. Also PEG-functionalized organic bases were employed to enhance the CO;-philicity. The ILs were reacted with CO,

to form the zwitterionic adduct. Coordination effects between various lithium salts and neutral ligands, as well as the CO, capacity

of the chelated ILs obtained were investigated. For example, the CO, capacity of PEG|50MeBu,N increased steadily from 0.10 to

0.66 (mol CO, absorbed per mol of base) through the formation of zwitterionic adducts being stabilized by Li*.

Introduction

Carbon capture and sequestration (CCS) from flue gas formed
by combustion of fossil fuel is a critical part of efforts directed
towards the stabilization of atmospheric greenhouse gas levels
[1]. In recent years, there has been intense research worldwide
aimed at the development of various processes and tech-
nologies for efficient CO, capture. These efforts include the
development of liquid and solid absorbents and membranes
[2-7].

Ionic liquids (ILs), which have attractive properties such as
negligible vapor pressure, a wide liquid temperature ranges,
good thermal stability, high ionic conductivity, and versatile

solvation properties [8-11], can be designed for task-specific
applications through the smart choice of the respective cations
and/or anions. Application fields include green solvents for syn-
thesis [9,12-15], efficient catalysts in organic synthesis
[2,16,17], media for advanced separation [18,19], novel elec-
trolytes for energy applications [20,21], and efficient absorbents
for gas separation [2,22-24]. In particular, amino-functional-
ized IL [APBIm][BF4] (1-aminopropyl-3-butylimidazolium
tetrafluoroborate) and ILs being composed of amino acid (AA)
anions and phosphonium or ammonium cations were developed
for efficient CO, chemisorption [23,25-30]. Binary absorbents

derived from superbases together with various non-volatile
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weak proton donors such as hydroxy-functionalized ILs, imida-
zolium ILs, fluorinated alcohol, imidazole and phenol, were
also found to be efficient liquid absorbents allowing for revers-
ible CO, chemisorption [31-35]. In general, two absorbent
molecules are involved to react with one CO, molecule gener-
ating ammonium carbamate (Scheme la) or ammonium alkyl
formate (Scheme 1b). Hence, increasing the 1:2 (CO,:absorbent
molecule) stoichiometry for the CO, capacity to 1:1 is an essen-
tial prerequisite for a breakthrough in absorption techniques
[23]. In this respect, task-specifically designed absorbents have
been successfully synthesized from AAs and applied for 1:1
CO; capture through a carbamic acid formation pathway
(Scheme la, step 1). Notably, equimolar CO, absorption was
obtained using task-specific ionic liquids (TSILs) with the phos-
phonium cation containing long alkyl chains and anions derived
from AAs (prolinate and methioninate) [36], or AA salts with
bulky N-substituents in polyethylene glycol (PEG) solution
[37]. However, procedures for the preparation of ILs usually
include complicated purification procedures or the use of
volatile organic solvents (e.g., toluene, acetonitrile). Recently,
Wang et al. developed novel alkanolamine-based ILs through
multi-dentate cation coordination between alkanolamine and
Li" for reversible CO, capture, by simple mixing of equimolar
amounts of alkanolamines with LiNTf, [38]. The strong
complexation of alkali metal cations by crown ethers could
be used to achieve equimolar CO, absorption in systems
containing crown ethers and easily available alkali metal salts of
amino acids, resulting in the respective carbamates (onium
salts) [39].

As previously reported, strong amidine and guanidine bases
such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) can form the
base-CO, zwitterionic adduct in a 1:1 manner under strictly an-
hydrous conditions (Scheme 1c) [40,41]. Herein, we present
such a method combining the formation of ILs and coordina-
tion to achieve equimolar CO, capture through zwitterionic
adduct formation. The essence of our strategy is to make use of
the multisite coordination interaction between Li* and organic

bases or PEG-functionalized organic bases. The readily

base + proton donor (H)
o}

basé'-)J\ o (o)

Co,

base
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prepared ILs were reacted then with CO, to form intramolec-
ular zwitterionic adducts.

Results and Discussion

Taking PEG50MeTMG as a neutral ligand (Table 1), coordina-
tion effects of various lithium salts were investigated (Table S1,
Supporting Information File 1). Only LiSO3CF3 and LiNTf,
formed complexes with PEG|50MeTMG through multisite
coordination. Subsequently, different neutral ligands with alkyl
chains or PEG chain were selected to evaluate the effect of
chelating with LiNTf, on the physicochemical properties of the
resulting ILs as well as the CO; capacities (Table 1).

Typical optimized structures of cations derived from chelation
between neutral ligands and Li* are shown in Figure 1. The
geometry optimizations were carried out by performing DFT
calculations. Four O atoms in PEG50Me chelate with Li* in a
quasi-crown ether manner. For neutral ligands with PEG chain
(PEG 1 50MeIm, PEGljoMeNHz, PEG 1 50MCTMG and
PEG50MeBu,N), all the O and N atoms coordinate with Li* in
a quasi-aza-crown ether fashion. Octlm, OctTMG, TMG, DBU
and DBN generate complexes whereby Li* is bound only to N
atoms. In contrast, the coordination ability of the N atom in
OctBu)N is not strong enough to form a homogeneous chelated
IL with LiNTf;.

Calculation of the energy of the gas phase reaction between
neutral ligands and Li* gave a value for the enthalpy change in
the range of —41.59 to —106.56 kcal mol™! (Table 1, entries
1-11), indicating that the formation of chelated ILs is feasible.

In addition, PEG-functionalization of the organic base enhanced
the complexation ability. For example, AH¢ decreased from
—56.49 kal mol™! (OctIm) to =91.17 kcal mol™! (PEGsoMelm)
for imidazole (Table 1, entry 2 vs 3), from —47.79 kcal mol ™!
(OctTMG) to —106.56 kcal mol™! (PEG50MeTMG) for guani-
dine (Table 1, entry 6 vs 7), and from no complexation
(OctBuyN) to —96.26 kal mol™! (PEG,soMeBu,N) for tertiary
amine (Table 1, entry 8 vs 9).

0
”‘"@Hz %EIJJ\O_ (a)

base (H)" proton donor)ko_ (b)

Scheme 1: Reactions of CO, with amino-group containing absorbents (a), base/proton donor binary system (b) or strong organic base (c).
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Table 1: Stability (AHs) of the cations derived from coordination of Li* in LiNTf, with various neutral ligands and CO, capacity of the derived ionic

liquids?@.
o o) [\ o] [\
HO*\/ )5 HgN(/\/ ); NVN/(/\/ )5 N%/N/m
PEG50Me PEG50MeNH, PEG5,Melm Octim
NH leﬁ A%
SNTONT \N)\N/ \N)l\N/
| | | | | |
™G OctTMG PEG150MeTMG
- - (0]
n Bu\N/%%\ n Bu\w*\/ )5 N\ji> \
rll-Bu n-Bu N N
OctBu,N PEG;5MeBu,N DBN DBU
Entry lonic liquid AHg/kcal mol=1b COj, capacity®

1 [PEG150MeLil[NTf,] -100.94 0.09 (0.9%)
2 [OctimLi][NTf,] -56.49 0.11 (1.0%)
3 [PEG15oMelmLiJ[NTf,] -91.17 0.16 (1.4%)
4 [PEG150MeNH,LilINTf] -89.39 0.45 (4.4%)
5 [TMGLIJ[NTf,] -41.59 0.65 (7.1%)
6 [OctTMGLIJ[NTf,] -47.79 0.80 (6.8%)
7 [PEG150MeTMGLI][NTf,] -106.56 0.89 (7.1%)
8 OctBUoN/LINTH, - -
9 PEG150MeBU2N - 0.10 (1 .6%)
10 [PEG150MeBU,NLIJ[NTf,] -96.26 0.66 (5.2%)
11 [PEG150MeBu,NLiJ[SO5CF3] -96.26 0.61 (6.2%)
12 [DBULIJINTf] -60.22 0.50 (5.0%)
13 [DBNLI]INTf] -60.50 0.75 (8.0%)

@lonic liquids were prepared by mixing of a neutral ligand with LiNTf, in 1:1 molar ratio. CO, absorption was carried out at 25 °C and absorption equi-
librium was reached within 20 min. PEnergy of the gas phase reaction between the neutral ligand and Li*, was calculated with DFT, using the
B3PW91 functional with the 6-311++G (d,p) basis set as implemented in the Gaussian 09 program package. “Mol of CO, captured per mol of ionic
liquid. Results in bracket were grams of CO, absorbed per gram of absorbent.

The structures of the chelated ILs were confirmed by thermo-
gravimetric analysis (TGA), NMR (see Supporting Information
File 1, Figure S2), in situ FTIR under CO, pressure and mass
spectrometry. The thermal stability of the chelated ILs was
strongly increased compared to the corresponding neutral
ligands. The decomposition temperature increased by 90 °C and
60 °C for PEG|50MeTMG and PEG;50MeBu;N, respectively,
after coordination with LiNTf, (Figure 2a).

In the 'TH NMR spectrum, the proton signals of the four methyl
groups in guanidine of PEG|50MeTMG shifted from
2.63-2.72 ppm to 2.96 ppm after reacting with equimolar
amounts of LiNTf, (Figure 2b). The corresponding anion
CF3S03, the twelve protons moving only from 2.63-2.72 ppm
to 2.71-2.75 ppm, indicate that there is only little influence of
the anion on the nature of the coordinative bond. In the case of
tertiary amines (e.g., PEG|50MeBu;N), all the protons shifted
downfield after forming the chelated IL with LiNTf,. Changing

the anion to CF3SO3~ had negligible influence on the
coordination ability. All the neutral ligands shown in Table 1
gave a downfield shift in the 'H NMR spectrum after
chelating with Li*, in accordance with the electron density
decreasing through coordination. Furthermore, the formation of
chelated ILs was also verified by ESI-MS (m/z = 268.27
for [PEG;50MeTMGLi]* and m/z = 282.32 for
[PEG|50MeBu,NLi]") (Figure S3, see Supporting Information
File 1). In the in situ FTIR spectrum, the C=N absorption band
of the neutral ligand PEG|5)MeTMG was shifted from
1616 cm™! to 1592 cm™! after reacting with equimolar amounts

of LiNTf, as depicted in Figure 3a.

The effect of various chelated ILs on CO, absorption was
subsequently examined using LiNTf, as coordinating reagent.
The CO, absorption capacity, defined as mol of CO, captured
per mol of IL, was estimated from the weight increase of the

reaction mixture. As shown in Table 1, ILs of weak basicity,
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Figure 1: Typical optimized structures of complex cations derived from chelation between Li* and neutral ligands. H: white, C: grey, O: red, N: blue,

Li: purple. Bond lengths are in A.
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Figure 2: (a) Comparison of the thermal stability between the neutral
ligands and the corresponding chelated ionic liquids after coordinating
with LiNTf,, being detected by TGA; (b) "H NMR (CDCl3, 400 MHz)
spectrum of PEG150MeTMG and PEG450MeBusN before and after
reacting with lithium salts (LiNTf, and LiSO3CF3).

such as [PEG;59MeLi][NTf,], [OctImLi][NTf,] and
[PEG50MeImLi][NTf,] showed a poor CO;, sorption capacity,
implying that only physical interactions with CO, were present
(Table 1, entries 1-3). The primary amine-functionalized IL
[PEG;50MeNH,Li][NTf,] gave rise to CO, uptake approaching
1:2 stoichiometry (Table 1, entry 4) as expected from the
proposed mechanism for the formation of ammonium carba-
mate as shown in Scheme 1a [38]. Notably, the CO, capacity of
guanidine-functionalized ILs increased in the order of
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Figure 3: In situ FTIR spectra of neutral ligands and the corres-
ponding chelated ionic liquids after reaction with LiNTf,, as well as the
reaction mixture after CO, absorption in the absence or presence of
water.

[TMGLIi][NTf;] (0.65) < [OctTMGLIi][NTf,] (0.80) <
[PEG|50MeTMGLIi][NTf,] (0.89 mol CO, absorbed per mol of
base) (Table 1, entries 5-7), indicating that the CO,-philic
nature of the PEG chain facilitates CO, sorption. Generally, an-
hydrous tertiary amines absorb CO, only under high CO,
pressures to form instable zwitterionic alkylcarbonate salts
(Table 1, entry 9) [42]. [PEG 50MeBuyNLi][NTf,] and
[PEG|50MeBuyNLi][SO3CF3] were able to rapidly reach 0.66
and 0.61 CO, capacity, respectively. Thus, tertiary amino-func-
tionalized ILs with multidentate cation coordination have a
much better performance probably due to the formation of a
zwitterionic adduct being stabilized by Lit (Table 1, entries
10 and 11). Indeed, the CO; absorption capacity of
[PEG50MeBu,NLi][NTf;] increased steadily from 0.10 to
0.66 mol CO, absorbed per mol of base when the molar ratio of
LiNTf,/PEG|50MeBuyN was varied from 0 to 1. When the
molar ratio was increased to 1.5, no further promotion of the
CO;, capacity was observed (Figure 4). In contrast, when
PEG50MeTMG was employed as the neutral ligand, the CO,
capacity decreased from 1.66 to 0.89 mol CO, absorbed per mol
of base as the molar ratio of LINTf,/PEG|50MeTMG was
increased from 0 to 1, probably due to decreased basicity

of guanidine after coordinating with Li*. At last, ILs
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[DBULi][NTf;] (0.50) and [DBNLi][NTf2] (0.75 mol CO,
absorbed per mol of base) had a CO, capacity below 1:1 stoi-
chiometry expected from the proposed mechanism (Scheme 1c),
owing to highly increased viscosity after CO, absorption
(Table 1, entries 12 and 13). Compared on a weight basis, a
CO;, capacity of 5.0 wt % to 8.0 wt % was obtained with ILs
from neutral ligands/LiNTf, (Table 1, entries 5-7 and 10-13).
This is much higher than for the conventional IL 1-hexyl-3-
methylimidazolium hexafluorophosphate (0.0881 wt %) [43],
and comparable to amino-functionalized imidazolium-based IL
(7.4 wt %) [23] and ILs derived from amino acids [24]. Hence,
our IL system has the potential to be utilized for industrialized
CO, absorption processes.

1.8
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Figure 4: Influence of the ratio of LiNTfy/neutral ligands
(PEG150MeTMG and PEG1590MeBu3N) on the CO, capacity of the
coordinating mixtures.

The in situ FTIR spectrum of [PEG;50MeTMGLi][NTf,] and
[PEG50MeBuyNLi][NTf,] before and after reaction with CO,
are shown in Figure 3. For [PEG|5MeTMGLIi][NTf;] as
absorbent, the C=N stretching band at 1592 ¢m™! shifted to
1622 cm™! after reaction with CO,. A characteristic peak

centered at 1685 cm™!

is assigned to the stretching vibration of
the carbonyl group in the zwitterionic alkyl carbamate, which is
quite different from that in HCO3™ (1588 cm™!). For the reac-
tion of [PEG;50MeBuyNLi][NTf,] with CO,, a new band at
1635 cm™! was assigned to the stretching vibration of the C=0
bond in the zwitterionic product. In addition, a distinct broad

1

band at around 2118 cm™ ' corresponding to the ammonium

cation was observed in the presence of water.

To gain deeper insight into the reaction mechanism of CO,
absorption with chelated ILs, DFT calculations were carried
out. We performed geometry and energy optimizations for the
free [BaseLi]" cation, free CO, and the [BaseLi]™ + CO, com-
plex. As shown in Figure 5, the chelated ILs react with CO,
through nucleophilic attack by the N atom, to form the zwitter-
ionic adducts, which are stabilized through coordination
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with Li*. In addition, formation of the zwitterionic alkyl
carbamate is calculated to be associated with an enthalpy
changes of —102.36 kcal mol™! and —89.50 kcal mol™! for
[PEG50MeTMGLi]*/CO, and [PEG50MeBu,NLi]*/CO,, res-
pectively, indicating that the absorption process is thermody-
namically favourable.

Conclusion

In summary, efficient CO, capture was achieved through for-
mation of zwitterionic adducts with readily synthesized chelated
ILs. Multisite coordination interaction between the Li* cation
and organic bases or PEG-functionalized organic bases is
thought to be responsible for forming the amidine, guanidine or
tertiary amine-functionalized ILs, after reaction with CO; to
form zwitterionic adducts in a 1:1 manner. Coordination effects
between various lithium salts and neutral ligands, and the CO,
capacity of the obtained chelated ILs were investigated.
Indeed, the thermal stability and the CO, capacity of the neutral
ligands (e.g., PEG|50MeBu;N) was highly increased after coor-
dination with lithium salts to form chelated ILs (e.g.,
[PEG|50MeBuyNLi][NTf;]).

Experimental

Materials

All reagents used in this work were purchased from Sigma-
Aldrich and used without further purification. CO, with a purity
0f 99.999% was obtained commercially.

Experimental methods

TH NMR spectra were recorded on a Brucker 400 spectrometer
in CDClj. Residual CHCI3 (7.26 ppm) was used as internal
reference. '13C NMR spectra were recorded at 100.6 MHz in
CDCl3. Residual CHCl3 (77.0 ppm) was used as internal refer-
ence. In situ FTIR spectra were collected on a Mettler Toledo
React IR ic10, which was equipped with a diamond ATR probe,
using an ic IR analysis system. The probe was placed into the
absorption mixture. Spectra were collected in situ during CO,
absorption, while the mixture was stirred continuously using a
magnetic stir bar. ESI-MS spectra were recorded on a Thermo
Finnigan LCQ Advantage spectrometer in ESI mode at a spray
voltage of 4.8 kV.

General procedure for CO» absorption

The CO, absorption procedure was analogous to the CO,/SO,
absorption procedure we had reported before [35,44]. In a
typical procedure, the CO, capture was carried out in a 10 mL
Schlenk flask. The absorbents were charged into the reactor at
room temperature. Then, the air in the flask was replaced by
passing CO, through a needle, which was inserted into the
bottom of the flask. The absorption was conducted at 25 °C
with a CO, flow rate of 0.1 L/min. The amount of CO,
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(a) CI) \N/ (|) ,,O \N/
[ (i - /)\N/ CO, [ L|+ )\,(]/J\N/ AH = -102.36 keal molt
(b)

VY
[PEG,;oMeBu,NLi]*

Figure 5: The quantum chemistry calculations (enthalpy changes) of the reaction between CO, and [PEG150MeTMGLI]* (a) or [PEG150MeBu,NLi]*

(b); H: white, C: grey, O: red, N: blue, Li: purple. Bond lengths are in A.

absorbed was determined by following the weight of the mix-
ture with an Analytical Balance. Data points were taken with an
accuracy of £0.0001 g every five minutes. Absorption/desorp-
tion was determined for at least three cycles.

Supporting Information

Supporting Information File 1

General experimental methods, synthesis and
characterization of the neutral ligands, lithium salts and the
corresponding chelated ionic liquids.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-10-204-S1.pdf]
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The near-unlimited availability of CO, has stimulated a growing research effort in creating value-added products from this green-

house gas. This paper presents the trends on the most important methods used in the electrochemical synthesis of carboxylic acids

from carbon dioxide. An overview is given of different substrate groups which form carboxylic acids upon CO, fixation, including

mechanistic considerations. While most work focuses on the electrocarboxylation of substrates with sacrificial anodes, this review

considers the possibilities and challenges of implementing other synthetic methodologies. In view of potential industrial applica-

tion, the choice of reactor setup, electrode type and reaction pathway has a large influence on the sustainability and efficiency of the

process.

Introduction
Carbon dioxide recycling

Implementing sustainable, resource-efficient chemical processes
to meet the world’s growing demand for energy and chemicals
is one of today’s major challenges. Depletion of fossil resources
and the ongoing increase of atmospheric carbon dioxide levels
urge to investigate alternative pathways to close the carbon
cycle. The use of carbon dioxide as chemical feedstock is a
logical strategy for this purpose, creating economical benefit

from its capture. At the moment, only a very minor fraction

(<1%) of anthropogenic CO, emissions is actually used [1]. As
an end product of combustion, CO; has a high thermodynamic
stability (AG¢® = -396 kJ/mol), often demanding for an energy
intensive activation. The hydrogenation of CO, to methane for
example is an industrial process which requires high tempera-
tures and pressures to activate CO, [2,3]. Efficient chemical
incorporation of CO, is limited to rather reactive substrates, like

epoxides [4-6] and amines [7-9] to produce cyclic carbonates
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and carbamates, respectively, and even then, elevated reaction
temperatures and/or complex catalyst systems are sometimes
required. Urea is the main industrial product for which CO, is
applied as a C; building block in a reaction with ammonia, still
requiring pressures around 200 bar to drive the equilibrium to
acceptable yields [10,11]. Another important end product of
CO, are inorganic carbonates, like CaCOj3, produced by fast
reaction with metal hydroxides [12]. Carboxylic acids are an
interesting class of products, as important intermediates in the
synthesis of polymers and pharmaceuticals. Hydroxybenzoic
acids are among the few chemicals that are industrially
produced from CO,, via the Kolbe—Schmidt reaction at high
temperatures and CO;, pressures [13-15]. Sodium phenolate is
selectively converted to salicylic acid, a precursor of Aspirin,
while potassium phenolate exclusively yields p-hydroxyben-
zoic acid, used in polyester synthesis (Scheme 1) [16-20].
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Scheme 1: Synthesis of salicylic acid and p-hydroxybenzoic acid via
Kolbe—Schmidt reaction [16-20].

In order to generate carboxylic acids from CO, under relatively
mild conditions, reactive organometallic nucleophiles such as
Grignard reagents can be used, generating a large amount of
waste [21-24]. Electroreduction of CO; can be a worthy alter-
native for these dangerous energy-intensive processes, replacing
toxic or hazardous reducing agents by clean electrons. In this
case, the high thermodynamic stability of CO, is by-passed by a
simple one-electron reduction at an electrode, leading to in situ
generation of reactive intermediates. Often, room temperature
conditions are sufficient, considering that the energy of the elec-
trons is determined by the applied voltage [25]. Since the elec-
troreduction takes place on a cathode surface, the need for com-
plex homogeneous organometallic catalysts is minimized.
Furthermore, electricity will be increasingly of renewable origin
in the future, making organic electrosynthesis a promising tech-
nology for environmentally friendly chemical processes [26].
The electroreduction of CO, can be applied for the synthesis of
fuels like formic acid [27], methanol [28] or methane [29] via
two-, six- and eight-electron reductions, respectively
(Scheme 2). This way electric energy from periodic sustainable

origin, like solar or wind energy, can be stored [30].
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CO, +2H*+2e — HCOOH

CO,+6H +6¢e CH30H + H,0

CO,+8H*+8e CHjy + 2 H,0

Scheme 2: Electroreduction of carbon dioxide to formic acid, methanol
or methane.

Review

In this review, the focus will be on another approach, in which
CO; is fixed in organic chemicals by means of an energy-effi-
cient reduction process to produce valuable carboxylic acids.
This methodology requires only one or two electrons per CO,
molecule, as shown in Scheme 3 for olefins, with the C—C bond
formation highlighted in bold.
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Scheme 3: Electrochemical fixation of CO; in olefins.

Industrial organic electrosynthesis

The chemical industry is devoting increasing research efforts to
the field of organic electrosynthesis [31]. An extended series of
electro-organic processes have already been implemented on an
industrial scale, like for example the electrohydrodimerisation
of acrylonitrile (Scheme 4) [32], or the production of p-meth-
oxybenzaldehyde [33].

N
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Scheme 4: Electrohydrodimerisation of acrylonitrile to adiponitrile [32].

Another interesting industrial process is the simultaneous
production of phthalide and fert-butylbenzaldehyde dimethylac-
etal from dimethyl phthalate and terz-butyltoluene, respectively
(Scheme 5). After separation, by distillation and precipitation,
both products can be used in the production of pesticides [34].
This is an example of a paired electrosynthesis, in which the
anodic and cathodic reactions simultaneously form compounds
that are valuable. This way a combined electrochemical yield,
i.e., the fraction of supplied current going to the desired reac-

tion, is achieved, reducing energy consumption and reaction
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time. This methodology is very environmentally friendly since
there is no generation of toxic wastes, electrical current is used
more efficiently and a high atom economy is achievable [35].
The latter being the fraction of the molecular mass of all reac-
tants which is transferred to the desired product(s). In
Scheme 5, the total atom efficiency is 100% and the electro-
chemical yield reaches 180% [34].
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Scheme 5: Parallel paired electrosynthesis of phthalide and tert-butyl-
benzaldehyde dimethylacetal [34].

Moreover, numerous pilot scale processes have been demon-
strated like the electrohydrodimerization of formaldehyde to
ethylene glycol [36] or the production of glyoxylic acid [37].
The most important reasons for this raised interest are the
higher energy efficiency compared to traditional thermochem-
ical processes, the use of less expensive starting materials, less
aggressive reaction conditions, fewer processing steps and the

discovery of unique synthesis routes [31].
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Despite numerous publications and patents in the field of CO,
electroreduction, no industrial processes are known in which
CO; is electrochemically incorporated in organic chemicals
producing carboxylic acids. This review will give an overview
of various types of electrocarboxylation procedures bearing in
mind the requirements for future industrial application. Besides
the identification of a profitable market for the product, mini-
mized process costs are the major requirement for potential
large scale implementation. Some parameters that influence
these costs are current efficiency, reactor design, electrode ma-
terial and reactant costs.

Electrocarboxylation setups

All electrochemical processes involve an anodic and cathodic
reaction in order to close the electron cycle. Electrons supplied
at the cathode must emerge from an oxidation reaction occur-
ring at the anode (Scheme 6). The electrochemical system
should be optimized to prevent unfavorable interference
between both reactions, since such conflicts cause electric
current to be lost and lead to a decrease in faradaic efficiency.
Electrocarboxylation, the electrochemical fixation of carbon
dioxide in organic chemicals, involves the electroreduction of
carbon dioxide and/or an organic substrate. For olefins, alkynes,
carbonyl compounds, imines and organic halides, this leads to
the formation of carboxylate anions. A counter cation is
required in order to obtain a stable reaction product and an
anodic reaction is necessary to complete the electron cycle. The
anodic generation of this counter cation has been a challenging
and important point of discussion for many years, as will
become clear further in this review. An overview of different
possible setups for obtaining carboxylic acids is given in
Scheme 6.

Cathodic reaction:

2e 2e
1
Reducing
agent +2CO,
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product R o

Scheme 6: Overview of electrocarboxylation setups using (a) a sacrificial anode, (b) an inert anode, generating protons, with a cation exchange
membrane (CEM) and (c) an inert anode, releasing tetraalkylammonium cations.
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Electrocarboxylation reactions can either be conducted with a
sacrificial anode, like magnesium or aluminum, or with an inert
anode, like platinum or carbon. Most research has been focused
on the fixation of CO;, using sacrificial anodes [38-40]
(Scheme 6a). The higher oxidation potential of sacrificial
anodes compared to that of the other reaction species makes this
setup readily compatible with a simple undivided electrolysis
cell, without a membrane separating the catholyte from the
anolyte. This way high current densities can be obtained at rela-
tively low potentials leading to minimized energy consumption.
The absence of unwanted anodic reactions allows maintaining
high current efficiencies without real difficulty. Furthermore,
this counter electrode reaction delivers metal cations (MgZ™,
AP, which rapidly are coordinated by the carboxylate anions
formed at the cathode. Finally, the corresponding metal
carboxylates can be precipitated from organic solvents allowing
easy product isolation. Alongside all the benefits that are asso-
ciated with these sacrificial anodes, the gradual consumption of
the anode material is a major drawback for industrial applica-
tions. Not only is it rather expensive to consume such large
amounts of metal; it also strongly hinders the implementation of
a continuous process. Additionally, in order to obtain the free
acids, an acid hydrolysis step is required, complicating product
purification, and generating a significant amount of waste. The
potential industrial use of electrochemical CO, fixation with
sacrificial anodes should be found in fine chemical applications,

preferably when the carboxylate salt can be used as such.

Considerable efforts have been made in investigating other
electrocarboxylation systems. Replacing the sacrificial anode
with a stable anode brings along several challenges. First of all,
a counter electrode reaction must be identified, delivering
counter cations to balance the charge of the carboxylate anions.
The anodic reactant should be more easily oxidized than the
other species present in the reaction mixture. The possible side
product formed in this anodic reaction should either have no
effect on the system, or be a useful reactant for the cathodic
reaction. The direct formation of free carboxylic acids is a very
interesting approach in this respect, minimizing the amount of
process steps and waste (Scheme 6b). Protons produced at the
anode, however, can have a detrimental effect on the electrocar-
boxylation efficiency, through cathodic formation of hydrogen,
formic acid and other side products [41,42]. Hydrogen forma-
tion can be limited by usage of cathode materials with high
hydrogen overvoltage like lead and mercury, or more environ-
mentally friendly tantalum and zinc [43]. In order to minimize
other side reactions a cation exchange membrane (CEM) is
necessary, allowing different conditions in both compartments,
giving a controlled supply of protons to the catholyte. Besides
the implementation and maintenance costs of such a membrane,

it also causes an elevated ohmic resistance between the elec-
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trodes decreasing the energy efficiency of the process. More-
over, most membranes have difficulty operating in organic
solvents and under high pressure conditions, limiting opera-
tional conditions [44]. The anodic oxidation of more reduction
stable tetraalkylammonium salts is another approach compat-
ible with non-sacrificial anodes (Scheme 6¢). Here, the released
tetraalkylammonium cations function as counter ions for the
cathodically formed carboxylate anions. If the corresponding
oxidation products are not harmful for the cathodic reaction a
simple undivided cell can be envisaged. However, this can also
be considered as a sacrificial process, since the tetraalkylammo-
nium salts are consumed during the reaction. But more impor-
tantly, in contrast to the use of a dissolving anode, this method

allows a more efficient implementation of a continuous process.

The first reports on electrocarboxylation date back to the early
1960s with a patent of Loveland, demonstrating the dicarboxyl-
ation of 1,3-butadiene in a two-compartment cell with a
mercury cathode and a platinum anode, giving a mixture of
mono- and dicarboxylic acids. CO, bubbling through a
catholyte solution of 1 wt % water in DMF, saturated with buta-
diene, yielded up to 50% of 3-hexenedioic acid [45], a result
which unfortunately was difficult to reproduce [42,46]. At that
time, various substrates, like olefins, alkynes and aromatic
ketones, have been electrocarboxylated in these divided cells
[47]. Shortly after, sacrificial anodes made the use of a
diaphragm obsolete, giving satisfactory product yields and
current efficiencies in an undivided cell [38]. From this point on
most of the research in the field of CO, fixation was focused on
this type of setup.

Electrocarboxylation of conjugated dienes

The electrochemical fixation of carbon dioxide in 1,3-buta-
diene has been extensively investigated because of the impor-
tance of adipic acid for the polymer industry. 1,3-Butadiene is
widely available, not only from steam cracking, but increas-
ingly from dehydrogenation of linear butenes. Dicarboxylation
of 1,3-butadiene yields a mixture of 3-hexene-1,6-dioic acid
isomers, which are only one hydrogenation step removed from
adipic acid, a monomer of nylon [41,42,44,48,49]. The general
mechanism of CO, fixation in conjugated dienes is illustrated in
Scheme 7. It is remarkable that only one electron is used per
CO; molecule which is incorporated, making this a very energy
efficient approach. There are two possible pathways to reach the
monocarboxylate radical anion intermediate: one in which first
CO;, is reduced to a reactive CO,"" radical anion, and another
one in which a radical anion is formed from the alkene. It has
been illustrated that both pathways may be operative at the
same time [49,50]. Which mechanism is favored depends
amongst other parameters mainly on the diene type [49-51],
CO; pressure [50] and cathode material [50].
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Scheme 7: General mechanism of the electrochemical dicarboxylation of conjugated dienes [49].

The different reactor setups used for the electrocarboxylation of  In case a stable platinum anode is used, a C5:C6:C10 product
1,3-butadiene and the effect of the counter cation are illustrated — mixture is formed, containing isomers of 3-pentenoic acid (C5),
in Table 1. 3-hexenedioic acid (C6) and 3,7-decadienedioic acid (C10)

(Table 1, entries 1-7). The product distribution is among other
The different anodic reactions that have been used for the things influenced by the water and proton content in the reac-
electrocarboxylation of 1,3-butadiene (Table 1) are illustrated in  tion system. In a divided cell, in which the anolyte consists of
Scheme 8. They are divided into three categories, with (a) the 1% H;SOy in water, no C6 product is formed (Table 1, entry 1).
sacrificial anode dissolution, (b) the proton forming reactions  Only in an anhydrous catholyte and anolyte, applying MgO in
and (c) the oxidations evolving other free cations. the anolyte as reducing agent, the carboxylation becomes more

Table 1: Electrocarboxylation of 1,3-butadiene in different setups.?

Entry Anode Reducing agent CEMP (Cathosfe"’fgtnolyte) C5:C6:C10°  nd (%) (Yield (%))  Ref.
1€ Pt H,0 Yes CH3CN — Ho0f 67:0:33 18 (11) [41]
29 Pt dry MgOo Yes CH3CN — CH3CN 26:58:16 31 (21) [41]
39 pth Ho No CH3CN 0:0:0 0(0) [42]
49 pth H, + dry MgO No CH3CN 75:25:0 3.7 (-) [42]
59 pth H,0 Yes DMF — H,0f —— 3.4 (-) [42]
69 Pt NH3 No CH3CN 33:54:13 5.8 (-) [42]
7i Pt (TEA) 0xalate + TEA formatek No CH3CN 36:52:12 39 (98) [44]
8 Mg Anode No DMF 2:98:0 -(81) [48]
gm Al Anode No DMF 0:100:0 42 (84) [49]

aReactions were performed in conditions presented in corresponding references; Pcation exchange membrane; °C5:C6:C10 = 3-pentenoic acid:3-
hexenedioic acid:3,7-decadienedioic acid; %otal current efficiency; ®mercury cathode; 11 wt % H,SO, solution; Ylead cathode; "platinum hydrogen
gas-diffusion electrode; INH3 present in catholyte; icarbon felt cathode; KTEA = tetraethylammonium; 'tantalum cathode with 2,4,4-trimethyl-1,5,9-
triazacyclododecene nickel(ll) tetrafluoroborate mediator; Mnickel cathode.

(@ Mg —— Mg%*+2e”
Al —— APR*+3e

(b) HyO —= 2H* +1/20,+2 ¢
Hy —— 2H*+2e
NHz ——= 3H*+1/2Ny+3 e~

(¢) Mgo—~ Mg2+ +120,+2e

OW‘HJ\O —_— 2 (CzH5)4N+ +2 COZ +2e”

o *N(CzHs)4

(CoHs)N*

(C2Hs)aN o —~ (CiHs)N'+H*+COp+ 26
0

Scheme 8: Reported anodic reactions for the electrocarboxylation of 1,3-butadiene.
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selective for C6, reaching appreciable current efficiencies
(Table 1, entry 2). Furthermore, the presence of water in the
catholyte decreases the total current efficiency, due to the for-
mation of formic acid [41,42]. It must be noted that, when using
an aqueous and organic solvent in anolyte and catholyte, res-
pectively, the transfer of hydrated protons through the
membrane will cause water to enter the catholyte. Protons in
turn can also favor formic acid generation, but on top of that,
they promote the C5 and C10 formation [41]. It must be noted
that the presence of formic acid illustrates the existence of
mechanism I (Scheme 7). When working in an undivided cell
and using protons as sole counter cation through hydrogen oxi-
dation in anhydrous conditions, only formic acid is produced
(Table 1, entry 3) [42]. The latter stresses the effect of a cation
exchange membrane in providing a controlled proton supply to
the catholyte, minimizing cathodic formation of formic acid. In
these electrosynthesis setups, in which protons are generated at
the anode, cathodes with high hydrogen overpotential, like
mercury and lead, are necessary to minimize current loss
through hydrogen gas formation [41,42].

The counter ion seems to have a significant influence on the
fate of the cathodically formed CO,"™
carboxylation of a carbon skeleton to occur, this radical anion

radical anion. For

needs to react via the radical centered at its carbon atom. Grin-
berg et al. claim that metal or ammonium cations can cause a re-
versible migration of the negative charge between the carbon
and oxygen atoms, allowing the CO,"" radical anion to react
with its C-centered radical [42]. When this CO," radical anion
abstracts a proton from the solvent, proton migration from
oxygen to carbon results in formation of a strong covalent CH
bond, yielding a formyloxy radical, which is further reduced to
a formate anion (Table 1, entry 3). In general terms, one can
conclude that the electrocarboxylation of 1,3-butadiene is not
efficiently performed in aqueous or protic media. MgO has been
considered as an alternative cation source (Table 1, entry 4), but
its solubility in organic solvents is low. Using ammonia as
proton scavenger, with formation of ammonium counter
cations, allows electrocarboxylation of 1,3-butadiene, and can
increase the selectivity for the C6 product (Table 1, entries 5
and 6). The faradaic efficiencies, however, are rather low,
hence, there has been a search to find alternative reducing
agents.

Tetraethylammonium oxalate and formate salts appeared to be
very promising for this purpose, fulfilling both the role of elec-
trolyte and reducing agent. Tetracthylammonium cations have
high reduction stability, while still possessing good ion pairing
properties. The degree of delocalization of the positive charge is
large enough to prevent cathodic reduction and small enough to

allow a quick and stable interaction with the cathodically

Beilstein J. Org. Chem. 2014, 10, 2484-2500.

formed carboxylate anions. Furthermore, oxalate and formate
are easily oxidized at a Pt anode, gradually releasing the
tetracthylammonium cations. The combination of both salts in
acetonitrile gives near quantitative yields of the C5:C6:C10
product mixture, with C6 as the main product (Table 1, entry 7)
[44]. The anodic reaction produces CO, which can directly be
used as reactant at the cathode (Scheme 8), sustaining the atom
economy of the process. This way, however, there is no net
incorporation of gaseous CO, into the organic substrate, but
only net conversion of more energetic oxalate and formate. On
top of that, it is important to realize that both the MgO and the
tetraalkylammonium salts can also be considered as sacrificial
reducing agents. Their advantage over sacrificial anodes,
however, is an easier implementation in a continuous process.
The anodic oxidation of formate generates one CO, molecule
and one proton, giving a controlled supply of protons to the
cathode (Scheme 8). Conducting the electrocarboxylation with
tetraecthylammonium oxalate, without formate salts, increases
the amount of C6 compared to C5 and C10 [44]. The use of
acetonitrile as solvent is ideal when working in an undivided
cell, thanks to its adequate oxidation stability and high dielec-
tric constant. Anhydrous conditions and the easier oxidation of
oxalate and formate, at a Pt anode, compared to butadiene and
the cathodically generated carboxylates, make the use of a
membrane redundant, enabling the use of a simple undivided
cell [44]. Moreover, the use of membranes in non-aqueous or
aprotic environments is unsatisfactory as they become poorly
conducting [44]. This procedure was patented and extended to
various other substrates, like activated olefins, imines, carbonyl
and halogen compounds, and other anions like an azide, which
forms inert Ny upon oxidation [52].

Eventually the electrocarboxylation of 1,3-butadiene was also
conducted with sacrificial anodes, resulting in a high selectivity
for the C6 product (Table 1, entries 8 and 9) [48,49]. Working
under anhydrous conditions allows using another range of
cathode materials, such as nickel, without being limited by the
hydrogen overvoltage. The cathode metal has a large effect on
the product distribution, acting as a catalyst [44,49]. Secondly,
the absence of a membrane allowed the use of high CO, pres-
sures, pushing the selectivity towards the C6 product,
completely eliminating C10 formation [49]. The above-
mentioned benefits of sacrificial anode systems have lead to the
electrocarboxylation of various other conjugated dienes [49-
51,53,54]. In order to increase the selectivity for the C6 product,
dissolved nickel and iron redox mediators have been used
[48,53,54]. The need for such organometallic complexes could
be eliminated by direct electrocarboxylation on nickel or stain-
less steel cathode surfaces [49,50]. Substrates with an internal
conjugated system appear to be less reactive towards CO, fixa-

tion, due to steric hindrance and the presence of electron
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donating substituents [49,51]. However, working at atmos-
pheric CO; pressures and at lower current densities allows
effectively performing the double carboxylation of internal
conjugated double bonds in open chains. This way, conjugated
linoleic acids could be dicarboxylated with a yield approaching
80% at current efficiencies of over 50%, opening the reactant
scope to other renewable dienes [50]. The occurrence of mecha-
nism I (Scheme 7) was illustrated via the formation of oxalic
acid, the CO; dimerization product [50]. Additional insight in
the carboxylation mechanism was gained by comparing the re-
activity of 1,3-cyclohexadiene with a mixture of 2,4-hexadiene
isomers. The fixed cyclic conformation of 1,3-cyclohexadiene
increases its reactivity towards CO, fixation, explained by a
higher adsorption strength on the cathode surface. This suggests
that dienes undergo carboxylation according to mechanism II
while adsorbed on the surface, combined with mechanism I
(Scheme 7). Moreover it was shown that diene configuration
has a strong stereoelectronic effect on the rate of the dicarboxyl-
ation, with the Z,Z-configuration being the most reactive one
[50].

Electrocarboxylation of olefins and alkynes

Many reports have been published on the electrocarboxylation
of olefins and alkynes [55-74]. Most research has been done
using a setup with a sacrificial magnesium or aluminum anode.
The general mechanism of alkyne electrocarboxylation to a 1,4-
dicarboxylated product is shown in Scheme 9. It is highly
similar to the mechanism for electrocarboxylation of olefins. In

h 0=C=0

R1 +e * R2 /
I N — e
() \R2 RN

Scheme 9: General mechanism for electrocarboxylation of alkynes.

Scheme 10: Electrocarboxylation of ethyl cinnamate [70].

Beilstein J. Org. Chem. 2014, 10, 2484-2500.

these reactions a high selectivity for dicarboxylation can be
achieved.

Alkynes and olefins react according to similar pathways,
although a separate mechanism has been proposed for selective
monocarboxylation of alkynes using nickel mediators, usually
with bipyridine or N,N,N',N',N"-pentamethyldiethylenetriamine
ligands [55-60]. These organometallic complexes have also
proven their value in increasing the carboxylation efficiency of
alkenes, without including a specific selectivity for the mono-
carboxylic acid [56]. Monocarboxylation can readily occur as a
side reaction when a small amount of protons are present in the
reaction mixture, or through a proton/hydrogen radical abstrac-
tion from the reaction medium. The triple bond of alkynes is
more active towards carboxylation than the olefin double bond
[56]; furthermore, terminal alkynes are more reactive than
internal alkynes [56-58], both leading to highly selective CO,
fixation. The selectivity towards the dicarboxylation product
can be significantly increased by working at higher CO, pres-
sures [61,66], although an optimum must be found to minimize
oxalic acid formation at high CO, pressures by electrodimeriza-
tion of CO, [72]. Under rigorously anhydrous conditions, the
dicarboxylation product of alkynes, shown in Scheme 9, can be
transformed to a maleic anhydride [61,62]. Alkynes are rather
reactive as such; olefins can be rendered more reactive by intro-
duction of electron withdrawing groups [68-71,73,74]. Thus
ethyl cinnamate was electrocarboxylated in 78% yield to give a
mixture of mono- and dicarboxylated product (Scheme 10) [70].
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Activated olefins like dimethyl maleate and acrylonitrile have
also been reacted in a setup with a stable anode utilizing
tetracthylammonium oxalate, formate or azide salts as the
reductant [52].

Electrocarboxylation of ketones, aldehydes
and imines

As is the case for conjugated dienes, olefins and alkynes, two
possible pathways exist for electrocarboxylation of carbonyl
and imine compounds. One starts with CO; reduction; another
starts with reduction of the substrate (Scheme 11). The second
route is considered as the predominant one [75]. In case the car-
bonyl or imine compound is reduced first, the negative charge
may reside either on the carbon or on the heteroatom. This
results in a first CO, fixation on the carbon or on the
heteroatom, depending on the electron-withdrawing/electron-
donating properties of the substituents R! and R2. In both cases,
a second electron reduction in presence of CO, yields a
carboxylate intermediate with an additional carbonate or carba-
mate group. The latter is converted to the corresponding
a-hydroxy acid or to an a-amino acid after acid hydrolysis in
the product work-up [75-77].

Y

A

Beilstein J. Org. Chem. 2014, 10, 2484-2500.

An alternative mechanism has been proposed for aliphatic alde-
hydes, in which not a-hydroxy acids are formed but in which
CO,, is incorporated on the a-carbon according to Scheme 12
[78]. Here, the reduced aldehyde abstracts a proton from the
a-carbon of an unreacted aldehyde.

The electrocarboxylation of ketones was first described by
Wawzonek, converting benzophenone and acetophenone to
benzylic acid and 2-hydroxy-2-phenylpropionic acid, respect-
ively [79]. This offers an electrochemical route for several
commercially relevant a-aryl propionic acids, used as non-
steroidal anti-inflammatory drugs (NSAIDs) [80]. Therefore,
the electrocarboxylation of aromatic ketones with sacrificial
anodes has been extensively investigated [75-77,81-98]. Some
researchers focused on replacing toxic and volatile organic
solvents with ionic liquids [81-83]. Their negligible vapor pres-
sure, large electrochemical window, good intrinsic conductivity
and high CO; solubility make them interesting solvents for
electrochemical CO, valorization [81-83,99-101]. Under similar
conditions, ketones are carboxylated with higher selectivity for
the a-hydroxy acid compared to aldehydes, and especially
compared to aliphatic aldehydes, like acetaldehyde, which give

Y
- . R R2 (0] Y re
() 0=c=0 te, 0=C=o R%ﬁ(o or /LA 0=C=0
R2 RIFVR2 =C=
Y Y o _
1] te” =C= - 0]
(n R1JJ\R2 — R1J'\R2 (A) _0=C=0 Oél\ +e Y
R1’LL‘R2 0=C=0 oy H YH
. v +e R
Y _ o)
J\ (B) _0=C=0 R 0 0=C=0
R1_ R2 R2

Scheme 11: General electrocarboxylation mechanism for carbonyl compounds (Y = O) and imines (Y = NH) [75-77].

O
/\)OJ\ tle 7 -$H\
H ““H
O

Scheme 12: Electrocarboxylation mechanism of butyraldehyde proposed by Doherty [78].
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very poor yields [84]. Since carbonyl compounds have the ten-
dency to accept an electron more easily than CO,, the reaction
mixture contains a lot of carbonyl radical anions, which can
form vicinal diol dimers (pinacols) as side product [75,76,83].
The ratio of CO; to substrate is of great importance in obtaining
a high selectivity for the o-hydroxy acid products. Working at
high CO, pressures and low carbonyl concentrations gives the
highest faradaic efficiencies, minimizing pinacol formation. The
presence of protons drastically increases the amount of dimer-
ization product and favors the hydrogenation of the carbonyl
group to the alcohol [75,76,82,91]. The cathode material again
plays an important role in the electrocarboxylation of carbonyl
compounds. Toxic lead cathodes [85] and expensive platinum
cathodes [87] can easily be replaced by better performing stain-
less steel [90] and nickel [75,89]. Concerning the reactivity of
carbonyl compounds, it has been demonstrated that the
carboxylation rate of benzophenones is decreased by electron
donating substituents [90]. The pharmaceutical value of the
electrocarboxylation of aromatic ketones to NSAIDs has lead to
a significant number of patents using a sacrificial anode [92-
95]. Since enantioselectivity is crucial for anti-inflammatory
drugs, research has also been performed on the enantioselective
electrocarboxylation of aromatic ketones, using chiral alkaloids
[96-98].

The most important semi-industrial scale electrocarboxylation
processes are related to the synthesis of these NSAIDs. The
a-hydroxy acid is an intermediate, still requiring a chemical
hydrogenation to obtain the desired product. 2-Acetyl-6-
methoxynaphthalene (AMN) can be converted to hydroxy-
naproxen (HN), a precursor of naproxen (Scheme 13) [85,86].
Although yields up to 90% were obtained ina 1 L flow reactor,
the switch to a 75 L system was accompanied by leaks and

Beilstein J. Org. Chem. 2014, 10, 2484-2500.

instrument problems resulting in a low yield (58%) and current
efficiency (30%) [86].

Besides carbonyl compounds, imines have also shown value as
substrates for electrocarboxylation, namely in the synthesis of
non-natural amino acids [102-108]. A semi-industrial setup was
designed for the electrocarboxylation of benzalaniline
(Scheme 14). Scale up was done in a filter press type cell with
flow distribution, which is commercially available. The elec-
trodes are pressed together with a PTFE coated glass fibre net
between them. This way, the inter-electrode gap remains
constant during consumption of the anode. In a 2 L solution
with 200 g of reactant, a product yield of 85% and a current
efficiency of 80% were obtained [105].

The electrocarboxylation of aromatic ketones was also
conducted with stable electrodes as shown in Scheme 15
[94,95]. In these patents p-isobutylacetophenone is carboxyl-
ated to hydroxyibuprofen, which is readily hydrogenolyzed to
ibuprofen. A nafion membrane is used, allowing a selective
passage of protons and tetraalkylammonium cations from the
anolyte to the catholyte. Cyclohexene is added to the anolyte to
scavenge the anodically formed bromine. A current efficiency
of up to 90% was reached with a copper cathode and graphite
anode. The method appeared also suitable for the synthesis of
other NSAIDs like naproxen, cicloprofen, isoprofen, flur-

biprofen, fenoprofen and carprofen.

The electrocarboxylation of aliphatic aldehydes was also
patented, namely for the production of 2-hydroxy-4-methylmer-
captobutyric acid (MHA) by electrochemical carboxylation of
3-methylmercaptopropionaldehyde (MMP), with both a sacrifi-
cial anode [109] and a stable anode [110,111] (Scheme 16). The

1)+6e OH
OH
+2 ARt
» S e e
~0 2) H* ~o0 o

(AMN)

Scheme 13: Electrocarboxylation of AMN to HN using a sacrificial aluminum anode [86].

3 |\ SN :+3002
=

1)+6e Oy-OH
+2 AR
3 N
2) H* H

Scheme 14: Electrocarboxylation of benzalaniline using a sacrificial aluminum anode [105].
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Scheme 15: Electrocarboxylation of p-isobutylacetophenone with
stable electrodes [94,95].

system, using the stable electrodes, can be extended to alde-

hydes, ketones and imines.

Anode CEM Cathode
H /S\/\7O
2 : 0=C=0
-2e *2e
TN o)

2H* I s
- OH
: OH

Scheme 16: Electrochemical carboxylation of MMP to MHA [110,111].

MHA is an industrial scale feed additive, which is convention-
ally prepared using cyanides. In the proposed setup for the elec-
trocatalytic preparation of MHA, a boron-doped diamond
coated permeable cathode and Pt coated permeable anode rest
directly on the cation exchange membrane to decrease ohmic
resistance by the membrane, minimizing the required voltage.
Hydrogen, supplied to the anolyte gives protons, which gradu-
ally enter the catholyte to form the free carboxylic acids. Both
anolyte and catholyte are based on DMF. Unfortunately, no
yields or current efficiencies higher than 30% were obtained
[111].

There are also examples in which aromatic ketones and imines
are electrocarboxylated in an undivided cell with stable anode.
CO, fixation in acetophenone was done in good yields in an

undivided cell using a quaternary ammonium oxalate as an elec-
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trolyte and a sacrificial reducing agent [52,94,95,112,113].
Benzalanilines were carboxylated electrochemically with 79%

faradaic yield, using an oxalate electrolyte [52].

Electrocarboxylation of organic halides
Numerous reports have been published on the electrocarboxyl-
ation of organic halides [114-146]. In a first step, a one electron
reduction causes a halide anion to dissociate, forming a reac-
tive radical. The latter undergoes a second reduction in the pres-
ence of CO,, yielding a monocarboxylate anion (Scheme 17)
[122,124-126,128].

1y & R - *e e -
RX 8. R+ XT —= R + X
0=C=0 0

Scheme 17: General mechanism for electrocarboxylation of alkyl
halides [122,124-126,128].

The first reactions reported were conducted in a divided cell,
giving only moderate yields [114,115]. A drastic increase in
efficiency was obtained by employing sacrificial anodes [116],
especially magnesium anodes [117,118]. The cathode material
is again of great importance, with silver and platinum giving the
highest carboxylation selectivity [119-125]. Redox mediators
allow working at a less negative cathodic potential, which
results in a better energy efficiency and a more selective CO,
fixation [128]. The most common redox mediators are
organometallic nickel [129-131], palladium [132] and cobalt
complexes [133-137].

Similar to what was mentioned above for aromatic ketones,
benzylic chlorides can also be converted to 2-arylpropionic
acids (Scheme 18), with applications in the pharmaceutical
industry, mainly as NSAIDs. Here too, some articles described
the use of ionic liquids as solvent for electrocarboxylation reac-
tions, in order to increase the safety and efficiency of the
process [120,122].

cl 0.0
+2e
Ar)\ + CO, ° ArI + CF

Scheme 18: Electrocarboxylation of benzylic chlorides as synthesis
route for NSAIDs.

The industrial potential of this reaction has been assessed in
several pilot applications, for example, using a setup with a
sacrificial anode. In a 400 L reactor, a narrow and constant

interelectrode gap was maintained in time and space, avoiding
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an ohmic drop during consumption of the anode material. A
polyethylene grid is placed between the electrodes, allowing the
anode to press down on the cathode by its own weight. A good
agitation is obtained by pumping the reaction mixture through
the cell [138]. Unfortunately, industrial production was not
developed because of difficulties in the purification of the prod-
uct, arising from the presence of impurities generated by the de-
gradation of the solvent [139]. Another pilot scale experiment,
conducted for the production of NSAIDs, uses a stable graphite
anode in an undivided cell. The anodic reaction is the oxidation
of lithium oxalate, giving yields up to 85% of 2-phenyl-
propionic acid [140]. The same group also investigated a setup
in which a metal powder, like zinc, is oxidized at the anode,

giving similar results [141].

The electrocarboxylation of organic halides can also be consid-
ered as an alternative dechlorination pathway for chloroben-
zenes [122] and polychloromethanes [142]. While the synthesis
of halogenated reagents is rather hazardous, the electrocar-
boxylation of organic halides is an interesting method to revalue
waste products, like for example carbon tetrachloride, a toxic
liquid, causing ozone depletion. In an undivided cell and aceto-
nitrile as solvent, tri- and dichloroacetic acid are formed with
current efficiencies between 50 and 60%. The exact anodic
reaction(s), however, are not really specified. Oxidation of chlo-
ride, which itself originates in the CCly reactant, likely results in
partial chlorination of the acetonitrile solvent, releasing protons
which in turn cause the formation of chloroform by attacking
the cathodically formed carbanions [143].

An undivided electrosynthesis setup with stable anode can also
be used for CO, fixation in other aliphatic halides. The anodic
oxidation of tetraethylammonium oxalate is used in the electro-
carboxylation of 1-bromo-2-methylpentane, which is almost
quantitatively converted into 3-methylhexanoic acid [52]. The
electrocarboxylation of 1,4-dibromo-2-butene is another reac-
tion for which a stable anode and an undivided cell were
proposed. The goal here is to form 3-hexenedioic acid, a
precursor of adipic acid, although very poor yields and current
efficiencies were obtained. Besides 1,4-dibromo-2-butene, 1,3-
butadiene is added in the one-compartment cell to capture the
bromine generated at the anode, forming the reactant
(Scheme 19). The low yields are caused by debromodimeriza-

tion and oligomerization [144].

A significant effort has been devoted to efficiently produce
cyanoacetic acid through CO, fixation in chloroacetonitrile, as
an alternative for the hazardous synthesis via alkali metal
cyanides [137,145,146]. Derivatives of cyanoacetic acid are
precious starting materials in pharmaceutical and agrochemical

synthesis [137]. When the anodic reaction is the oxidation of a
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Scheme 19: Electrocarboxylation of 1,4-dibromo-2-butene [144].

halide, lower current efficiencies can be attributed to a succes-
sive oxidation and reduction of respectively halides and halo-
nium species. Therefore, the use of a membrane or glass frit can
be interesting to minimize this effect. However, in a divided
cell, the electrocarboxylation of chloroacetonitrile to cyano-
acetic acid still appeared to give higher current efficiencies
when using a sacrificial anode [146]. The major downside in
carboxylating organic halides is the release of halides in the
system, which can moreover induce a significant number of side
reactions in a non-sacrificial setup, and which is in any case
disadvantageous for the atom economy.

Innovative electrocarboxylation of other

substrates

Besides the electrocarboxylation of chloroacetonitrile, CO, can
also be incorporated electrocatalytically in acetonitrile itself.
Such reaction was successfully conducted in a two-compart-
ment cell divided by a medium porosity glass frit (Scheme 20).
This is an interesting alternative for the conventional synthesis
of cyanoacetic acid, which is carried out by the reaction of
chloroacetic acid and alkaline cyanides [147-149].

Anode Glass frit Cathode
X~ NCCH,COOH 1 0=C=0

e ‘\ NCCH,CO0~ = .
—

CH3CN | -
X 8 H*X" + 'CHch ' O/‘('_-;‘\'O

Scheme 20: Convergent paired electrosynthesis of cyanoacetic acid,
with X~ = F4B~, ClO4~, HSO4™, CI7, Br™ [147].

The electrocarboxylation of acetonitrile to cyanoacetic acid is
an example of a convergent paired electrosynthesis, meaning
that two different substrates undergo either oxidation or reduc-

tion to afford products that react among themselves to generate
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a single product. Cyanomethyl radicals are formed by anodic
oxidation of the supporting electrolyte anion followed by
hydrogen radical abstraction from the acetonitrile solvent.
These cyanomethyl radicals are then coupled to the CO,"~
radical anion, forming cyanoacetic acid after protonation. The
authors claim that the product is solely formed in the anolyte
after CO,"

transport from cyanomethyl radicals to the catholyte is not

~ transport from the catholyte to the anolyte, although

excluded. However, product formation through cathodic reduc-
tion of acetonitrile is ruled out properly, since no cyanoacetic
acid was formed when using a cation-exchange membrane.
Since most of the product is present in the anolyte, current
yields are rather low (24%). Moreover, the electrolyte anion and
the cyanoacetic acid product have similar oxidation potentials.
On top of that, some halogenation of the solvent to chloroace-
tonitrile was observed as a side reaction [147]. This reaction
setup was also tested with propionitrile, butyronitrile, benzyl
chloride and toluene in the anolyte compartment. Adjacent
functional groups weaken C—H bonds, yielding relatively stable

radicals, in turn resulting in selective CO, fixation [150].

Another patented system uses electrogenerated bases to depro-
tonate a weakly acidic hydrocarbon group forming anions
which are carboxylated in the presence of CO,. Meanwhile,
proton scavengers remove protons released from the anodic
regeneration of the base precursors as shown in Scheme 21
[151].

The electrogenerated bases are redox mediators, used as cata-
lysts in the carboxylation process. The net reaction can be
written as follows:

RH + CO, + scavenger — RCOO™ + innocuous scavenger reac-
tion product.

Anode

Innocuous scavenger
EGBH reaction product

BP + H"A Scavenger

Beilstein J. Org. Chem. 2014, 10, 2484-2500.

The base precursor should be more easily electroreduced than
the weakly acidic hydrocarbon group and carbon dioxide, and
should not undergo a nucleophilic attack by either the hydro-
carbon anion or the electrogenerated base. Therefore, the base
precursor should be sterically hindered at or near the site(s)
where reduction will occur. The electrogenerated base must be a
strong enough Brensted base to deprotonate the weakly acidic
hydrocarbon group. Ethenetetracarboxylate tetraesters are
typical base precursors, suited for the electrocarboxylation of
N-alkyldiglycolimides (Scheme 22). This process provides a
feasible route to methoxymethane-1,1,1’-tricarboxylate salts,
which are excellent detergent builders. The reaction should be
carried out in strictly anhydrous conditions, since water is a
stronger acid than the weakly acidic hydrocarbons employed
herein. Electrogenerated bromine is used to regenerate the base
precursor. Via a radical bromination, followed by a nucleo-
philic elimination under alkaline conditions, the alkane is
oxidized to the alkene base precursor. These alkaline condi-
tions and the four electron withdrawing ethoxy carbonyl groups
(RY), prevent further bromination of the acquired double bond.
Sodium carbonate is a suitable proton scavenger, providing the
required alkalinity and being a convenient source of sodium
ions. Crown ethers are added to dissolve the alkali metal salts in
the organic solvent system. After reaction, anolyte and catholyte
are filtered and base precursor and conjugate acid of electrogen-
erated base must be transferred to the other compartment. In
this divided cell a yield of 85% for product (A) could be
obtained (Scheme 22). In an undivided setup however, lower
yields and current efficiencies were observed [151].

Oxalic acid is another carboxylic acid which can be formed
through electrocarboxylation, namely of CO, itself. This

complexing agent has applications in cleaning industry, dyeing
processes and metallurgy [152]. Besides its easy synthesis

Cathode
V EGBH BP
RH EGB- /

RCO,™

Scheme 21: General scheme of carboxylation of weak acidic hydrocarbons with electrogenerated bases. RH: weakly acidic hydrocarbon; BP: base
precursor; EGB™: electrogenerated base; EGBH: conjugate acid of electrogenerated base [151].
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Scheme 22: Electrocarboxylation of N-methyldiglycolimide to methoxymethane-1,1,1"-tricarboxylate precursors. R': ethoxycarbonyl [151].

under anhydrous conditions in a cell with sacrificial anode, it
can also be produced in a stable electrode setup, with current
efficiencies over 50% (Scheme 23) [153]. In the catholyte an
organic solvent is used while the anolyte consists of an aqueous
NaCl solution. The anodically formed chlorine gas is continu-
ously removed from the anolyte. A cation exchange membrane
allows the selective transport of sodium cations to the catholyte.
The sodium oxalate that is produced precipitates from the solu-
tion. A downside of this setup is the gradual transfer of water
from the aqueous anolyte to the organic catholyte, this way
steadily lowering the selectivity of the process [153].

Conclusion

Electrochemical reduction is an efficient approach to activate
thermodynamically stable CO, under relatively mild and safe
conditions. Electrocarboxylation allows the production of valu-
able carboxylic acids, through incorporation of CO; in a wide

range of organic chemicals. This way, polymer building blocks

Anode CEM Cathode
2NaCl |  0=C=0
—-2e +2e”
“0__0O
2Na -o~=0

Scheme 23: Electrochemical dimerization of CO, with stable elec-
trodes [153].

are produced from conjugated dienes, NSAIDs can easily be
obtained from aromatic ketones and benzylic halides, and
various other interesting applications are possible. Despite the
vast amount of papers and patents on this subject, no industrial
applications have emerged yet; only a couple of pilot plant scale
processes have been demonstrated. The sustainable and effi-

cient formation of carboxylic acids from carbon dioxide
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presents many intriguing challenges. The choice of reactor
setup, electrode type and reaction pathway, not only affects the
implementation cost but also determines operational character-
istics like process continuity, atom economy and current effi-
ciency. The shortcomings illustrated in this review emphasize
the need for more innovative pathways to invent even more effi-
cient and sustainable electrocarboxylation reactions.
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A hybrid enzymatic/photocatalytic approach for the conversion of CO; into methanol is described. For the approach discussed here,

the production of one mol of CH3OH from CO, requires three enzymes and the consumption of three mol of NADH. Regeneration

of the cofactor NADH from NAD" was achieved by using visible-light-active, heterogeneous, TiO,-based photocatalysts. The effi-

ciency of the regeneration process is enhanced by using a Rh(III)-complex for facilitating the electron and hydride transfer from the

H-donor (water or a water—glycerol solution) to NAD™. This resulted in the production of 100 to 1000 mol of CH3OH from one mol

of NADH, providing the possibility for practical application.

Introduction

The reduction of CO; to fuel is a technology that could
contribute to the recycling of large quantities of carbon. Among
the various routes, the enzymatic reduction of CO; in inexpen-
sive H-donor solvents to produce methanol (or other C; mole-
cules) is an attractive option. Redox enzymes are of industrial
interest as they may catalyze reactions in which the use of

conventional chemical catalysts is restricted [1]. Unfortunately,

their application is quite limited due to the high cost of their
cofactors. A huge effort is being made for the in situ regenera-
tion of these cofactors using various approaches such as: the use
of secondary enzymes, electrochemical regeneration, or even
the use of living cells. Noteworthy is that the regeneration of the
cofactor often involves the potential production of a variety of

isomers of the active species or even the formation of dimers
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that may not be active in promoting the enzymatic reaction or
may even act as inhibitors. In nature, cofactors are usually
regenerated via enzymatic reactions. One of the most interest-
ing cofactors is nicotinamide adenine dinucleotide (NAD"), a
cofactor of the oxydoreductase class of enzymes. NADY,
together with its reduced form, 1,4-NADH, plays an essential
role in many metabolic processes of living cells. NADH is also
important in industrial biocatalysis, namely in the process of

reductive synthesis of chiral organic compounds [2,3].

Currently, the enzymatic reduction of carbon dioxide is under
investigation as a possible route for fuel production [4]. A
specific application, which leads to the production of methanol,
occurs in water through three 2e™ steps based on the use of three
enzymes, namely: formate dehydrogenase (F,DH), formalde-
hyde dehydrogenase (F,4qDH), and alcohol dehydrogenase
(ADH). These enzymes promote the cascade reduction of CO,
to methanol through formic acid (F,DH), formaldehyde
(Fa1gDH) and aldehyde (ADH). The reduction process is
enabled by NADH, which is oxidized to NAD". However, the
production of one mole of CH3;0H from CO, requires the
consumption of three moles of NADH (Figure 1).

CH,OH

co,

Figure 1: CO; reduction to methanol in water promoted by F,DH,
Fai¢dDH and ADH where three consecutive 2e™ steps are involved.

Therefore, the regeneration of NADH is necessary for practical
application of the described process. In nature, the endergonic
process of NAD™ reduction to NADH is performed with the
help of solar energy during photosynthesis. Presently, a substan-
tial effort is being made for the regeneration of 1,4-NADH
using a variety of strategies, including the use of enzymatic
catalysis, as well as chemical, electrochemical and photochem-
ical methods [5,6]. For industrial application, such reduction
would require implementation of the most energetically and
economically convenient technologies, such as visible-light-
driven photocatalysis, as chemical methods are either too
expensive or not compatible with the enzymes [7]. To date,
photocatalysis has shown great potential for photodegradation
of environmental pollutants [8,9]. Most interesting is that photo-
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catalysis may play a relevant role in the conversion of large
quantities of CO; into fuel by using water or waste organics as
the hydrogen source [7,10,11]. Therefore, integrated photo-
chemical CO; reduction/organic oxidation and H,O splitting
have received significant interest due to their potential environ-
mental and resource preservation benefits [12,13]. Interestingly,
the oxidized forms of some common waste organics may find

practical application.

The use of heterogeneous photocatalysts in the process of
NADH regeneration from NAD* would be of great interest due
to their low cost, moderate (ambient) operational conditions and
acceptable environmental impact. The most extensively applied
photochemical processes are based on the use of TiO; as a
photocatalyst in oxidation reactions [14-16]. While pure TiO,
has a band gap energy of 3.2 eV (which is not compatible for
use with visible light), modified TiO; is known to be more suit-
able for carrying out photocatalytic processes utilizing the
visible part of the solar spectrum [17].

In previous work, systems based on stable, encapsulated
enzymes [7] for the enzymatic reduction of CO, to CH30OH in
water combined with the near-UV-vis light driven photoregen-
eration of NADH for increasing the CH;0OH/NADH molar ratio
was described [7]. However, this approach is a hybrid process
involving: the enzymatic reduction of CO, to CH30H promoted
by the reduced form of cofactor NADH, and the in situ photo-
catalytic reduction of NAD* to NADH under visible-light ir-
radiation, using semiconductors in water/bioglycerol mixtures.
Bioglycerol is being produced in increasing volumes for bio-
diesel production from oleaginous seeds. New applications for
this product are being investigated [7,11,18,19] and its use as a
H-source providing its oxidized derivatives (or even C, mole-
cules [11]) may be an interesting path for the economically
viable use of large volumes of CO,. Our ultimate goal is to
attain a highly efficient and selective reduction of NAD" to 1,4-
NADH or other equally active isomers upon visible-light irradi-
ation in order to make the enzymatic reduction of CO; to
CH3;OH viable.

Results and Discussion

In previous work [7] we demonstrated that encapsulated
F.ieDH, F,gDH, and ADH enzymes are able to rapidly
(<1 min) reduce CO; in proton—donor solvents under
pH-controlled conditions, resulting in CH3OH at room tempera-
ture. The regeneration of NADH was attempted using both
chemical and photochemical techniques. The former affects the
enzymes that are quickly deactivated, while the latter tech-
niques are more interesting and produce up to a few mol of
methanol per mol of NADH (with respect to 3 NADH per
methanol) as shown in Figure 1. As previously discussed [7],
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the success of the regeneration depends on the separation of the
enzymatic reduction from the photoregeneration of NADH, thus
a two-compartment reactor was used (see the Experimental
section). In fact, the light most likely affects the enzyme activity
by inducing structural modifications. In [7] a photocatalyst was
used that operates on the border of the UV-vis spectrum. As
described above, the goal of this research is to work in the
visible-light range, possibly using direct irradiation with solar
light. Therefore, we have synthesized a number of semicon-
ducting materials showing photocatalytic activity under visible-
light irradiation. The most active material was selected and fully
characterized regarding its photoelectrical- and chemical-prop-
erties. Optimal conditions for use with visible light for the
reduction of NAD" using bioglycerol as a H-donor and a
Rh(IIT)-complex as an e —H™ transfer agent were found. It was
shown that the photocatalyst, the electron mediator and the
H-donor have suitable energy levels that can be combined
together for an effective recycling of NAD™. The cofactor can
be used several times in combination with the encapsulated
enzymes, which promote the reduction of CO; to methanol. In
this work we discuss in detail the utilization of a new TiO,
photocatalyst (Degussa P25 or 10 nm particles produced
in-house [20]) modified with the inorganic complex
[CrF5(H,0)]>™ [20]. Additionally, the properties of other photo-
catalysts (CuyO, InVOy, and TiO,, which are less active than
the Cr-modified TiO, photocatalysts), which were modified
with the organic compound “rutin”, are briefly presented.
Figure 2 shows the transformed diffuse reflectance spectra of
the photocatalysts converted by the Kubelka—Munk function.

The properties of the photocatalysts used can be summarized as
follows. Cu,O is a visible-light-absorbing, red-colored, p-type
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Figure 2: Transformed diffuse reflectance spectra of photocatalysts
used in the present study.

semiconductor with the band gap energy equal of 2.1 eV.
InVOy is an n-type semiconductor (Epg = 2.8 €V). TiOp modi-
fied with the organic compound rutin (rutin@TiO;) shows an
electron injection into the conduction band of TiO, as the result
of a direct molecule-to-band charge transfer (MBCT) within the
surface-formed, colored, charge-transfer complex of
titanium(IV) [21]. TiO, with an adsorbed chromium(III) anionic
complex [CrFs5(H,0)]% acts as a photosensitizer by injecting
electrons into the conduction band of titania [20].

Photocatalytic tests of NADH regeneration using these ma-
terials have been performed using visible light irradiation
(A > 400 nm). The results are summarized in Figure 3.

Figure 3a shows that the conversion yield of NAD" into NADH
is similar for the various photocatalysts. Additionally, the selec-
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Figure 3: a) Photoregeneration of 1,4-NADH using water as an electron donor: after 6 hours of irradiation of the NAD*/water solutions in the pres-
ence of various photocatalysts. b) Photoregeneration of 1,4-NADH using several photocatalysts, and [Cp*Rh(bpy)H20]Cl, as an electron mediator or
an H™-transfer agent. Note that the addition of glycerol to water improves the conversion yield and accelerate the reaction (see below).
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tivity towards 1,4-NADH appears to be not very high. The
concentration of the photogenerated, reduced form of the
cofactor after 6 hours of visible-light irradiation in the presence
of water is within the range of 0.1-0.15 uM. Noteworthy is that
no or negligible reaction was observed when any of the compo-
nents of the system was missing: photocatalyst, light, NAD™, or
water. TiO, alone was tested as a reference material yielding
only minor traces of a complex mixture of products under the
same experimental conditions. HPLC in combination with
NMR analysis was employed for the detection of the various
isomers of the NAD"-reduction products, namely the 1,4-
NADH, 1,2-NADH, 1,6-NADH, or dimeric species. We have
observed that when the photocatalysts alone were used, the
selectivity towards 1,4-NADH was significantly lower than
100%. In fact the low amount of 1,4-NADH reported in
Figure 3a is due to NAD™ conversion resulting in a mixture of
compounds (including dimers) with a low selectivity (approxi-
mately 5%) towards 1,4-NADH. This is most likely due to the
fact that the reactions take place on the surface of the photocata-
lyst without any selectivity. Conversely, the regeneration of 1,4-
NADH was much more efficient via an indirect route of
H*—e~ transfer, using hydride-transfer agents coupled to the
photocatalytic materials. To implement such a strategy, the
above described photoactive materials were coupled to
the well-known [22] [Cp*Rh(bpy)(H,0)]Cl, [aquo(2,2’-bipyri-
dine)(pentamethylcyclopentadienyl)rhodium(IIl), where Cp* =
pentamethylcyclopentadienyl. For comparison we have also
used its iridium analog, with phenantroline as a bidentate
N-ligand replacing bpy. Iridium showed interesting activity,
comparable to that of Rh. A key point in our approach was to
demonstrate that the H'—e™ transfer system (photocatalyst, tran-
sition metal complex) we designed had an ideal potential for e~
transfer and could operate in combination with the H-donor and
the enzyme to eventually convert CO, into CH3OH. The
success of this system was evidenced by measuring the amount
of photogenerated 1,4-NADH using water or water/glycerol
as electron donor. Figure 3b illustrates the results of the photo-
catalytic regeneration of NADH in presence of various ma-
terials after 6 hours of irradiation. Interestingly, for
[CrF5(H,0)]*> @TiO, the yield is 70 times higher in the pres-
ence of the electron mediator (under the same experimental
conditions). The Cr-modified TiO, showed the highest activity
among the tested photocatalysts [20] and thus, the focus of the
discussion is now shifted to this photocatalyst. Although CrF3-
doped TiO; is reported in the literature [8] to be active in oxi-
dation processes of waste organics, neither TiO, loaded with
anionic [CrFs5(H,0)]1?™ nor CrF3 on TiO; (used for reduction
purposes) has been described so far.

The 'F NMR spectrum confirms the presence of the anionic

form on the TiO, surface with a signal at 121 ppm, while free
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[CrF5(H20)]27 shows a signal at 122 ppm (see Experimental
section). In contrast, CrF3 has signals in a completely different
region (—127 and —128 ppm). Therefore, we conclude that the
supported form of Cr on TiO; is the anionic complex
[CrF5(H,0)]%>". Another issue in this process was to demon-
strate whether the reduction is selective towards 1,4-NADH and
no other isomers or if dimers were formed. The answer to this
question was provided by using 'H and '3C NMR in connec-
tion with HPLC. The anionic pentafluorochromate-modified
TiO, coupled to the Rh(Ir)-transition metal complex appeared
very selective towards 1,4-NADH, while neither isomers nor
dimers were formed. Figure 4 shows typical '"H NMR spectra
recorded during the course of the reduction: a pseudo-quartet
centered at 2.65 ppm increases with time showing that the reac-

tion occurs.

M

20 21 22 23 24 25 26 27 28 29 30
chemical shift / ppm

Figure 4: "H NMR spectra recorded at t = 0, after 2 and 6 h of irradi-
ation in water. The selected range, 2-3 ppm, is diagnostic for NADH

H-signals. The signal at 2.1 ppm results from the ribose hydrogen in

the cofactor molecule and is taken as a reference peak. The concen-
tration of the rhodium complex is 0.5 mM, with cgiycerol = 0.05 M.

This signal is due to 1,4-NADH, as shown in Figure 5. Here, the
'H NMR spectrum of standard NADH (a commercially avail-
able product) is compared with the spectra of the reduction
products formed in presence and absence of the hydride-transfer
agent used together with the [CrFs(H,0)]%@TiO, photocata-
lyst. The green and blue spectra were taken after 6 h of irradi-
ation with solar light or white light under the same operative
conditions with and without the Rh complex. They show that

the presence of the Rh mediator improves the conversion rate.

It is known that the reduction of the [Cp*Rh(bpy)(H,0)]** 1
complex to [Cp*Rh(bpy)] 2 adds a proton and results in the
conversion into a hydrido form. This product is an efficient and
selective reduction catalysts of NAD™ to 1,4-NADH [22]. The
resulting active hydrido form, [Cp*Rh(bpy)H]" 3, transfers a
hydride ion to the 4-position of NAD" (coordination to the
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/standard
/withelectron mediator

/ without electron mediator

T T T
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29 3.0

Figure 5: "H NMR spectrum of a standard 1,4-NADH (red line), and of 1,4-NADH formed from NAD* upon photocatalysis in the absence (blue) and
the presence (green) of the Rh-complex as a mediator and [CrF5(H,0)]2-@TiO5 as a photocatalyst.

amide-carbonyl-O-atom) thereby exclusively forming the enzy-
matically active, reduced 1,4-NADH. The purported mecha-
nism, based on the rhodium complex, has been proposed else-
where [16,23], and is shown in Equations 1-3.

[Cp*Rh(bpy)H,0 ™" + 2ecp —

1
[Cp*Rh(bpy)] + H,0 @

[Cp*Rn(bpy)] + H" - [Cp*Rh(bpy)H] ()

[Cp*Rh(bpy)H]  + NAD* —

[Cp*Rh(bpy)H,0]"" + NADH

We have carried out dedicated experiments to confirm that such
a mechanism holds in our conditions, and that the e -transfer is
thermodynamically and kinetically possible. This enables
identification of the intermediates in the reaction pathway
of the photocatalytic cycle based on [CrFs5(H,0)]2@TiO; as
an exciton generator and confirmation that the rhodium com-
plex is an e -transfer agent. The redox potential of the
[Cp*Rh(bpy)H,0]*"/[Cp*Rh(bpy)H]" couple was determined
by Steckhan et al. and was shown to be equal to —0.32 V vs
NHE. The redox potential of the conduction band of
[CrF5(H,0)]> @TiO; is —0.58 V vs NHE, as measured in the
present study using a previously published methodology [24].
The electrode covered by [CrFs(H,0)]2”@TiO, generates a
photocurrent upon visible light irradiation, proving a photoin-
duced electron transfer from the excited chromium(IIl) com-

plex to the conduction band of TiO, (Figure 6). The following
step, that is, the transfer of electrons from the conduction band
of the photocatalyst to the oxidized form of the rhodium com-
plex (according to Equation 1), is thus thermodynamically
feasible.

0.00

-2.30E-7

-4.60E-7

photocurrent / A

-6.90E-7

T T
330 374 418 462 506 550
wavelength / nm

Figure 6: Photocurrent generated at the [CrF5(H,0)]2-@TiO, elec-
trode as a function of the wavelength of the incident light, recorded at
constant potential of 500 mV vs Ag/AgCl. The spikes originate from the
opening and closing of the shutter.

The photogenerated holes can regain electrons via the oxi-
dation of glycerol. The reduced complex (Rh(I)) reacts with a
proton yielding a Rh(III)-hydrido species (Equation 2). The
resulting Rh-hydrido-species transfers the hydride to NAD™"
affording NADH (Equation 3 and Figure 7).

Such steps, already hypothesized in the literature [23,25], are
clearly demonstrated in the present work through the following
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Figure 7: Expected role of the rhodium complex as an electron mediator.

experiments. First, [Cp*Rh(bpy)H,0]*" was converted into
[Cp*Rh(bpy)H]™ upon reaction with elemental hydrogen. The
UV-vis absorption spectrum recorded after the reaction shows
the appearance of a band at 521 nm that is characteristic of the
formation of the rhodium hydride. This was confirmed by
taking the spectrum of the isolated complex. The addition of
NAD™ resulted in NADH formation (a band at around 344 nm)
in concurrence with the disappearance of the 521 nm band
(Figure 8). The formation—disappearance of the hydride was
further confirmed by 'H NMR where a signal at —=7.5 ppm (in
the same region as the analog [Cp*Rh(6,6’-dimethyl-2,2’-
bipy)H]" [22]) was evident. This 'H NMR signal was corre-
lated with the disappearance of the 521 nm band in the UV—vis
spectrum, along with the appearance of the characteristic band
at approximately 344 nm. The process was cyclic and the
appearance—disappearance of the hydride signal followed the
change in position of the UV—vis band from 521 to 344 nm and
back.

The spectral changes in the spectrum of [CrFs(H,0)]*™ are
reported in Figure 9 together with the cyclic voltammograms.

The new combined system described in this paper has very high
activity and specificity upon visible light irradiation. The extra-
ordinary activity of [CrFs5(H,0)]*~@TiO, can be explained by
an efficient photoinduced electron transfer from Cr(III) to the
conduction band of TiO, and further to the adsorbed rhodium
complex. A hindered back electron transfer from the Rh species

to the photocatalyst can also be responsible for the overall effi-
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282:5
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CHs
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Figure 8: UV-vis absorption spectra of an aqueous solution of
[Cp*Rh(bpy)(H20)]2*. Continuous black line: spectrum of the starting
rhodium complex in water. Dotted red line: spectrum of the rhodium
complex after treatment with hydrogen. Dashed blue line: spectrum of
the rhodium-hydrido complex after addition of NAD*: the band at

521 nm disappears and the band at 344 nm attributed to NADH
appears.

ciency of the process. Substitution of Rh with Ir and of bipyri-
dine with phenanthroline did not improve the yield to appre-
ciable extent, thus the Rh-complex was used. Other photomate-
rials which are active upon visible light irradiation were also
tested, such as Fe/ZnS, Co/ZnS, Ag/ZnS, ZnBiO4, AgV Oy,
NiO, CrF3@Ti0,, tiron@TiO,. However, they did not show
significant activity in the NADH photoregeneration process
when compared to the [CrF5(H,0)]2~@TiO; photocatalyst.
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Figure 9: Spectral changes of the [Cp*Rh(bpy)(H20)]?* solution as a function of the applied potential (left). Cyclic voltammogram and corresponding
changes in absorbance recorded at 521 nm (right). For simplicity, only the part of the potential scan (the reduction process from -0.4 to -1.4 V and

back) is shown.

As mentioned above, glycerol was considered as an electron
donor in aqueous solution. When only water was used in the
photoreduction, the reaction rate was very low due to the weak
ability of H,O to transfer electrons. Figure 10 shows the influ-
ence of the nature of the electron donor and the concentration of
the electron mediator, on the reduction rate.

electron mediator mM
0.0 0.1 0.2 0.3 04 0.5
12 T T T T T T
10+ 16
s °
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24
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Figure 10: Photoreduction of NAD* as a function of concentration of
glycerol (black line) and [Cp*Rh(bpy)H20]ClI; (red line) under visible
light irradiation in the presence of [CrF5(H20)]2'@Ti02 (irradiation
time; 6 h).

The NADH regeneration rate exhibits a strong dependence on
the concentration of glycerol, which plays the crucial role of a
sacrificial electron donor. Figure 10 also shows that the increase
of the glycerol concentration from 0 M (the lowest point on the
black line in Figure 10) to 0.001 M (the second point in the
same figure) results in an extremely rapid increase of the reac-
tion rate. It must be emphasized that the reaction in the pres-

ence of other electron donors, such as triethanolamine or
isopropanol, was also tested but were not comparable with gly-
cerol. For practical applications the mixture of glycerol
0.1-0.5 M in water was used.

Figure 10 shows also the influence of the concentration of
[Cp*Rh(bpy)H,0]Cl, on the reduction of NAD™ to 1,4-NADH.
The rate greatly increases with an increasing concentration of
the electron mediator.

These findings demonstrate that the photocatalysts described in
this paper are able to utilize visible light for the generation of
the electron—hole couples (exciton). The excited electrons are
transferred to reaction centers at the surface of the photo-ma-
terials, and the conversion of NAD" to NADH occurs,
involving the electron mediator and the oxidation of glycerol.
The overall mechanism is summarized in Figure 11.

CH,0H

N

hv Rh"/Rh' t
D) L0 H*
Dox

VB

Figure 11: The electron flow in the photocatalytic system of NAD*
reduction composed of the photosensitized TiO, photocatalyst, Rh(lll)-
electron mediator and glycerol as a sacrificial reagent.

The first and only product of glycerol oxidation is 1,3-di-
hydroxyacetone (1,3-DHA), as demonstrated by NMR studies

carried out on a fresh reaction mixture ('H resonances found at
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4.34 ppm, as compared with literature data: 'H at 4.40 ppm)
[26]. The dihydroxyacetone species is not very stable and can
be easily converted into other monomeric or polymeric species
under the reaction conditions. Oxidation of glycerol is still
under investigation as the isolation of 1,3-DHA would add
value to the process. Other parameters, such as the optimization
of the photosystem for a more efficient NAD™ reduction, the
improvement of the reaction selectivity, the increase of the
absorption coefficient, and the increase of the chemical stability
and photostability of photocatalysts, are also under continuous
investigation for their further improvement and bring the whole
reaction closer to a potential application.

Conclusion

Titanium dioxide modified with chromium(IIl) complex,
[CrF5(H,0)]?”@TiO,, exhibits great ability to drive the in situ
selective reduction of NAD" cofactor to 1,4-NADH. This
process works particularly well in the presence of a
[Cp*Rh(bpy)H,0]Cl, complex playing the role of the electron
transfer mediator. Our studies demonstrate that the photocata-
lyst is able to utilize visible light for generation of the
electron—hole couples. The excited electrons are transferred to
an e -transfer mediator at the surface of the materials, where the
conversion of NAD™ to NADH occurs, involving the eventual
oxidation of glycerol. The overall mechanism is summarized in
Figure 11.

Anodic photocurrents generated by the photocatalyst upon
visible light irradiation suggest the electron transfer from the
excited sensitizer (chromium(IIl) complex) to the conduction
band of TiO,. The reduction of the rhodium complex was
confirmed by spectroscopic studies made in the presence of
irradiated TiO, and upon electrochemical reduction of the com-
plex. Selective reduction of NAD™ to 1,4-NADH has also been
experimentally evidenced by 'H NMR and HPLC measure-
ments. Finally, the enzymatic route of the CO, reduction was
confirmed to occur as was previously described [7,11]. The
novelty of the photochemical NADH regeneration described in
this paper consists of the use of visible light and the coupling of
an inexpensive photocatalyst with robust ¢ - and H -transfer
mediators, which can be used for days. Furthermore, we have
demonstrated the entire mechanism of the electron flow from
the photo-excited photosensitizer to NAD", resulting in NADH
generation, which can be further used in enzymatic processes
including carbon dioxide reduction.

The product of glycerol oxidation is 1,3-dihydroxyacetone. This
species is not very stable and can be converted into other
monomeric or polymeric species. Oxidation of glycerol is still
under investigation together with other parameters, such as the

optimization of the photosystem for a more efficient NAD*

Beilstein J. Org. Chem. 2014, 10, 2556-2565.

reduction, the improvement of the reaction selectivity, the
increase of the absorption coefficient, and the increase of the

chemical stability and photostability of photocatalysts.

The photocatalytic system discussed in this paper is much more
effective as compared to ZnS-based photocatalysts as previ-
ously presented in [7,11] and represents a significant step
towards potential application of this hybrid technology for CO,
reduction to methanol.

Experimental

Preparation of photocatalysts

Synthesis of photosensitized TiO,

The modification of TiO, with rutin was carried out as reported
in the literature [27]. A titanium dioxide powder, P25 Evonik
(500 mg), was added to 10 cm? of aqueous rutin solution
(1072 mol dm3). The suspension was sonicated (10 minutes)
and the colored precipitate was collected, washed 3 times with
water and dried in air at 60 °C.

[CrFs(H,0)]?~@TiO, was prepared by impregnation of TiO,
particles (P25, Evonik or 10 nm particles) [20] by
(NH4),[CrF5(H20)] under ultrasonic stirring. The suspension
was sonicated for 15 minutes, left for 24 hours, and the
nanoparticles were isolated washed with water and dried under

vacuum.

Copper(I) oxide was prepared in the reaction of an aqueous
solution of glucose (10 mL, 0.8 M) dropped into an alkaline
solution of CuSO4 (50 mL, 0.2 M) in presence of
polyvinylpyrrolidone K-30 (0.3 g) at 80 °C. After 1 hour a red
precipitate was separated by filtration, washed with water and
dried.

Vanadates were prepared as reported by Hu et al. [28] with
minor modifications: NaOH and V,05 powders in a molar ratio
of 6:1 were dissolved together in water and stirred. Subse-
quently, the solution of In(VOj3)3 or AgNO3 was added. Precipi-
tates, which appeared immediately, were aged at room tempera-

ture for 1 hour, washed and dried.

Synthesis of (NH4)2[CrF5(H20)]

5 mL of an ammonia solution was added to 50 mL of an
aqueous solution of NH4-HF (15 g). A CrFj solution was added
dropwise to a hot (363 K) solution of NH4 HF in the presence
of zinc powder. A green precipitate was obtained, isolated and
analyzed, resulting in the title compound.

Synthesis of [Cp*Rh(bpy)H20]Cl,

[Cp*Rh(bpy)H,0]Cl, was obtained from [Cp*RhCl,], as
reported in [29]. Phenanthroline was used instead of bpy to
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generate [Cp*Rh(phen)(H,O)]Cl,. The analogous Ir complex
was prepared starting from [Cp*IrCly],. The hydride
[Cp*Rh(bpy)H]" showed a hydride signal at —=7.5 ppm in its
'H NMR spectrum.

UV-vis characterization

The UV—vis diffuse reflectance spectra of the photocatalysts
were recorded using a UV-3600 spectrophotometer (Shimadzu)
equipped with an integrating sphere. Powder samples were
ground with BaSO, (1:50 wt ratio). Barium sulfate was used as
a reference.

Regeneration of NADH from NAD*

Photocatalytic tests of NADH regeneration were performed in a
borosilicate glass reactor (' = 10 mL). The photocatalyst
(1 g L") was suspended in deoxygenated phosphate buffer
(pH 7). NAD" (0.8 mM) was added. Glycerol was used as an
electron donor. [Cp*Rh(bpy)H,O]Cl, was used as electron
mediator (concentration range: 0—0.5 uM). The suspension was
irradiated in the sealed reactor, under nitrogen atmosphere,
using a 50 W LED illuminator (A > 400 nm) as light source or
concentrated solar light. 2 mL samples were collected during ir-
radiation, filtered and analyzed by HPLC (column Zorbax
SB-Aq) and NMR.

Reduction of CO5 to CH30H using the assembled
photocatalytic/enzymatic system

The reduction of CO, to methanol using encapsulated enzymes
is described in [7]. Here we recall that the enzymes F,DH,
F,1¢dDH, and ADH were encapsulated into silicate cages made
from Ca alginate and tetracthoxysilanes (TEOS) and used at a
controlled pH of 7. CO, was admitted in a continuous flow
reactor at such a rate to generate a 20% excess with respect to
the stoichiometric amount required by the enzymes. Excess

Beilstein J. Org. Chem. 2014, 10, 2556-2565.

CO, was avoided to prevent its emission into the atmosphere
since a goal of the research is to reduce CO, emissions during
the synthesis of methanol. For this reason, the recovery of
methanol by stripping was carried out using N, and not CO,
itself, which would also be possible. A more complex experi-
ment with CO; recovery is currently under investigation, so that
CO; can be used as reagent and carrier of methanol. In this
study, air influenced the enzymes and was not used. The beads
(Figure 12) were suspended in water in compartment A of the
reaction cell below (Figure 13) in presence of the required
amount of NADH, and CO, was slowly admitted.

Figure 12: Beads produced from Ca-alginate and TEOS containing
co-encapsulated F4eDH, F54DH and ADH.

When the formation of methanol (monitored by GC on with-
drawn samples of the reaction solution, within 1 min maximum)
was at the maximum, the solution was pumped into compart-
ment B, which contained the photocatalyst and the heteroge-
nized Rh complex, while the encapsulated enzymes remained in
compartment A. Irradiation (0.5—1 h) with visible light (or solar
light) caused the conversion of NAD™ into NADH to occur at
the maximum yield (very close to 100%). The solution was
again pumped into compartment A where the reduction of CO,
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Figure 13: Assembled photocatalytic/enzymatic system for reduction of CO, to CH30H.
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occurred with formation of CH3OH. The cycle was repeated
until no more CH3OH was formed. At given intervals, CH;OH
was extracted in compartment B (stripping was realized by
bubbling N, and condensing of the vapors) to avoid an
increasing concentration which might block the enzymes. The
difference in the rate of the enzymatic reaction and the photo-
catalytic regeneration of NADH is a barrier to practical utiliza-
tion of this hybrid technology. Further efforts for improving the
convergence of the time of reaction in the two steps is currently
underway.
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The choice of the anion has a surprisingly strong effect on the incorporation of CO; into the polymer obtained during the zinc-

catalysed copolymerisation of CO, and cyclohexene oxide. The product span ranges from polyethercarbonates, where short poly-

ether sequences alternate with carbonate linkages, to polycarbonates with a strictly alternating sequence of the repeating units.

Herein, we report on the influence of the coordination ability of the anion on the selectivity and kinetics of the copolymerisation

reaction.

Introduction

The fixation of carbon dioxide (CO,) into polymers [1-3]
provides highly promising options for the utilization of CO,
[4-7]. The copolymerisation of CO, with epoxides (Scheme 1)
is a prime example of a particularly attractive transformation of
CO; [8,9] and is at the verge of commercialisation [8]. In this
transformation, the low energy level of the CO, molecule is
overcome by reacting CO, with an epoxide as energy-rich
comonomer [10]. Homogeneous and heterogeneous catalysts
are known to catalyse the copolymerisation reaction [5,11-13].
One lead structure (Scheme 1) for catalysing the reaction is

based on binuclear complexes with a macrocyclic ligand

framework (Type I) [14-16]. The macrocyclic ligand L is a
22-membered Robson-type ligand with four secondary amino
and two phenoxy donor groups [17]. The binuclear Zn(II) com-
plex ([LZnyX5,], X = acetate) is substrate specific for the
copolymerisation of CO, and cyclohexene oxide [16]. Another
established common structural motif is based on Salen-type
ligands with a central Co(III) [18-20] or Cr(III) [21-24] atom
(Type II). Most catalysts based on Salen-type ligands are sub-
strate specific and are most efficient for the copolymerisation of
CO, with propylene oxide (PO). The use of zinc-based cata-

lysts of Type I appears more favourable from an environmental
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Scheme 1: Structural motif of two important types of catalysts and typical substrate specificity in the copolymerisation of CO, and epoxides (*: end
groups). Type I: binuclear complexes with a macrocyclic Robson-type ligand framework; Type II: mononuclear complexes with a Salen ligand.

perspective compared to the use of the transition metal cations
(Co, Cr) often employed in Type II catalysts, albeit zinc cata-
lysts have lower activity in the copolymerisation of CO, and
epoxides [16].

The use of catalysts of Types I and II in the copolymerisation of
CO; and epoxides leads commonly to fully alternating polycar-
bonates. The polymer backbone of such alternating polycarbon-
ates is relatively stiff due to the restricted rotational freedom in
the C-O bonds of the carbonate group. For many applications it
would be desirable to have a higher — and adjustable — flexi-
bility of the polymer chain as the latter controls many of the
physicochemical properties of the polymer, such as the glass-
transition temperature (7). With incorporated ether linkages, a
molecular weight in the oligomer range and at least two
terminal OH groups, polyethercarbonates are interesting polyol
building blocks in polyurethane chemistry [8].

To keep the catalyst loading during the synthesis of such
polyols low, chain transfer between the growing polymer chain
and free alcohol groups needs to be realised. In this study, we
have addressed such immortal copolymerisation of CO, and
epoxides with zinc catalysts. In the Type I lead catalyst
[LZny(OAc);] [15], the two acetate counter ions may also act as
a starter initiating the polymerisation reaction giving rise to
polycarbonates with an acetate end group. Furthermore, these
anions strongly coordinate in a bridging fashion to the zinc
centre. In consequence, the Lewis acidic zinc centre is initially
not accessible for coordination of the substrate giving rise to a
certain inhibiting effect. So far, the role of the anion and its
effect on the activity and selectivity of the zinc catalysts in the
copolymerisation of CO, and epoxides has not yet been fully
understood. To study and unravel the role of the anion, we have
replaced the two acetate counter anions in the complex
[LZny(OAc),] by essentially non-coordinating trifluoromethyl
sulphonate (CF3SO37) or weakly coordinating p-toluene-

sulphonate anions (p-TSO3~). Herein, we report on the effect of
the choice of the counter anion on the product selectivity and
the activity of the complexes in catalysing the reaction of CO,
with cyclohexene oxide.

Results and Discussion
Synthesis and characterisation of binuclear

[LZn5](X)2 complexes

Complexes [LZn,]](CF3S03); (1) and [LZny](p-TSO3), (2)
(Scheme 2) were prepared by reacting the corresponding zinc
salt with the deprotonated macrocyclic ligand HoL. Successful
complexation was confirmed by the high-field shift of the 13C
and 'H NMR resonances assigned to the aromatic groups of 1
and 2 relative to those of the free ligand. Inspection of the
13C APT NMR spectra showed that the position of the signal of
the aromatic carbon 2 (for assignment, refer to Scheme 2) was
slightly shifted to higher field for 1 (122.0 ppm) relative to 2
(123.0 ppm), suggesting an increased shielding due to lower
electron density in the aromatic ring of 1. This is consistent with
the weaker coordinating character of the trifluoromethyl-
sulphonate anion (essentially non-coordinating) in comparison
to the p-toluenesulphonate anion (weakly coordinating). This
interpretation is supported by the IR spectra, where the position
of one of the two characteristic S=O stretch vibration bands was
significantly red-shifted for 1 (1005 cm™!) relative to 2
(1040 cm™1), while the position of the second S=O stretch
vibration band remained essentially unchanged (1: 1190 cm™,
2: 1180 cm™).

A closer inspection of the 13C NMR spectra revealed two
clearly separated signals for the methyl groups 10 and 11
(1: 28.2 and 20.8 ppm, 2: 28.3 and 21.2 ppm, respectively),
while only one signal at 25.2 ppm was observed for the methyl
groups 10 and 11 in the free ligand H,L. Also in the 'H NMR
spectra, the position of the signals assigned to the two methyl

groups 10 and 11 was distinctly different (1: 0.9 and 1.2 ppm;
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Scheme 2: Binuclear Zn(Il) complexes [LZn,](CF3S03), (1, KOP113)
and [LZny](p-TSO3)7 (2, KOP115) explored in this study (the numbers
refer to the assignment of the NMR signals, see also Table 1).

2: 0.8 and 1.1 ppm). Similarly, two separate signals were
observed for the methylene protons 8 in the 'H NMR spectra of
1 (2.6 and 3.1 ppm) and 2 (2.4 and 2.5 ppm), while only one
signal was observed for the methylene group in the 13C NMR
spectra. Such an NMR pattern could arise when the ligand in 1
and 2 adopts a roof-shaped geometry, as indicated in Scheme 2.
An alternative explanation may be anisotropic effects induced
by the sulphonate anion through formation of a tightly asso-
ciated ion pair in the relatively non-polar solvent CDClj3.

For 1 and 2, mass spectrometry revealed characteristic series of
salt-like agglomerates [LZn,]X, [LZn;],X3, [LZny]3X5 and

Beilstein J. Org. Chem. 2015, 11, 42—-49.

[LZn;]X3, [LZn;],X5, [LZn,]3X7 consistent with weak coordi-
nation of the anion to the metal centre. For 1, an additional
signal assigned to the parent divalent cation [LZn,]** was
observed, whereas the signal was absent for 2, which is consis-
tent with the slightly more coordinating nature of the p-toluene-
sulphonate anion. In comparison, the acetate reference complex
gave rise to a prevailing signal corresponding to the mass of the
non-dissociated complex [LZn,(OAc),] [15] which is in full

agreement with the strongly coordinating nature of the acetate
anion.

Copolymerisation of CO, and cyclohexene
oxide with binuclear [LZn5](X), complexes

Complexes 1 and 2 were then evaluated as catalysts in the
copolymerisation of CO; and cyclohexene oxide CHO
(Scheme 3). To obtain insight into the kinetics, the progress of
the reactions was monitored with in situ IR spectroscopy and
the results are collected in Table 2 (entries 1-4).

Under the applied conditions (100 °C, 20 bar), both 1 and 2
afforded high conversion of CHO. A polymer with the expected
molecular weight in the oligomer range and a narrow molecular
weight distribution was obtained (Table 2, entries 1 and 2).
Closer analysis of the polymer obtained with catalyst 1 revealed
that a polyethercarbonate characterised by surprisingly long
polyether segments interspaced by carbonate groups was
obtained (ratio of carbonate to ether moieties m/n 4.5/95.5,
Table 2, entry 1). This is in agreement with a relatively small
consumption of CO, during the reaction. The polymer was
obtained in excellent selectivity and only traces of cyclic cyclo-

Table 1: Position and assignment of the NMR signals of complexes 1 and 2 in comparison to the parent macrocyclic ligand HoL.

Assignment?

[L2Zn](CF3S03)2 (1) [L2Zn](p-TSO3)2 (2) LH2
1H 130 1H 13C 1H 130
1 - n.o.b - n.o.b - 154.6
2 - 122.0 - 123.0 - 124.2
3 6.88 128.0 6.80 or 7.67 127.7 6.94 125.0
4 - n.o.p - n.o.p - 140.8
5/9 - 335 - 335 - 33.9
33.6 33.7 34.6
6 1.25 315 1.28 31.8 1.26 31.6
7 4.30 55.9 4.08 55.8 3.74 53.3
8 3.10 63.2 244 63.0 2.52 59.8
2.62
10/11 1.18 28.2 1.02 28.3 1.01 25.2
0.97 20.8 0.89 21.20r21.3
12/13 - - 7.67 or 6.80 128.3 - -
14 - - 2.19 21.30r21.2 - -
-OH/-NH 2.86 - 2.84 - n.o.b -

aFor the numbering refer to Scheme 2; Pn.o. not observed.
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Table 2: Yield and selectivity in the copolymerisation of CO, and CHO using complexes 1 and 2 as catalysts and analytical data for the polymers

obtained.
Entry Catalyst Alcohol Yield? Selectivity? M, PDI
(equiv) (%) (o+p)im min (g/mol)

1 1 - 94 <0.01 4.5/95.5 3082 1.64
2 2 - 74 0.26¢ >99.0/1.0 2735 1.33
3 1 0.019 72 <0.01 6.6/93.4 3567 1.75
4 2 0.01d 55 0.02 >99.0/1.0 2019 1.24
5¢ [LZn2(OAC),] - 59 >0.08 >99.0/1.0 - -

6 [15] [LZn,(OAC),] - 55 <0.11 ~100/0 - -

aYield of polymer; P(o+p)/m: ratio of cyclic cyclohexene carbonate to carbonate linkages in the polymer; m/n: ratio of carbonate to ether linkages in the
polymer; Chigh selectivity to polycarbonate (low value for (o+p)/m) during the initial phase of the reaction, see Figure 2; IMolar ratio of a,w-dihydroxy-

polypropylene oxide to CHO 1/72, corresponding to 1 OH group per 36 CHO molecules; reaction at 90 °C.

hexene carbonate (cCHC) were formed as byproduct ((o+p)/m
<0.01).

Analysis of the in-situ IR spectra recorded during the reaction
revealed the evolution of an intensive band at 1080 cm™ char-
acteristic for the C—O—C bending vibration assigned to the ether
linkages, while the intensity of the signal at 805 cm ™! character-
istic for CHO decreased in parallel (Figure 1). At 1746 cm ™!,
the typical carbonate band [vg(C=0)] [25] appeared with low
intensity. Quantitative analysis of the time-resolved IR spectra
(Figure 2) revealed a profile of epoxide consumption consistent
with a first order reaction in both CO, and epoxide. The initial
rate for the consumption of CHO was 5.03 molcpo(molgh) L.
Ether and carbonate linkages in the polyethercarbonate product
were formed in parallel in a ratio of 9.8. The catalyst was still
active after 19 hours reaction time and higher yields can be
achieved at prolonged reaction times.

In contrast, with complex 2, a fully alternating polycarbonate
with a high fraction of carbonate linkages was obtained
(m/n >99.0/1.0, Table 2, entry 2). A considerable pressure drop
was observed during the reaction consistent with a consump-
tion of CO, in a stoichiometric ratio to CHO. Considerable
amounts of cCHC were found as byproduct at the end of the
reaction ((o+p)/m 0.26, vide supra). This chemoselectivity was

Intensity [ a.u.]
0.8

0.6

0.4

Figure 1: Time-resolved IR spectra of the copolymerisation of CO»
and CHO with catalyst 1 showing the formation of carbonate and ether
groups in the polymer.

similar to [LZny(OAc);,], where a mixture of alternating
polycarbonate (m/n >99.0/1.0) and ¢cCHC was obtained
((o+p)/m <0.08, Table 2, entries 5 and 6).

The results clearly show that the selectivity with respect to the
obtained incorporation of CO; into the polymer chain is
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Figure 2: Time—concentration profile of the copolymerisation of CO,
and CHO in the presence of catalytic amounts of complex 1 and fit
according to a first order kinetic in CO5 and in epoxide.

reversed for complexes 1 and 2. This is particularly surprising
due to the similarity of the sulphonate counter anions and
suggests that CO, incorporation is related to subtle differences
between the two catalysts. Most likely the differences in coordi-
nation strength of the anion to the zinc centre account for this
change in selectivity.

The time-resolved IR spectra recorded during the reaction using
catalyst 2 indicate a very different regime compared to the reac-
tion with catalyst 1. During the initial period CHO was
consumed with a rate of 13.7 molcgg(molerh) ™! In parallel,
two bands with high intensity appeared at 1746 cm™! and
1225 em™! (Figure 3), which are typical for the [vg(C=0)] and
[v(C-0)] vibration of polycarbonates, respectively [25]. After
800 min of reaction time, two further carbonate bands assigned
to cis- and trans-cCHC commenced to develop at 1820 cm™!
and 1803 cm™, respectively. In parallel, the concentration of
polycarbonate decreased (Figure 4). This is consistent with
back-biting of free polymer chains, which might be induced by
the increasing polarity of the reaction medium leading to an
enhanced probability that the polymer chains detach from the
zinc centres.

To explore the possibility of an immortal polymerisation
[26,27], the reactions were repeated in the presence of an
alcohol (o,w-dihydroxypolypropylene oxide, 1 OH group per
36 CHO molecules). Catalyst 1 afforded essentially the same
homopolymerisation product (Table 2, entry 3) albeit in a
slightly lower yield (72%). Also, the reaction profile was nearly
identical. Analogously, a very similar product was obtained
with catalyst 2 when the reaction was performed in the pres-

ence of the alcohol (55% yield in polymer, Table 2, entry 4).
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Figure 3: Carbonate region of the time-resolved IR spectra recorded
during the copolymerisation of CO, and cyclohexene with catalyst 2.
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Figure 4: Time—concentration profile of the copolymerisation of CO,
and CHO in the presence of catalytic amounts of complex 2.

These observations are readily explained by a similar mecha-
nism as described for the heterogeneous Zn[Co(CN)g] double
metal cyanide (DMC) catalyst [8,28], for which an active site
comprising two Lewis acidic zinc centres in vicinity had been
proposed [29]. Three catalytic cycles, copolymerisation,
homopolymerisation and formation of cyclic carbonate are
closely linked (Scheme 4) [28]. The reaction is initiated by
coordination of an alcoholate to one of the zinc centres. Inser-
tion of CO, into the metal-alcoholate bond provides a coordin-
ated carbonate species [15]. An epoxide molecule coordinates
to a neighbouring zinc centre and the nucleophilic attack by the
neighbouring carbonate species leads to chain growth. Insertion
of the next CO, molecule into the zinc—alcoholate bond closes
the copolymerisation cycle. The latter competes with coordina-
tion of another epoxide molecule at the zinc centre next to the
zinc—alcoholate. Nucleophilic attack of the alcoholate species

and coordination of another epoxide molecule on the neigh-
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Scheme 4: Proposed inner-sphere mechanism for the copolymerisation of CO, and CHO with binuclear zinc complexes (1: X = CF3S03,

2: X = p-TSO3).

bouring zinc centre closes the homopolymerisation cycle. The
cyclic carbonate is formed by backbiting of a terminal alcoho-
late, when the chain becomes released after preceding insertion
of CO,. Chains, which dissociate from the surface of the cata-
lyst, restart a catalytic cycle when they re-attach to a free zinc
site or react with a coordinated epoxide molecule, while proto-

nation terminates the growth of this particular chain.

In such an inner-sphere mechanism the epoxide molecules
compete with the anion in coordination to the zinc centres. In
particular, coordination of the epoxide to a zinc centre neigh-
bouring a zinc—carbonate or —alcoholate becomes less likely as

coordinating anions are present in the reaction mixture. This

readily explains the differences between the CF3SO3™ and the
p-TSO3~ complex. In the presence of a CF3SO3;~ anion (essen-
tially non-coordinating) coordination of the epoxide to a neigh-
bouring zinc centre is facile. In consequence, the homopoly-
merisation cycle prevails and mainly polyether segments inter-
spersed with carbonate linkages are formed. In the presence of
the p-TSO3™ anion (weakly coordinating), the lower concentra-
tion of epoxide molecules coordinating to a neighbouring zinc
centre leads to an increase in the probability that a CO; mole-
cule is inserted into the zinc—alcoholate bond. In consequence,
the copolymerisation cycle dominates leading with high selec-
tivity to the alternating polycarbonate. In the presence of the

OAc™ anion, a similar pathway as for the p-TSO3~ anion may
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be followed or an outer-sphere mechanism with external attack
of a chain dissociated from the surface of the catalyst on a co-
ordinated epoxide molecule may be present [5]. The propensity
to dissociation of the polymer chain depends strongly on the
polarity of the reaction medium. The probability that the
growing polymer chain detaches increases with the polarity of
the medium leading to backbiting as observed with catalyst 2 at

higher conversions.

An alternative model may involve a parallel cationic polymeri-
sation mechanism of cyclohexene oxide with the more Lewis
acidic complex 1, which competes with the regular insertion
mechanism depicted above. In contrast to CF3SO3™, the
p-TSO3™ anion may be sufficiently nucleophilic to open an
epoxide molecule coordinated to the Zn cation, consequently
initiating the growth of the polymer chain in an analogous
manner to acetate. Conversely, the less nucleophilic CF3SO5™
cannot open a coordinated epoxide molecule and a cationic
homopolymerisation of cyclohexene oxide becomes the
prevailing chain-growth mechanism. It is important to note that
in a cationic mechanism, CO, molecules cannot be inserted as
easily, hence, leading to the incorporation of negligible amounts
of CO,.

Non-coordinating anions lead to a more electrophilic zinc centre
with a stronger Lewis acidity, thereby triggering the homopoly-
merization in case of the CF3SO3™ anion. In this context, it is
known that the rate of the CO, insertion into metal-oxygen
bonds depends critically on the nucleophilicity of the metal
centre [26]. Nevertheless, it is surprising how sharply the selec-
tivity of the CO,/epoxide coupling reaction reverses upon a

slight change in the anion.

Conclusion

In summary, the nature of the anion has a striking effect in the
copolymerisation of CO, and cyclohexene oxide with binuclear
zinc catalysts of Type 1. The proposed mechanistic model
readily explains the outstanding selectivities observed with
complexes [LZn;]X; (1: X = CF3S03, 2: X = p-TSO3) to the
polymeric product. With 1, the formation of polyethercarbon-
ates is preferred, whereas with 2 and the reference catalyst
[LZny(OAc);,], polycarbonates with a strictly alternating
sequence of the repeating units are obtained.
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The carboxylative cyclization of o-hydroxy- and o-acetamidoacetophenone with carbon dioxide promoted by the organic base 1,8-

diazabicycloundec-7-ene (DBU) is reported. This reaction provides convenient access to the biologically important compounds

4-hydroxy-2H-chromen-2-one and 4-hydroxy-2(1H)-quinolinone in moderate to good yields using carbon dioxide as the carboxyla-

tion reagent. An acyl migration from nitrogen to carbon is observed in the reaction of o-acetamidoacetophenone.

Introduction

4-Hydroxy-2H-chromen-2-ones and 4-hydroxy-2(1H)-quinoli-
nones are key structural subunits found in many natural prod-
ucts [1], commercial drugs [2,3] and pharmacologically potent
compounds (Figure 1) [4,5]. Warfarin, for example, is an anti-
coagulant widely used to prevent thrombosis [2]; Novobiocin
has long been established as an aminocoumarin antibiotic [3].
Recent studies revealed that the anticoagulant Dicumarol is able
to inhibit the growth of pancreatic cancer [4]. Roquinimex was
reported as an antineoplastic agent [5]. Traditional methods for
accessing these compounds rely heavily on cyclization reac-
tions using diethyl carbonate in the presence of inorganic bases
[6,7] or Friedel-Crafts reactions using strong and corrosive
acids [8]. In terms of availability and toxicity of the starting ma-

terials, environmental benignity and economical concerns, the

development of an alternative method for the synthesis of these
compounds using carbon dioxide as the carboxylation reagent
[9-16] is highly desirable.

It was previously reported that the & C—H bond in aromatic
ketones readily undergoes a carboxylation reaction with
carbon dioxide in the presence of a suitable base, producing
B-ketocarboxylic acids [17-20]. Given that o-hydroxy- or
o-acetamidoacetophenone is used as the starting material to
react with carbon dioxide, the intramolecular carboxylative
cyclization might provide a convenient access to 4-hydroxy-2H-
chromen-2-one and 4-hydroxy-2(1H)-quinolinone. Indeed, Da
Re and Sandri reported in 1960 that o-hydroxyacetophenone
derivatives react with carbon dioxide (4 MPa) in the presence of
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Figure 1: Selected examples for biologically active 4-hydroxy-2H-chromen-2-one and 4-hydroxy-2(1H)-quinolinone compounds.

3 equivalents of potassium carbonate at 130-170 °C, yielding
4-hydroxy-2H-chromen-2-ones in moderate yields [21]. From
the viewpoints of solubility, efficiency, and ease of recovery
and reuse, the use of an organic base rather than potassium
carbonate in this reaction would be more promising. DBU and
MTBD were previously reported as suitable bases to promote
the carboxylation of a-C—H bonds in aromatic ketones with
carbon dioxide [17-20]. In extension of our continuous efforts
in developing catalytic transformations of carbon dioxide into
value-added fine chemicals [20,22,23], we report herein the
DBU-promoted carboxylative cyclization of o-hydroxy-

Table 1: Optimization of the reaction conditions.?

and o-acetamidoacetophenones with carbon dioxide to give
4-hydroxy-2H-chromen-2-ones and 4-hydroxy-2(1H)-quinoli-
nones, respectively, in moderate to good yields under mild reac-
tion conditions. An acyl migration from the nitrogen to carbon
is observed in the reaction of o-acetamidoacetophenone.

Results and Discussion

We started our investigation with the carboxylative cyclization
of o-hydroxypropiophenone (1a) with carbon dioxide to iden-
tify the optimal organic base and reaction conditions (Table 1).
The use of potassium carbonate as base in DMF at 100 °C gave

(0] On-Bu
N Me . co, base n-Bul N Me
(/ solvent, T, 24 h 80°C,4h
OH 0" "0
1a 2a
Entry Base Solvent TI°C p(CO2)/MPa Yield/%?P

1 K>,CO3 DMF 100 3 29
2 DBU DMF 100 3 49
3 MTBD DMF 100 3 65
4 MTBD DMSO 100 3 68
5 DBU DMSO 100 3 75
6 DBU DMAc 100 3 32
7 DBU THF 100 3 10
8 DBU DMSO 80 3 87
9 DBU DMSO 60 3 65
10 DBU DMSO 80 2 53
11 DBU DMSO 80 0.1 <1

aReaction conditions: o-hydroxyacetophenone (1a, 0.5 mmol), base (1 mmol), solvent (2 mL), 24 h; then n-Bul (1.0 mmol), 80 °C, 4 h. Plsolated yield.
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29% yield of product 2a (Table 1, entry 1). When DBU and
MTBD were used in this reaction instead of potassium
carbonate, a significantly increased yield of 2a was obtained
(Table 1, entries 2 and 3). When switching the solvent to
DMSO, further increased yields were obtained, whereby DBU
showed a higher efficiency than MTBD (Table 1, entries 4 and
5). Other solvents such as DMAc and THF gave dramatically
decreased yields (Table 1, entries 6 and 7). Unexpectedly, we
found that a decrease of temperature from 100 °C to 80 °C in
DMSO led to a higher yield (87%) of 2a (Table 1, entry 8). The
reaction was found to be sensitive to the carbon dioxide pres-

Beilstein J. Org. Chem. 2015, 11, 906-912.

sure and performing the reaction at a lower pressure gave a
distinctly decreased yield (Table 1, entry 10). When the reac-
tion was conducted under atmospheric carbon dioxide, no
carboxylative cyclization product was obtained (Table 1, entry
11). Therefore, the optimal reaction conditions were estab-
lished as following: 2.0 equiv DBU as base, 3.0 MPa of carbon
dioxide, DMSO as solvent at 80 °C for 24 h.

Under the optimal reaction conditions, the substrate scope was
then investigated (Table 2). Compared with o-hydroxypropio-
phenone, o-hydroxyacetophenone gave a slightly lower yield of

Table 2: Carboxylative cyclization of various o-hydroxyacetophenones with carbon dioxide.?

0] On-Bu
R DBU (2 equiv n-Bul R
N . Co, (2 equiv) NS
X _ DMSO, 80 °C, 24 h 80°C,4h =
OH (ONO)
1 2
Enty Substrate Product Yield/%P
O On-Bu
Me X Me
1 | 87
OH Z oo
1a 2a
O On-Bu
Me X Me
2 | 79
=
MeO OH MeO o "0
1b 2b
(0] On-Bu
Me Me
X
OH o” "0
1c 2c
O On-Bu
XN
4 oL | :
=
MeO OH MeO o "0
1d 2d
O On-Bu
XN
s o | .
F OH F N0 0
1e 2e
(0] On-Bu
Br. Br
X
OH (O XN e]
1f 2f
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Table 2: Carboxylative cyclization of various o-hydroxyacetophenones with carbon dioxide.? (continued)

(0]

L.

7 é OH

t-Bu

19
(0]
Me
1h

:
OH

On-Bu

AN
4 O (0] 65
| X
t-Bu =
2g
O On-Bu
O N 42
0~ o
h

2

@Reaction conditions: o-hydroxyacetophenone (1) (0.5 mmol), DBU (1.0 mmol), CO; (3.0 MPa), DMSO (2 mL), 80 °C, 24 h; then n-Bul (1.0 mmol),

80 °C, 4 h. PIsolated yield.

the 2H-chromen-2-one product (Table 2, entries 2 and 4).
o-Hydroxyacetophenone bearing electron-donating alkyl and
ether groups, or electron-withdrawing fluoro and bromo groups
undergoes the carboxylative cyclization reaction smoothly,
affording the corresponding 4-butoxy-2H-chromen-2-ones
2b-2f in moderate to good yields (Table 2, entries 2—6). The
bromo group in product 2f and the alkyne group in product 2g
offer opportunities for further functionalization of these

2H-chromen-2-ones using well-established methods [24]

(Table 2, entries 6 and 7). 2-Hydroxy-1-acetylnaphthalene (1h)
participates in the carboxylative cyclization reaction to furnish

the tricyclic product 2h in moderate yield (Table 2, entry 8).

With the successful DBU-promoted carboxylative cyclization of
o-hydroxyacetophenone at hand, we then extended this strategy
to o-acetamidoacetophenone to synthesize 4-hydroxy-2(1H)-
quinolinone (Table 3). Using 4 equivalents DBU as base in
DMSO at 80 °C, o-acetamidoacetophenone (3a) underwent the

Table 3: Carboxylative cyclization of various o-acetamidoacetophenones with carbon dioxide.?

o OCHs OCH,
DBU (4 equiv) CHal S0 XX R
N + 0O, X + Xqr
XT DMSO, 80°°C, 24h  30°C.4h N0 A N0
NHR . |
CHs H
3 4 5
Entry Substrate Product Yield/%
5 4+5
o OMe OMe
N Ac N Ac
1 Me o N0 42 + 35
NHAc i) A
3a e 5a
o OMe OMe
x Ac N Ac
2 e MeO NS0 MeO N0 38+ 37
MeO NHAc © i © R
3b e 5
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Table 3: Carboxylative cyclization of various o-acetamidoacetophenones with carbon dioxide.? (continued)

o OMe OMe
Br Br N Ac Br. N Ac
3 Me N6 N 32+20
NHA i .
3 ¢ Me H
4c 5c
oM oM
Q ° B ) B
Xy X2
4 e N (@] N O <
NHBz M H
3d e
4d 5d
oM oM
Q ° T ° T
X 'S xS
° e N (6] N (@] <
NHTs [ l
3 Me H
e
4e 5e

@Reaction conditions: o-acetamidoacetophenone (3, 0.5 mmol), DBU (2.0 mmol), CO, (3.0 MPa), DMSO (2 mL), 80 °C, 24 h; then Mel (2.0 mmol),

30 °C, 4 h. PIsolated yield of separated products.

carboxylative cyclization reaction to provide 3-acetyl-4-
methoxy-2(1H)-quinolinones 4a and Sa (Table 3, entry 1).
Noteworthy, the acyl group was no longer bound to nitrogen in
the product, which implies that a nitrogen to carbon acyl migra-
tion occurred during the reaction. The derivatization reaction
using iodide compounds at higher temperature led to complex
product mixtures. o-Acetamidoacetophenone substrates
containing methoxy (3b) and bromo (3¢) groups also reacted
smoothly to afford the corresponding products (Table 3, entries

2 and 3). The reactions using benzamido- (3d) and p-toluenesul-
fonamido- (3e) acetophenone gave complex mixtures and no
carboxylative cyclization product was observed (Table 3,

entries 4 and 5).

A likely mechanism for the carboxylative cyclization of
o-acetamidoacetophenone with carbon dioxide is proposed as
shown in Scheme 1. The reaction can evolve along two path-
ways: in path A, deprotonation of o-acetamidoacetophenone by

o O NH, O O
E\ H* shift “~ CO, i
= [
& NH, It o) v
TgtoC path A l
o} o) OH 0° o
Me DBU | X X
— I —
NH NH Z NS0 N"~o
e v H
Y
O)\ OZ\ o o 0®
CO, o) CHsl
o X NtoC
4,5
NH N0
Vil
path B

Scheme 1: Possible mechanism for the carboxylative cyclization of o-acetamidoacetophenone.
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DBU gives enolate I, which undergoes an acyl migration from
nitrogen to carbon [25,26] similar to the Baker—Venkataraman
O to C acyl migration [27]. After a proton shift from the enol to
nitrogen, the resultant intermediate III is carboxylated with
carbon dioxide in the presence of DBU to afford intermediate
IV, which subsequently undergoes a cyclization reaction to give
V. The product is obtained after derivatization with methyl
iodide. Also, path B in which the N to C acyl migration occurs
after the carboxylative cyclization cannot be excluded.

We also conducted a cross experiment as shown in Scheme 2.
When compounds 3b and 3f were reacted concomitantly, the
corresponding carboxylative cyclization products 4b and 4f
were obtained. No cross products 6 and 7 were detected, which
implies that the N to C acyl shift occurred intramolecularly, not

intermolecularly.

Conclusion

In summary, we have developed a DBU-promoted carboxyla-
tive cyclization of o-hydroxy- and o-acetamidoacetophenones
with carbon dioxide. This methodology provides a convenient
access to the biologically important 4-hydroxy-2H-chromen-2-
ones and 4-hydroxy-2(1H)-quinolinones in moderate to good
yields under mild reaction conditions. While there are prece-
dents for the carboxylation of enolates, a practical protocol was
developed that relies on in situ cyclization to form thermody-
namically stable coumarins. Importantly, the use of an intramol-
ecular in situ trap avoids the problem of decarboxylation during
workup. In case of o-acetamidoacetophenones, an acyl migra-
tion from nitrogen to carbon was observed. The cross experi-
ment showed that the N to C acyl shift occurred intramolecu-

Beilstein J. Org. Chem. 2015, 11, 906-912.

Experimental

Similarly as described in our previous paper [22], a 20 mL
oven-dried autoclave containing a stirring bar was charged with
o-hydroxyacetophenone (1) or o-acetamidoacetophenone (3)
(0.5 mmol), DBU (1.0 mmol for 1, 2.0 mmol for 3), and 2 mL
dry DMSO. After purging the autoclave with CO, three times,
the sealed autoclave was pressurized to the appropriate pres-
sure with CO,. The reaction mixture was stirred at 80 °C for
24 h, then the autoclave was cooled to room temperature and
the remaining CO, was vented slowly. Then »#-Bul (1.0 mmol
for 1) or Mel (2.0 mmol for 3) was added into the autoclave and
the reaction mixture was stirred at 80 °C (for 1) or at 30 °C (for
3) for 4 h. The reaction mixture was then diluted with water
(30 mL) and extracted with ethyl acetate (3 x 30 mL). The
combined organic layers were washed with water and brine,
dried over Na;SOy4 and filtered. The solvent was removed under
vacuum. The product was isolated by column chromatography
on silica gel (hexane/ethyl acetate 2:1).

Supporting Information

Supporting Information File 1

Experimental procedures, spectroscopic and analytical data,
and copies of NMR spectra of the products.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-102-S1.pdf]
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Exploiting carbon dioxide as co-monomer with epoxides in the production of polycarbonates is economically highly attractive.

More effective catalysts for this reaction are intensively being sought. To promote better understanding of the catalytic pathways,

this study uses density functional theory calculations to elucidate the reaction step of CO, insertion into cobalt(III)-alkoxide bonds,

which is also the central step of metal catalysed carboxylation reactions. It was found that CO, insertion into the
cobalt(III)-alkoxide bond of [(2-hydroxyethoxy)Col(salen)(L)] complexes (salen = N,N”-bis(salicyliden-1,6-diaminophenyl)) is

exothermic, whereby the exothermicity depends on the #rans-ligand L. The more electron-donating this ligand is, the more

exothermic the insertion step is. Interestingly, we found that the activation barrier decreases with increasing exothermicity of the

CO; insertion. Hereby, a linear Bronsted—Evans—Polanyi relationship was found between the activation energy and the reaction

energy.

Introduction

Carbon dioxide (CO;) has been known to be an attractive
carbon source for decades [1-6]. Even so, industrial processes
using CO; as chemical feedstock are limited to the production
of few large scale chemicals such as urea, methanol, salicylic
acid as well as inorganic and organic carbonates [5]. Since CO,

is captured in huge amounts from the flue gases of fossil fuel

combustion, it would be very beneficial to harness a part of this
stream for producing valuable products [7]. From a thermody-
namic point of view, however, CO; is highly stable and, thus,
shows low reactivity. One way to overcome this thermody-
namic hurdle is to react carbon dioxide with relatively high-

energy molecules such as ammonia, hydrogen, epoxides or
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lactones [8]. Nevertheless, the reactions frequently involve a
substantial kinetic barrier or are accompanied by side reactions
that, so far, have resulted in insufficient yields and/or selectivi-
ties. Even though there are numerous compounds that might
react with CO,, active and selective catalysts for these reac-
tions are scarce [9].

The reaction of CO, with epoxides yields alternating polycar-
bonates, polyethercarbonates or cyclic carbonates (Scheme 1).
The production of CO,-based polymers is considerably more
challenging compared to the formation of cyclic carbonates. In
consequence, industrially relevant catalysts, combined with effi-
cient processes, have only recently emerged for the manufac-
ture of alternating polycarbonates [10] and polyethercarbonates
[11]. The respective research has mainly focussed on homoge-
neous zinc—alkoxide complexes [12] and chromium— [13-18]
and cobalt—salen complexes [19-22] and heterogeneous double
metal cyanide (DMC) catalysts [11,23-26]. In comparison,
industrially well-established catalysts are available to accel-
erate the production of cyclic carbonates [27-29]. As the CO,-
based polymers are thermodynamically less stable than cyclic
carbonates, a kinetic control must be attained to direct the reac-
tion to the polymeric products. To selectively lower the acti-
vation barrier towards polycarbonates, a rational development
of suitable catalysts is essential. This current study aims to

elucidate the reaction step of CO, insertion, catalysed by

(m+o0) COy + (n+o0)
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cobalt(Ill)-salen complexes, using density functional theory
calculations (DFT).

Results and Discussion
Background research: Formation of CO»-

based polymers
The catalytic pathways for producing polycarbonate and poly-
ethercarbonates have been explored in several studies.

Rieger et al. studied the mechanisms of the copolymerisation
by homogeneous chromium(IIl)- and aluminium(III)-salen
complexes and by heterogeneous zinc-dicarboxylates
[30,31]. Experimental work on the chromium(IIl)- and
aluminium(I1I)-salen complexes was combined with a theoreti-
cal study, in which the initiation and propagation steps of the
copolymerisation were addressed. The initiation started with the
coordination of epoxide at a penta-coordinated metal—salen
complex, followed by a nucleophilic, Sy2-like, back-side attack
on such a coordinated epoxide. The propagation comprised a
syn-insertion of CO; into the metal-alkoxide bond and a bimol-
ecular chain transfer of a metal-bound, carbonate-terminated,
growing chain to a metal-coordinated and, thus, activated
epoxide (see Scheme 2). For hepta-coordinated Cr(I1I)— and
Al(IIT)-salen complexes, the CO, insertion requires consider-
able energy, and it was concluded to be the rate-determining

step especially at low CO, concentrations.

T N
’*/{O%O% + o O: O:
R n im R R'
n = 1: Alternating polycarbonate

n > 1: Polyethercarbonate
* End groups of polymer chain

Scheme 1: Reaction of carbon dioxide with epoxide to yield alternating polycarbonates, polyethercarbonates or cyclic carbonates.
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Scheme 2: Epoxide and CO5 copolymerisation by homogeneous Cr(lll)- and Al(lll}-salen complexes.
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A mechanism for the copolymerisation of epoxides and CO,,
catalysed by cobalt(Ill)-salen complexes was proposed by Lu et
al. [32]. The authors stated that a general mechanism with
pending (re)attachment of growing carbonate chains or units
might explain the stability, activity and selectivity of the
cobalt(IlT)-salen complexes. Even though CO, insertion plays a
key role in this mechanism, it is only schematically depicted.

The mechanism of the Zn(II)-catalysed copolymerisation of
CO; and cyclohexene oxide was the subject of a molecular
orbital study on the tri-coordinated di-iminate zinc—alkoxide
complex [(BDI)ZnOCH3], whereby BDI is N-(2,6-
iPr,CqH3C(Me)-CHC(Me)-N-(2,6-iProCgH3) (see Figure 1)
[33]. The study was based on the ONIOM [34,35] method,
which is a computationally intricate method applied to atoms
directly involved or in close vicinity of the reaction center, but
involves less demanding calculations for the outer periphery.

(BDI)ZnOCH3

Figure 1: The tri-coordinated di-iminate zinc—alkoxide complex
[(BDI)ZnOCHj3].

Though kinetically favoured, the insertion of CO; into the
zinc—alkoxide bond turned out to be thermodynamically less
favourable than the insertion of epoxide. A low activation
barrier found for the CO; insertion into the zinc—alkoxide bond
may be related to the use of a relatively high energy unsatu-
rated 16-electron complex. In the reaction mixture of neat
cyclohexene oxide, the complex will readily coordinate addi-
tional cyclohexene oxide as solvent molecule(s). Accompanied
by high activation barriers, the ring opening of the epoxide and
the electrophilic insertion into either the zinc—alkoxide or zinc
carbonate bond occur consecutively. Only if the ring is pre-acti-
vated by, for example, sufficient ring strain, the polymerisation
reaction does become feasible.

(0]

[Cat]—o\\/\_jj\{o/\/o\[&/*
n

Scheme 4: Backbiting mechanism for the formation of cyclic carbonates.
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In mechanistic studies on zinc dicarboxylates and their applica-
tion in the heterogeneously catalysed copolymerisation of CO,
and epoxides a bimetallic mechanism was proposed [31]. As
post-modification of the prepared catalysts with water proved to
be important for the activity of the catalysts, the presence of
ZnOH groups at the surface may be inevitable for the catalysis.
Two zinc atoms, in a distance of approximately 4.6-4.8 A, are
present at the surfaces of zinc glutarate, zinc adipate and zinc
pimelate (Scheme 3). This spatial conformation of two zinc
atoms is not present on the surface of zinc succinate. This was
used to explain the activity of the former three and the inac-
tivity of the latter. Theoretical calculations revealed a decrease
in the activation barrier for the homopolymerisation as well as
the copolymerisation step with increasing metal-metal distance.
Moreover, the difference in activation barriers between the
homo- and copolymerisation decreased with an increase in the
metal-metal distance, but levelled at distances above 5 A. Thus,
a distance of 4.6-4.8 A is a good compromise to avoid the
homopolymerisation and to enhance the catalytic activity for the
copolymerisation. Involving two proximate zinc atoms, which
coordinate the reactants, the ring-opening of epoxides by alkyl-
carbonates or alkoxides occurs in a bimetallic fashion [31,36].
The insertion of CO, was not further addressed and was
regarded as facile by the authors.

o
(0]
COo, + I> * O\/\O)q\*

9
ZjFEn Optimal distance
o o d=46-48A

n =3-5 active

Scaffold

(TOF ca. 300 h—")

OMO

Scheme 3: Heterogeneous zinc dicarboxylates for the copolymerisa-
tion of CO, and epoxides. (* = End group of polymer chain).

n=2 inactive (TOF ca. 30 h~")

Background research: Formation of cyclic

carbonates

Cyclic carbonates can be formed either by a backbiting mecha-
nism from a growing polymer chain [30] (Scheme 4) or directly
by the catalytic cycloaddition of CO, and epoxides [27-29].

X

n+10 (¢}

— [Cat]
(0]
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Sun and Zhang modelled the cycloaddition of CO, with propy-
lene oxide, catalysed by alkylmethylimidazolium chlorine ionic
liquids [37]. They identified competitive three-step and two-
step pathways, both having the ring opening of propylene oxide
as the rate-determining step. In the three-step pathway, the ring
opening precedes the CO, insertion. By contrast, in the two-step
pathway, the ring opening and CO, insertion occur simultane-
ously, whereby at a given time three molecules need to orien-
tate themselves into a particular configuration to form the tran-
sition state (see Scheme 5). This is demanding with respect to
the entropy effects. In both pathways, the CO, addition to the
epoxide was found to be facilitated considerably by hydrogen
bonding interactions. Thus, a scaffold of hydrogen bonds can
compensate for the lack of a Lewis acid metal center to activate

the CO, molecule.

In addition, Zhang et al. investigated the coupling of propylene
oxide with CO, catalysed by a copper(I)—cyanomethyl complex
[38]. They proposed two reaction steps: insertion of carbon
dioxide forming a copper(l) cyanoacetate as activated CO,
carrier that reacts in a second step with propylene oxide (see
Scheme 6). Formation of propylene carbonate subsequently
involves the oxidative transformation of an eight-membered
ring intermediate to a six-membered ring.

Moreover, Wu et al. studied a) the cycloaddition of ethylene
oxide and CO,, catalysed by Ni(PPhs); [39], b) the cycloaddi-
tion of chloromethyloxirane and CO», catalysed by Re(CO);sBr
[40] and c) the cycloaddition of 4-(phenoxymethyl)-1,3-dioxo-
lan-2-one and CO,, catalysed by LiBr [41]. The preferred path-

HH /—_\N
@NJ_/&O, j/“%f/_,

~

<

’

cr g I

U
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ways principally involve ring opening of the epoxide, followed
by CO; insertion and ring closure of the cyclic carbonate. Inter-
estingly, in the Re(I)-catalysed reaction (b), an alternative reac-
tion pathway was followed, whereby the first step is CO, inser-
tion, induced by the nucleophilic attack of the bromide on the
carbon atom of CO,. The transition state comprised a four
membered oxametallacycle (see Scheme 7). The alternative
insertion of epoxide into the Re—Br bond was found to be

significantly more energy demanding.

-Co +CO,

/O\
Re(CO)4Br —> Br% Re(CO)4
o Y

Re(CO)sBr

Scheme 7: Activation of CO, by nucleophilic attack of bromide in the
Re(l)-catalysed cycloaddition.

Background research: Activation of CO5 by
insertion into metal-H and metal-R bonds

The insertion of CO, into metal-alkoxide bonds is believed to
be a key step in the aforementioned catalytic routes to polycar-
bonates and cyclic carbonates. In this context, several studies on
the activation of CO, and insertion into metal-H and metal-X
bonds have been reported [42,43] (see Scheme 8).

The reaction of CO, with metal alkoxides is reversible as the
metal-oxygen bond strengths of metal alkoxides and of metal
carbonates are similar [44,45]. The theoretically derived mecha-
nism points out an intermediate encounter complex between
CO, and metal alkoxide. Formation of this associative complex

) £ o

g H

;//N@/N%\/ — O\J_J\i + bmim* CI~
’,Hv

| H H
\ ’
\, N

O,

0
o~~72~/
A

H

Scheme 5: Two-step pathway for the cycloaddition of propylene oxide and CO, in the ionic liquid 1-butyl-3-methylimidazolium chloride (bmim™* CI7).

Hzc'CU
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N

Scheme 6: Formation of copper(l) cyanoacetate for the activation of CO5.
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Scheme 8: Direct catalytic carboxylation of aliphatic compounds and
arenes by rhodium(l)— and ruthenium(ll)—pincer complexes, respec-
tively.

is endergonic due to the entropy effects [45]. The transition
state for the CO; insertion into metal-oxygen bonds has been
postulated to be a four-membered ring consisting of the metal,
the carbon and two oxygen atoms (Scheme 9) [44]. For this
cycloaddition pathway, a vacant coordination site at the metal

center is not necessary.

#
0=C=0 O‘\c o )OL
+ E— 7T R.
O- ML, 0~ “OML,
RO-ML, R

Scheme 9: Insertion of carbon dioxide into a metal-oxygen bond via a
cyclic four-membered transition state. R is either an aliphatic or
aromatic group.

Kato et al. reported on the facile uptake of CO; into
zinc—alkoxide bonds leading to zinc-coordinated monoalkyl
carbonates by zinc(Il)-tetraazacycloalkane complexes
(Scheme 10) in the presence of alcohols [46]. Here, the uptake

Beilstein J. Org. Chem. 2015, 11, 1340-1351.

of CO, from the air was found to occur spontaneously, even in
neutral solution and low temperatures below 10 °C. This clearly
exemplifies the high reactivity of the CO, molecule under
appropriately chosen conditions.

Later, Kunert et al. investigated the mechanism of CO, inser-
tion into zinc(II)-phenoxide to form zinc(I1l)-phenylcarbonate
[47]. The CO, insertion was found to take place via electro-
static interactions between the electron lone pairs of the zinc-
bonded oxygen and the carbon of CO,, forming an intermedi-
ate that finally produces a stable insertion product.

Current research: CO» Insertion into

cobalt-alkoxide bonds

Even though CO, insertion into metal-oxygen bonds plays a
key role in the mechanistic pathways for the copolymerisation
of epoxides and CO», this elementary step is only schemati-
cally depicted. Consequently, there is still a lack of under-
standing of the CO,-insertion step on a molecular or atomic
level. In particular, a detailed study of CO, insertion into

cobalt—alkoxide bonds is still missing.

This present work aims to investigate CO, activation, in
general, and the insertion step in the copolymerisation of CO,
and epoxides, in particular, by DFT methods, using the
cobalt(Il)-salen complex illustrated in Figure 2 as a model for
the catalyst. For the sake of simplicity, the salen ligand is
depicted as a circle, although in the discussed calculations the
salen ligand is represented by its correct nuclei and electrons.
For most calculations the substituents were taken as protons
(R170 = H, salen ligand 1). To test the validity of the model with
respect to the relative energies and geometries, the salen ligand
sphere was extended to a cyclohexyl backbone (Rl'\R2 =
-C4Hg-) with the substituents R3¢ = H (salen ligand 1a) and
R3¢ = £-Bu (salen ligand 1b). The ligand L was varied in the
calculations from stronger electron-donating nucleophiles, such
as chloride and acetate, to weaker electron-donating ligands,

such as 2,4-dinitrophenolate.

+ CO,
+ ROH
Zn(L) Zn(Ly}—0,COR Zn(L}—OR +CO,
(base)
A H‘m/H
N N
v L J )
N N NN N N N N
. H . - AN ; \
W JH PN H\—/ h

Scheme 10: Facile CO; uptake by zinc(ll)-tetraazacycloalkanes.
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Figure 2: The [(2-hydroxyethoxy)Co!!((salen)(L)] complex chosen as
catalyst model for the calculations; 1: R1-6 = H; 1a: R'""R?2 = -C4Hg-,
R3-6 = H; 1b: R""R? = -C4Hg-, R®0 = t-Bu.

The salen ligand can assume different configurations relative to
the cobalt center [48]. To test the significance of the mer,mer-
and the mer fac-configuration (Figure 3), the total energy was
calculated. It was found that the mer,mer-configuration was
significantly more stable than the mer fac-configuration. The
difference in total energy was 96 kJ-mol~! for chloride and
30 kJ-mol™! for 2,4-dinitrophenolate. Therefore, the further
study was limited to models with mer,mer-configuration. Here,
the salen ligand coordinates the central cobalt atom in a square-
planar fashion, whereby the frans-ligand L is located in the
lower and 2-hydroxyethoxide in the upper hemisphere, respec-
tively.

Beilstein J. Org. Chem. 2015, 11, 1340-1351.

The modelling of the insertion reaction started with the geom-
etry optimization of a free CO, molecule and the parent [(2-
hydroxyethoxy)CoM(salen)(L)] complex. This is indicated as
the reactant state (RS) in Figure 4. We found a linear CO,
molecule (179.998°) with a bond distance of 1.177 A, which is
in good agreement with experimental and theoretical data [37].
In the [(2-hydroxyethoxy)Co!l(salen)(L)] complex, the cobalt
atom was located at the center of the salen ligand. The distances
between the cobalt center and the nitrogen and oxygen atoms of
the salen ligand were 1.92 A and 1.94 A, respectively. This is
consistent with the single crystal solid-state structure reported
for [Col(salen)(dinitrophenolate)] [49]. The distance between
cobalt and the oxygen atom of the alkoxide chain was
1.9-1.94 A, with a small yet systematic variation in depend-
ence on the nucleophilicity of L. The more nucleophilic L was,
the longer the Co—OR distance was. The Co—L bond length was
calculated to be 2.03-2.13 A for L with a coordinating oxygen-
atom and 2.35 A for chloride. The calculated Mulliken charge
was 0.7-0.72 C on the cobalt center for L with a coordinating
oxygen atom and 0.64 C for chloride consistent with a more

nucleophilic character of chloride.

In a search for possible interactions between CO, and the
cobalt-salen-alkoxide complex, the calculations revealed a
precursor state, formed during the approach of CO; to the [(2-
hydroxyethoxy)CoMl(salen)(L)] complex (Figure 4). Inspection

2

R! R
L2

R3 R3 R3 OR3
R2 C<< 0= P~h b R2 R g/OfCO‘\Lz
R! ‘ R! R1 ||_1
1
L mer, mer mer,fac

Figure 3: The two most relevant configurations of [(2-hydroxyethoxy)Co'(salen)(L)] complexes. The left-hand model shows a mer,mer-configuration,
while the right-hand models shows a mer,fac-configuration of the salen ligand.

Precursor state
(preS)

Reactant state
(RS)

0] OH OH
0

o

Dame
& d
L L
Product state
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Transition state
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Figure 4: Carbon dioxide insertion into the cobalt(lI)-alkoxide bond of [(2-hydroxyethoxy)Co!!l(salen)(L)] complexes.
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Table 1: Relative energies with respect to free CO, and free cobalt(lll)-salen complex of the precursor, transition and product state of the CO; inser-

tion reaction as shown in Figure 4.

Salen ligand trans-Ligand Precursor state® Transition state® Product state® Activation Reaction energy
(preS) (TS) (PS) barrier
[kJ-mol~] [kd-mol™"] [kd-mol™"] [kJ-mol~] [kd-mol™"]

1 chloride -14 31 -47 45 -33

1 CH3C(0)O™ -14 45 -30 59 -16

1aP CH3C(0)0" -12 41 -31 53 -19

1b° CH3C(0)O~ -11 39 -37 50 -26

1 p-methoxyphenolate -14 41 -33 55 -19

1 CCI3C(0)O~ -21 34 -30 55 -9

1 2,4-dinitrophenolate =22 68 -29 90 =7

1 2,4 ,6-trinitrophenolate -1 79 -16 90 -5

1 TBD -14 65 -29 79 -15

1 none -13 58 -6 71 7

1 ethylene oxide -17 100 -8 117 9

3Potential energies relative to free CO, and the free cobalt(lll)-salen complex, i.e., the reactant state was set to zero for each trans-ligand L.

bSalen with cyclohexyl backbone, R""R? = -C4Hg-, R%6 = H
cSalen with cyclohexyl backbone, R""R? = -C4Hg-, R36 = t-Bu
4TBD = 1,5,7-triazabicyclo[4.4.0]dec-5-ene.

of the geometry revealed that the closest intermolecular dis-
tance was between the carbon atom of CO; and the oxygen
atom of the alkoxide chain; the shortest distance was for
chloride (1.67 A) and the longest for a pending 1,5,7-triazabi-
cyclo[4.4.0]dec-5-ene group (TBD) as ligand L (3.59 A, see
Supporting Information File 1). The change in the CO, bond
angle with respect to linear CO, was marginal (2° to 6°). For
the chloro complex [(2-hydroxyethoxy)Co(salen)(Cl)], the
potential energy surface was found to be extremely flat with
respect to the O—CO, distance, meaning that minimum states
with a 40° bent CO, molecule and states with a practically
linear CO, molecule have almost equal energy. We noticed a
similar configuration of the four atoms in the transition state
(vide infra). The geometry in the cobalt—salen complexes was
very similar to the reactant state; solely the cobalt—alkoxide
bond length increased slightly yet systematically. For each L,
the precursor state (preS) was 10-20 kJ-mol~! more stable than
the reactant state (RS). Thus, the change in energy was small
with respect to the reactant state. Consistent with an associative
step, the entropy change was negative and the change in free
energy was positive. Consistent with the weak interaction
between CO, and the [(2-hydroxyethoxy)CoM™l(salen)(L)] com-
plex, the calculated Mulliken charge on the metal center and its
surrounding geometry hardly changed with respect to the reac-
tant state. Similar precursor states were reported for a supra-
molecular complex of ethylmethylimidazolium chloride, CO,,
and propylene oxide (complex ¢ in [37]) and for the association
complex of [Ni(OH)(pincer ligand)] and CO; [50].

The calculations for the product state (PS) revealed an opti-
mized structure for each ligand L, whereby the carbonate chain
was coordinated in a mono-dentate fashion to the cobalt center
(Figure S1 in Supporting Information File 1). The calculated
Co™L bond lengths were 1.95-2.08 A, when the coordinating
atom was oxygen, and 2.29 A, when it was chloride. In general,
these bond lengths were shorter than in RS (by 0.03-0.06 A).
Independently of the choice of L, the cobalt atom was located in
the center of the salen ligand at an average distance of
1.93(2) A from the coordinating atoms. Thus, there was only a
minor geometrical change in respect to the lower hemisphere of
the [(2-hydroxyethoxy)Co(salen)(L)] complex. The distance
of the newly formed Co'™-O bond varied from 1.99 A to 1.93 A
depending on the nucleophilicity of L: the less nucleophilic the
ligand L was, the shorter the Co''-O bond was. The
carbon—oxygen bond lengths within the carbonate unit were
1.294(5) A for C1-03, 1.236(3) A for C1-04, and 1.392(11) A
for C1-05, with only little variation in length upon variation of
L. Hence, the carbon—oxygen bond lengths were clearly length-
ened relative to the CO, molecule. The energies of the product
states were lowered with respect to the reactant states. The less
nucleophilic the ligand L was, the less stabilized the carbonate
species was with respect to free CO, and the [(2-hydroxy-
ethoxy)CoI(salen)(L)] complex. The respective Mulliken
charge on the cobalt atom was 0.71(1) C in the case of L having
an oxygen-coordinating atom and 0.62 C for L being chloride.
Consequently, there was no change in the charge of cobalt with
respect to the RS.
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Using the precursor and product states as the anchor points, the
transition states were located for each L. All determined tran-
sition states were geometrically similar, depicting a cyclic
arrangement around the cobalt(IIl) atom, an oxygen and carbon
atom of CO, and the oxygen atom of the original Co—O
alkoxide bond (Figure 4). These configurations were identical
to the arrangement of the reactive atoms in the transition states
of the reaction between [Ni(OH)(pincer ligand)] complexes and
CO; [50]. Since the configurations of the reactive atoms are
essentially identical in the reactant, precursor, transition and
product states, we conclude that the mechanism of the CO,
insertion reaction is very similar for cobalt-alkoxide and nickel-
hydroxide complexes.

In the case of Cr(Il)-salen complexes, it was found [18] that in
the transition state of the CO, insertion step, the Cr—O bond is
elongated (from 1.96 A to 2.12 A) as well as the CO, molecule
is bent (OCO angle 146.7°). The new C-O and Cr—O bonds
(after CO, insertion) form synchronously, without prior acti-
vation by binding to the Lewis acidic Cr(III) center, as the coor-

dination sphere of chromium is saturated.

Regarding Al(IIT)-salen complexes, the insertion step into an
Al(IIT)-alkoxide bond is a simple intramolecular process with a
small activation energy (AE"™ = 9.12 kcal/mol) [30,51]. Never-
theless, a bimetallic aluminium complex is considered in the
mechanism. Since it is a bimolecular reaction, the Gibbs ener-
gies will be higher. Carbon dioxide insertion may well be the
rate-determining step, certainly at lower CO, pressure.

Also in the transition state (TS) the cobalt atom was located at
the center of the coordination sphere at a distance of 1.9 A from
the salen ligand. Thus, there is no significant movement of the
cobalt center during the reaction with CO,. The Co™-L bond
lengths were calculated to be 1.90-1.98 A for the coordinating
atom being oxygen and 2.24 A for chloride. The Co'-L bond
distances were found to shorten from RS to preS and TS.
Although this bond elongates from TS to PS, the length is still
shorter than in RS. As these systematic changes were only in
the 0.01-0.10 A range, the geometrical changes in the lower
hemisphere of the cobalt(IlI)-salen complex are only minor
during the CO, insertion. This is consistent with the changes of
the calculated Mulliken charge on the cobalt center. The charge
at the transition state was 0.7-0.73 C for L with an oxygen-
coordinating atom and was 0.6 C for chloride. The changes over
the different states were only noticeable on the scale of
0.01-0.1 C.

Focussing on the arrangement of the four reactive atoms in the
transition state and, in particular, on the forming carbonate unit,

it is noteworthy that the distance between the carbon atom of
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CO; and the oxygen atom of the alkoxide chain was only
slightly larger in the transition state than in the product state.
This applies to the carbon—oxygen bond length of the carbonyl
group as well. By contrast, the bond length between the carbon
atom of CO, and the oxygen atom of the forming Co—O-C
moiety was slightly shorter in the transition state than in the
product state. Although the changes in the bond lengths of the
forming carbonate unit were systematic for all L, the changes
were small (0.01-0.05 A). This is consistent with the minor
changes in the (O—C-0) angle of the forming carbonate unit
between TS and PS. This means that the configuration of the
carbonate unit in the transition state is already very close to the
one in the product state. Hence, the major geometrical
rearrangement from the transition to product state is concen-
trated in the O—Co—O configuration, i.e., in the change of the
hapticity of the cobalt center from 1% to n' and the inherent
changes in bond lengths. The cobalt(Il)-alkoxide bond breaks
and the newly formed Co''-O bond is shortened by ca.
0.8-1.4 A in the switchover from TS to PS. Particular attention
ought to be given to the cobalt-oxygen bond lengths of the
different L = CH3C(O)O™ models. In the transition state, there
was no difference between the minimal model (salen ligand 1)
and the extended model with only the cyclohexyl backbone
(salen ligand 1a). However, the introduction of the additional
t-Bu groups (salen ligand 1b) led to a significant increase of ca.
0.5 A in these lengths. This is remarkable, since the bond
lengths and the respective relative energies in the reactant,
precursor and product states were quite similar for all L =
CH3C(0)O™ models. This means that the coordinated L =
CH3C(0)O™ has no significant influence on the CO, insertion
itself, but only on the relative energy of the cobalt—salen com-
plex. Since the variation in the cobalt—oxygen bond lengths of
the O—CoM-O units over all nucleophiles L was relatively
large, roughly 2.5-3.5 A for both bonds, and not systematic for
the various ligands L, we assume that this reduced influence of
the nucleophile L on the CO, insertion applies to the other
ligands L as well. This is also consistent with the minor changes
in the geometry of the lower hemisphere of the [(2-hydroxy-
ethoxy)Co(salen)(L)] complexes during CO5 incorporation
and in the Mulliken charge on the cobalt center.

Current research: Brgnsted—Evans—Polanyi
relationship

The relative energies of the precursor, transition and product
states with respect to the reactant state are listed in Table 1. The
energy difference between the product state and transition state
relative to the reactant state in preS is the reaction energy and
activation barrier, respectively. In Figure 5 the activation barrier
is plotted as a function of the reaction energy. Clearly, the
values of both energies depend on the choice of the nucleophile

L. The more electron-donating the ligand is, the smaller the ac-
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Figure 5: Energy relationship between the activation barrier and the reaction energy of the CO» incorporation reaction. Plotted are the results for
different nucleophiles L, attached to the Co!l'_salen base structure as depicted in Figure 2; 3salen ligand 1a: R""R? = -C4Hg-, R3-6 = H; bsalen ligand
1b: R"R? = -C4Hg-, R3-6 = t-Bu. The energies calculated for those ligands depicted with a red square do not follow the BEP relationship (for details,
see text). The line represents the equation E, = (1.9 + 0.2)-AE + (99 # 4) [kJ-mol™"].

tivation barrier is and the more exothermic the reaction energy
is. This linear relationship between the activation barrier and
reaction energy is an example of the Bronsted—Evans—Polanyi
(BEP) relationship [52]. Mostly, the reaction energy is
exothermic, which implies that the cobalt—carbonate bond is
stronger than the cobalt—alkoxide bond. Since the alkoxide is a
stronger Lewis base than the carbonate, we calculated an
increase in bond strength between the carbonate unit and cobalt
center with respect to the cobalt(IlI)-alkoxide bond, depending
on the nucleophilicity of the ligand L. This corresponds to a
decrease in the Lewis acidity of the cobalt center.

Consequently, the picture evolves to the reaction of an electro-
philic CO; molecule with a nucleophilic alkoxide chain
connected to a cobalt(Il) center. The CO, molecule reacts via
the carbon atom with the oxygen atom of the alkoxide chain to a
carbonate unit. Here, the distance to the metal center does not
seem to be energetically important, and the geometrical changes
within the carbonate unit are similar for all considered trans-
ligands L. Therefore, we assume that the significant energy
differences in the activation and the reaction energy arise from
the differing ability of the trans-ligand L to stabilize the
cobalt(Ill)—salen complexes.

The energies calculated for L = CCI3C(O)O™ and for the
absence of a trans-ligand do not follow the BEP relationship.

This is readily explained by the electronic state and the

HOMO-LUMO gap of these complexes [53]. Penta-coordin-
ated cobalt(Ill)-salen complexes are high-spin complexes and
spin-restricted calculations are insufficient to describe their
electron configuration. In the hexa-coordinated [(2-hydroxy-
ethoxy)Co'Tl(salen)(trichloroacetate)] complex, the trichloroac-
etate ligand is so weakly coordinating that the same argument
applies.

Thus, neither coordination of CO; prior to the insertion of CO,
into a metal-X bond [50,53,54] nor activation of CO, by a base
(co-catalyst) is required. The base merely helps to open the
epoxide, while CO, being a weak electrophile, it requires a
strong Lewis base in order for CO; to react [54]. Addition of
CO, to the activated epoxide then occurs with a very low acti-
vation barrier [55]. In contrast, it has been generally believed up
to now that, in the catalysed reaction of CO, and epoxides, both
reactants need to be activated [16,56].

Conclusion

We found that CO, readily inserts into the cobalt(Ill)-alkoxide
bond of [(2-hydroxyethoxy)Co(salen)(L)] complexes. Since
the insertion occurs in a syn fashion via a four-membered ring
structure, it does not need a free coordination site at the
cobalt(IIT) center. We further found that the reaction energy of
the CO, insertion into the cobalt(Ill)-alkoxide bond is
exothermic and that its magnitude depends on the frans-ligand

coordinated to the cobalt(Ill)-salen complex. The more elec-
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tron-donating this ligand is, the more exothermic the reaction
energy is. Moreover, we found that the activation energy
decreases with increasing exothermicity of the CO, insertion.
Thereby, a linear relationship between the activation energy and
the reaction energy — a so-called Brensted—Evans—Polanyi rela-
tionship — was found. This relationship enables one to predict
the activation barrier from the reaction energy. Since the calcu-
lation of the former can be a delicate undertaking and the calcu-
lation of the latter is much easier, the relationship can be used to
estimate the activation barrier for CO, insertion into
cobalt(Il)—alkoxide bonds of similar, yet unknown complexes.
Since we found a linear relationship between the reaction
energy and activation energy and that the reaction is more
exothermic for stronger electron-donating ligands, we logically
conclude that the CO; insertion is more facile for more elec-
tron-donating ligands. Since it was experimentally shown that
cobalt(IlT)-salen complexes coordinated by electron-with-
drawing ligands, are more active in the carbonate formation
from epoxides and CO,, our findings indicate that the CO;,

insertion cannot be the rate-determining step in these reactions.

Experimental

Electronic structure calculations within the framework of
density functional theory (DFT) were performed by using the
DMol3 program [57,58]. The Perdew—Burke—Ernzerhof func-
tional to account for the exchange correlation of the electrons
was applied [59]. A double numerical basis set plus a polariz-
ation d-function on all non-hydrogen atoms and a polarization
p-function on all hydrogen atoms was used to expand the one-
electron Kohn—Sham eigenfunctions. If not otherwise stated,
then full electron, spin-restricted calculations were performed.
No constraints were applied during geometry optimisation. All
reactant and product states were shown to be minima by a
normal mode frequency analysis. The synchronous-transit
method was applied to localize possible transition states [60].
These states were further optimized by following eigenvectors
to gain the best predicted configuration of the transition state.
Transition states were analysed by a normal mode frequency
analysis and confirmed by only one imaginary frequency. It was
confirmed by the calculation of the minimum energy path that
the transition state connected the reactant and product state on
the potential energy surface. Tests on several molecules showed
that the electronic configuration can be trustfully determined by
spin-restricted calculations. This is consistent with diamagnetic,
low-spin, hexa-coordinated cobalt(Ill)-salen complexes,
observed by Kemper et al. [61], and the results of DFT calcula-
tions of similar, hexa-coordinated cobalt(Ill)-salen complexes
by Sun et al. [62]. In the spin-unrestricted calculations, a triplet
state was considered and the minima of the corresponding spin-
restricted calculations were used as initial structures. It turned

out that the total energy of the geometrical optimised structures

Beilstein J. Org. Chem. 2015, 11, 1340-1351.

with triplet state was higher than the total energy of the spin-
restricted calculations. A geometrical change was observed as
well. The hexa-coordinated cobalt(Ill)-salen complex changed
into a penta-coordinated, quadratic pyramidal structure. This is
consistent with the observations and calculations of Kemper et
al. and confirms that paramagnetism and penta-coordination of
cobalt(Ill)-salen complexes are related. Solvent effects were

not considered in the present study.

Supporting Information

Supporting Information File 1

Atomic coordinates, calculated bond lengths and bond
angles as well as calculated Mulliken charges for the
reactant state, the precursor state, the transition state and
the product state.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-144-S1.pdf]
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