RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 11

Journal Name

ARTICLE

RSC Advances

RSCPublishing

‘Ring-Expansion Addition’ of Epoxides Using

Cite this: DOI: 10.1039/x0xx00000x

Applied Potential: An Investigation of Catalysts for

Atmospheric Pressure Carbon Dioxide Utilization

Benjamin R. Buckley,* Anish P. Patel, and K. G. Upul Wijayantha*

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

Abstract: Interest in the use of CO, as a feedstock for preparation of value-added compounds

has dramatically increased over the past decade We herein investigate the insertion of
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atmospheric pressure carbon dioxide under electrosynthetic conditions into epoxides. The

initial investigations involved the use of either a nickel or copper based catalyst, however,
upon further optimisation and careful selection of electrode materials we found that these
catalysts were not required for efficient carbon dioxide insertion to occur.

Introduction

Anticipated pressures on fossil fuel resources in the coming
decades mean that raw materials for the chemical industry must
be found that can reduce our reliance on fossil fuel-based
feedstocks.! Hence, the development of new production
processes for chemical syntheses from renewable resources is a
challenge that should be a priority for all major economies.’
Research into/application of carbon dioxide utilization (CDU)
technologies has recently gained increased interest.’ CDU
offers an attractive alternative to the well-established carbon
dioxide storage (CCS) processes, however, scale of production
that CDU is
anthropogenic carbon dioxide emissions, but waste carbon

means unlikely to significantly reduce
dioxide under CDU protocols can be converted into useful
chemicals or fuels.

Carbon dioxide is abundant, cheap and non-toxic when
compared to other C; building blocks, such as phosgene, and
has been used in the manufacture of salicylic acid, urea and
cyclic carbonates for 50-100 years. However, due to carbon
dioxides relative inertness these processes are significantly
energy demanding with reactions taking place at high
temperatures and pressures. Therefore if CDU technologies are
to become viable processes with reliance on very little energy
input are required, hence processes at mild temperatures (<100
°C) and atmospheric pressures should be targeted.

The chemical reduction of CO, has received considerable
interest in the last few years, both as a method for recycling
CO, in industrial waste streams and as well as a route to useful
chemical products. For example, cyclic carbonates are widely
used in the manufacture of products including solvents, paint-
strippers,
applications in the chemical industry. Cyclic carbonates also

biodegradable packaging, as well as having

This journal is © The Royal Society of Chemistry 2013

have potential for use in the manufacture of a new class of
efficient anti-knocking agents in petrol.*

The insertion of carbon dioxide into epoxides to afford
either 5-membered ring cyclic carbonates®® or the
corresponding  polycarbonate’ has attracted considerable
attention due to the industrial application of the products arising
from these reactions. For example, North and co-workers have
employed bimetallic aluminium salen complexes incorporating
a ammonium bromide co-catalyst such as 1 (Scheme 1) to

prepare cyclic carbonates in good yield from not only highly
CO5 (1 atm) Flue Gas o)

o J<
<‘ catalyst 1 supported 0

in flow reactor
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Scheme 1: One of North’s catalysts for cyclic carbonate synthesis using flue gas

purified carbon dioxide but also directly from a fossil fuel
power station stack by use of a supported salen catalyst and
flow reactor.® These reactions take place at mild temperatures
and atmospheric pressures.
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Other catalytic systems have also been successfully
employed for example, Kleij and co-workers have recently
reported the synthesis of 5-membered cyclic carbonates in
excellent yield using either an iron, aluminium or vanadium
based catalyst at 10-2 atm CO,.’

Duilach reported in the late 1990’s the nickel-catalysed
electrochemical carboxylation of epoxides using a nickel(II)
cyclam complex (10 mol%) in DMF with a magnesium anode
and KBr as electrolyte.'” This was an attractive system for
fixing CO,, when one considers that typically the reaction of
epoxides with CO, for the preparation of cyclic carbonates is
generally carried out at high temperatures (>100 °C) and
elevated CO, pressures (>40 atm) in the presence of a transition
metal as catalyst.

Results and discussion

We were interested in developing a low energy alternative
in line with our current research portfolio aimed at
electrosynthesis'' coupled with semiconductor photoelectrodes
to drive light assisted electrosynthetic reactions.'> We were
therefore attracted to the possibility of employing an
electrosynthetic system as this type of process could be
designed to be cost neutral in terms of energy consumption if
combined with a suitable solar powered energy source and
unlike many metal catalysed processes be able to run at ambient
temperature and atmospheric pressure carbon dioxide.

Initial Investigations of a Nickel(I) Catalysed System

Our initial aims were to improve the Duiflach system by running
the reactions with cheaper and more accessible catalysts and in
a more user-friendly reaction medium. Based on conditions
reported in literature the catalysts required for electrochemical
carboxylation: [Ni(bipy);][(BF,4),] 2 and Ni[(phen);][(BF,4),] 3
were synthesised.'’> Reactions were screened using styrene
oxide 4a as substrate and run in acetonitrile in a single
compartment cell containing a magnesium anode, a stainless
steel cathode and BuyNBr supporting electrolyte (2 eq.), at
constant current: 60 mA (7 h), with constant CO, flow (471 mL
min™'), in the presence of the nickel catalyst (10 mol%)
followed by heating at 50 °C (12 h, Scheme 2). The reaction
proceeded in the presence of the nickel catalysts 2 and 3,
forming the target cyclic carbonate 5a, in moderate to good

conversion (65 and 53% respectively). Attempts to increase the
S)

]

(0}
SS Mg //<
o
1% o)
[Ni(Ligand)3][(BF4)2] (10 mol%),

BuyNBr (2.0 eq.), MeCN,

: < i) CO, (1 atm, 471 mL min-1)
60mA, 7 h, r.t.
4a iiy50°C, 12 h 5a

[Ni(bipy)3][(BF4)2] 2 53% yield

SS = stainless steel [Ni[(phen)3][(BF,),] 3 65% yield

Scheme 2: Initial screening conditions
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conversion using catalyst 2 were successful when the heating
time was increased to 18 h affording the carbonate in 81%
conversion by '"H NMR spectroscopy (replacement of BusNBr
with BuyNI resulted in only 67% conversion).

In order to improve the system and move towards cheaper
[Ni(CH;CN),][(BF )]
employed in the electrocarboxylation of styrene oxide 4a. A

more accessible catalysts, 6 was
test reaction (Scheme 3) involved electrolysis in acetonitrile in
a single compartment cell containing a magnesium anode, a
stainless steel cathode and Buy,NBr supporting electrolyte (2
eq.), at constant current: 60 mA (7 h), with constant CO, flow
(471 mL min™), in the presence of the nickel catalyst 6 (10
mol%) followed by heating at 50 °C (12 h), forming cyclic
carbonate 5a in moderate conversion (50%). A distinct colour
change of the reaction solution on addition of the supporting
electrolyte from blue to deep blue was observed during this
reaction and it was thus believed that the active catalyst was the
tetrahedral complex [Ni(Br),], formed from a ligand exchange
reaction between bromine ions of the supporting electrolyte and
the co-ordinated acetonitrile ligands. Furthermore stability
issues of reported cross bromo / acetonitrile complexes,'*
suggest that bromine ions have a stronger affinity towards
Ni(II) in comparison to acetonitrile ligands, eliminating the
possibility of a cross complex. Resulting reactions involved
direct addition of the nickel reagent, [Ni(II)][(BF,),] 7 to the
reaction solvent containing additional supporting electrolyte,
Bu,NBr (Ni*" + 4Br — Ni(Br), 8) to allow in-situ active
catalyst formation.
O ®

] 0

ss Mg 0J<
o
i) CO, (1 atm, 471 mL min-1) 0
[Ni(MeCN)J[(BF )2 6 (10 mol%),
BuyNBr (2.0 eq.), MeCN,
60mA, 7 h, r.t.
4a ii) 50 °C, 12 h 5a

50% conv.
Scheme 3: Nickel catalysed conditions

The optimum catalyst loading was also investigated, this

time using 1,2-epoxyoctadecane 4b as a test substrate.
Electrocarboxylation under the test reaction conditions in the
presence of nickel reagent 7 at 10, 15, 20 and 50 mol% loading,
BuyNBr (2.4, 2.6, 2.8 and 4 equivalents) and heating for 15
hours, resulted in the corresponding cyclic carbonate Sb, with
conversion increasing with catalyst loading. Although 50
mol%, gave the highest conversion (90%) in comparison to 10
mol% (55% conversion).
In order to further increase the conversion of starting material,
the flow rate of CO, entering the reaction system was studied.
Electrocarboxylation of 4a under the test reaction conditions in
the presence of CO, at either 89, 287, or 471 mL min!, nickel
reagent 7 (50 mol%), BuyNBr (4 eq.) and heating for 15 hours,
produced the cyclic carbonate Sa, with conversion generally
increasing with flow rate. A flow rate of 471 mL min' resulted
in the highest conversion (88%).

This journal is © The Royal Society of Chemistry 2012
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Once the optimum reaction conditions were established: 50
mol% loading of nickel reagent 7, 15 h heating and 471 mL
min”  CO,
conditions: open single compartment cell, magnesium anode,

flow rate, and in conjunction with existing
stainless steel cathode, acetonitrile solvent, BuyNBr (4 eq.) and
7 h constant current electrolysis at 60 mA, a range of epoxide
substrates were employed in order to determine the scope of the
reaction conditions (Table 1). Electrocarboxylation of epoxides
4a-4g led to the formation of the target cyclic carbonates 5a-5g
in moderate to excellent conversion (53-93%). Substrates 4c¢
and 4d gave moderate conversion attributed to the electron
withdrawing properties of the aromatic ring substituents,
although both CI' and F° substituents are mesomerically
donating (+M) they are inductively withdrawing (-I), thus
possibly decreasing the reactivity of both substrates to
nucleophiles or Lewis acid interactions.

In order to prove the requirement of CO,, constant CO,
flow, BuyNBr addition (4 eq.) and in-situ formation of nickel
catalyst 7, control experiments were carried out, involving the
attempted synthesis of cyclic carbonate Sb from test substrate
4b under optimum conditions. Electrocarboxylation with a CO,
flush (1 h) prior to electrolysis and the absence of constant CO,
flow during the reaction, resulted in minimal conversion (5%),
whereas in the absence of CO, altogether no product formation
could be detected by 'H NMR  spectroscopy.
Electrocarboxylation using lower loadings of BuyNBr (1 eq.)
resulted in decreased conversion (25%) in comparison to using
4 equivalents (90%), and finally electrocarboxylation using
nickel catalyst 8 synthesised in CH;CN or EtOH resulted in
comparable conversion (85% and 86%) to the in-situ formed
complex (90%).

Investigations of a Copper(I) Based System

In search of more effective catalysts for the synthesis of cyclic
carbonates led to the identification of [Cu(CH3;CN)4][BF,] 9.
This coordination complex is cheaper and less toxic in
the species.
Electrocarboxylation of the test substrate 4a in acetonitrile in a

comparison to analogous nickel
single compartment cell containing a magnesium anode,
stainless steel cathode and Buy,NBr supporting electrolyte (2.4
eq.), at constant current: 60 mA (7 h) with constant CO, flow

(471 mL min™) in the presence of copper catalyst 9 (10 mol%)

This journal is © The Royal Society of Chemistry 2012
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Table 1: Electrocarboxylation using Nickel based reagent 7.”

S) ®
M
SS 9 o
o) i) CO, (1 atm, 471 mL min1) 0/4

: AP
[NI(INTIL(BF 4)2, R

BuyNBr (2.0 eq.), MeCN,

60mA, 7 h, r.t.
i) 50 °C, 15 h
4a-g 5a-g
o) o]
0J<O o OJ<O
0J<
o)
cl
5a 90%b¢ 5b 80%P¢ 5¢ 55%D¢
o]
OJ< 0 O
o]
OJ< 0J<
o) o)
16
F
5d 53%P.c 5e 93%b.c 5f 90%P ¢

/\/OJ\/

%
5g 49%b°

* General reaction conditions: [Ni(I)][(BF4),] (1.0 mmol), epoxide (2.0
mmol), stainless steel cathode, magnesium anode, BusNBr (8 mmol), CO,,
60mA, 25 °C, 7 h, followed by: 50 °C, 15 h; ®Conversion evaluated from the
'H NMR spectrum by integration of the epoxide vs. cyclic carbonate signals;®
The cyclic carbonate was the only observed product by "H NMR
spectroscopy

followed by heating (12 h) resulted in cyclic carbonate 5a with
good conversion (75%, Scheme 4). It appeared, however, that
the above mentioned catalyst was not the active catalyst due to
a distinct colour change of the reaction solution on addition of

the supporting electrolyte from colourless to purple. Based on
Q ®

]

0
ss Mg /(
o Q o

i) CO, (1 atm, 471 mL min-1)

[Cu(MeCN),4(BF,)] 9 (10 mol%),
BuyNBr (2.0 eq.), MeCN,
4a 60mA, 7 h, r.t. 5a

ii) 50 °C, 15 h 75% conv.

Scheme 4: Copper(I) catalysed electrocarboxylation of styrene oxide.
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previously reported systems it was thought that the active
catalyst could be the tetrahedral complex [Cu(Br),] 10."

The reactions employing both nickel and copper based
catalysts/reagents employed the use of an open reaction vessel
during the electrocarboxylation process, thus an extremely high
CO, flow rate was required in order to achieve a higher
conversion of the epoxide starting material to the cyclic
carbonate product. In an effort to reduce the CO, flow rate, the
experimental set-up was altered to a pseudo-sealed reaction
system, where CO, had a single inlet and outlet point, allowing
the measurement and potential recovery of CO, leaving the
system. Electrocarboxylation of 4a wusing the conditions
described above, using a pseudo-sealed reaction vessel and a
decreased CO, flow rate of 132 mL min"!, formed the
corresponding cyclic carbonate 5a in a similar conversion
(76%) to the open reaction system (75%, flow rate: 471 mL
min").

The optimum catalyst loading for this process was investigated
and electrocarboxylation of 4a under the initially employed
conditions in a pseudo sealed reaction vessel, in the presence of
copper catalyst 9 at 2.5, 5 and 10 mol%, BuyNBr (2.1, 2.2 and
2.4 eq.) and a CO, flow rate of 132 mL min™', resulted in the
formation of the cyclic carbonate Sa, with conversion
decreasing with catalyst loading. Unusually the lowest catalyst
loading of 2.5 mol% resulted in a slightly higher conversion
(85%), in comparison to 5 mol% (81%) and 10 mol% (78%).
Once the optimum reaction conditions were established:
pseudo-sealed single compartment cell, 2.5 mol% loading of
132 mL min’
conjuction with the existing conditions: magnesium anode,

copper catalyst 9, CO, flow rate, and in
stainless steel cathode, acetonitrile solvent, BuyNBr (2.1 eq.), 7
h constant current electrolysis at 60 mA and heating for 12 h, a
range of epoxide substrates were employed in order to
determine the scope of the reaction conditions (Table 2).
Electrocarboxylation of epoxides 4a-4g led to the formation of
the target cyclic carbonates 5a-5g in good to excellent
conversion (60-97%). Substrates 4c¢ and 4d gave moderate
conversion for similar reasons as mentioned for the nickel
based system. Furthermore post-reaction precipitation of the
supporting electrolyte resulted in good recovery of Buy,NBr
(~65%)

In order to prove in-situ formation of copper catalyst 10, the
requirement for a catalyst and BuyNBr addition, control
experiments were carried out, involving the attempted synthesis
of cyclic carbonate Sa from test substrate 4a under optimum
conditions.  Electrocarboxylation wusing copper catalyst
[Cu(Br)4] 10 synthesised in CH3;CN or EtOH resulted in
comparable conversion (81% and 83%), to the in-situ formed
complex (90%).

Electrocarboxylation using less BuyNBr (0.1 eq.) and Buy,NPF
(0.1 eq.), resulted in decreased conversion (15%) in comparison
to BuyNBr (2.1 eq.) (90%). A repeat of this reaction in the
absence of catalyst, also resulted in conversion of starting
material (16%), although the conversion obtained was low, the
suggested  the
electrocarboxylation in the presence of higher BuyNBr loading

result possibility of catalyst free

4| J. Name., 2012, 00, 1-3

Table 2: Electrocarboxylation over a range of epoxide substrates.”

S} ®
Ss Mg o
0 i) CO, (1 atm, 132 mL min-") O//<
R/<l > /k/o
[Cu(MeCN),(BF,)] 9 (2.5 mol%), R
BuyNBr (2.0 eq.), MeCN,
60mA, 7 h, r.t.
ii) 50 °C, 15 h
4a-g 5a-g
o] o)
oJ<O 0 o%o
0J<
o
cl
5a 85%P¢ 5b 90%"b-¢ 5¢ 70%b.c
o]
o)
0J< 0J<
P WO
16
F
5d 60%"c 5e 97%Pb¢ 5f 91%bc
o]
oA
o)
o)
/\/
5g 70%P.c

*General reaction conditions: [Cu(CH;CN)4][BF4] 9 (0.05 mmol) epoxide
(2.0 mmol), stainless steel cathode, magnesium anode, BusNBr (4.2 mmol),
CO,, 60 mA, 25 °C, 7 h, followed by: 50 °C, 12 h; ® Conversion evaluated
from the '"H NMR spectrum by integration of the epoxide vs. cyclic carbonate
signals. ¢ The cyclic carbonate was the only observed product by '"H NMR
spectroscopy

and CO, flow rates. BuyNPFy supporting electrolyte was
selected in order to maintain a constant current during the
reaction furthermore the PF4 counter-ions are labile and
therefore non-coordinating. Finally electrocarboxylation in the
absence of current between electrodes, resulted in no product
formation.

Investigations of a catalyst free System

After conducting control experiments without the addition of a
metal catalyst it was observed that some conversion to cyclic
carbonate occurs (16%). This was particularly interesting as it
opened up the possibility of direct CO, insertion without the
requirement for an additional catalyst. In order to attempt to
optimise the catalyst free system an initial test reaction was
carried out using styrene oxide 4a and the optimised conditions
used for Cu(l) catalysis, but with an increased CO, flow rate

This journal is © The Royal Society of Chemistry 2012
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and the absence of a catalyst. Electrocarboxylation in

acetonitrile in a single compartment cell containing a
magnesium anode, stainless steel cathode and BuyNBr (2 eq.),
at constant current: 60 mA (7h) with constant CO, flow (471
mL min™) followed by heating at 50 °C (12 h) formed the target
cyclic carbonate Sa, in good conversion (75%) (Scheme 5).

C) @

O
ss Mg o //<
o o)

i) CO, (1 atm, 471 mL min-1)

BuyNBr (2.0 eq.), MeCN,
60mA, 7 h, r.t.
4a i) 50 °C, 12 h 5a
75% conv.

Scheme 5: Initial catalyst free conditions

In order to determine whether the result was anomalous or
restricted to aryl epoxides, a range of substrates were employed
using the conditions described in scheme 5 (Table 3).
Electrocarboxylation of epoxides 4a-4g led to the formation of
the target cyclic carbonates 5a-5g in poor to excellent
conversion (33-91%). Again substrates Sc and 5d gave
moderate conversion for similar reasons as the nickel and
copper catalysed systems. In general all substrates produced
lower conversions in comparison to the Cu(I) catalysed system,
however, we observed that the copper catalyst 9 undergoes
cathodic electroplating, thus suggesting that this system was
actually a pseudo-catalyst free system, with electroplated
copper appearing to enhance the conversion of the epoxide
starting materials in comparsion to the nickel -catalysed
systems. Furthermore as the results for the catalyst loading
study for copper catalyst 9 were very similar, it is believed that
once a layer of copper has been deposited on the cathode
further plating has little effect on the reaction.

The observed conversion of a range epoxide starting
materials in the absence of a catalyst and in the presence of a
magnesium anode and stainless steel cathode, suggested that
the electrochemical system had the potential to be effective
under catalyst free conditions. The proficiency of the process,
however, was decreased because of the high CO, flow rate
being used, thus the need for a reduction in CO, waste was
investigated. A test reaction involved flushing a single
compartment cell containing a magnesium anode, stainless
steel, BuyNBr supporting electrolyte (2 eq.) and test substrate
4a in acetonitrile for 1h with CO,, followed by
electrocarboxylation at a constant current (60 mA, 7 h) under a
CO, balloon with heating at 50 °C (12 h), resulting in cyclic
carbonate 5a formation with good conversion (75%).

In order to determine the ideal electrode couple for the
reaction system, a range of cathodic electrode materials were
screened. Electrocarboxylation of 4a under the conditions
described above using a copper or graphite cathode formed the
corresponding cyclic carbonate 5a in excellent conversion for
copper (99%), whereas graphite produced the desired product
in slightly lower conversion (85%). It appeared

This journal is © The Royal Society of Chemistry 2012
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Table 3: Electrocarboxylation over a range of epoxide substrates.”

o ®
SS Mg o
fo) i) CO, (1 atm, 471 mL min-1) O//<
R/<I BuyNBr (2.0 eq.), MeCN, /K/O
60mA, 7 h, rit. R
sa-g ii) 50 °C, 15 h 5
- a-g
0 0
0J<O 0 OJ<O
0J<
o)
Cl
5a 75%b.¢ 5b 79%P:¢ 5¢ 34%b.C
0
A o o
o)
oA oA
o) 0
16
F
5d 33%P.c 5e 85%"P¢ 5f 56%":¢
0
0J<
o)
o
/\/
5g 91%b.c

*General reaction conditions: epoxide (2.0 mmol), stainless steel cathode,
magnesium anode, BusNBr (4.0 mmol), CO,, 60 mA, 25 °C, 7 h, followed
by: 50 °C, 12 h; ®Conversion evaluated from the 'H NMR spectrum by
integration of the epoxide vs. cyclic carbonate signal; © The cyclic carbonate
was the only observed product by 'H NMR spectroscopy

that copper was a superior cathode in comparison to stainless
steel (75%) and although graphite resulted in greater conversion
of starting material, slight degradation of the electrode in
acetonitrile solvent was observed.

A range of anodic electrode materials were also screened.
Electrocarboxylation of 4a under the test reaction conditions
using either an aluminium, zinc, tin or copper anode formed the
target cyclic carbonate Sa in good conversion for aluminium
(75%) and poor conversion for zinc (5%) and tin (10%), and in
comparison, magnesium remained superior (99%).

Identification of a magnesium anode and a copper cathode
as the optimum electrode couple, was followed by full
optimisation of the catalyst free conditions. Previously it was
thought that two equivalents of Buy,NBr supporting electrolyte
were required in order to form stoichiometric MgBr, in-situ, on
the contrary, control reaction results obtained in the stainless
steel cathode and magnesium anode catalyst free system

J. Name., 2012, 00, 1-3 | 5
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suggest otherwise, therefore the Buy,NBr

investigated. Electrocarboxylation of 4a under the test reaction

loading was

conditions, conversely, in the presence of a copper cathode and
supporting electrolyte Buy,NBr at 50, 100 and 200 mol%
loading, produced the cyclic carbonate 5a, with conversion
increasing with electrolyte loading. Although 200 mol%, gave
the highest conversion of starting material (99%), 100 mol%
gave an almost equal conversion (98%), thus 100 mol% was
selected as the optimum. The requirement of heating was also
investigated with electrocarboxylation of 4a under the test
reaction conditions in the presence of a copper cathode,
Bu,NBr (100 mol%) and the absence of a heating step,
resulting in target product 5a formation in good conversion
(72%) with an increase in the electrolysis time to 10 h again in
the absence of a heating step, resulting in only moderately
higher conversion (77%). In order to decrease the overall
reaction time and energy requirement, electrocarboxylation of
4a was carried out under the test reaction conditions in the
presence of a copper cathode and Buy,NBr (100 mol%) with
simultaneous heating, the reaction proceeded to completion in
6h giving excellent conversion to the corresponding cyclic
carbonate 5a (98%), with a decrease in reaction time to 3 h
leading to moderate conversion (76%). The final optimisation
reaction involved the electrocarboxylation (6 h) of 4a in air
under the test reaction conditions in the presence of a copper
cathode and Buy,NBr (100 mol%) with simultaneous heating,
however, this resulted in the return of starting material.

The optimum applied current was also investigated and
electrocarboxylation of 4a under the test reaction conditions in
the presence of a copper cathode, BuyNBr (100 mol%), and
simultaneous heating at an applied current of either 20, 40, 60,
80 or 100 mA, resulted in the formation of 5a, with conversion
increasing with applied current. The highest conversions
(100%) were observed at 60, 80 and 100 mA, whereas 20 and
40 mA gave poor to moderate conversion, as there was no need
for additional current, 60 mA was maintained as the optimum
applied current.

Once the optimum reaction conditions were established:
sealed single compartment cell, magnesium anode, copper
cathode, 100 mol% BuyNBr loading and simultaneous heating
and electrolysis at 60 mA / 50 °C for 6 h under a CO, balloon, a
range of epoxide substrates were employed in order to
determine the scope of the reaction conditions (Table 4).
Electrocarboxylation of epoxides 4a-p led to the formation of
the target cyclic carbonates 4a-1 in good to excellent conversion
(75-99%) and good to excellent yield (65-96%). Again
substrates 4c¢ and 4d initially gave moderate conversion
attributed to the
properties of the fluoro- and chloro- aromatic ring substituents,

inductively electron withdrawing (-I)

however an increase in the reaction time to 10h enhanced both
conversion and yield. In line with other studies in the area,”'
epoxides 4n, 40 and 4p did not form the target cyclic carbonate
product, and as the substrates are either di- or tri-substituted the
lack of reactivity is attributed to steric hinderance, thus
preventing the addition of Br to ring open the epoxide, and

hence reactions resulted in the return of starting material.

6 | J. Name., 2012, 00, 1-3

Interestingly epoxide 4m was hydrolysed and converted into
cyclic carbonate 5j. Furthermore, post-reaction precipitation of
the supporting electrolyte from these reactions resulted in good
recovery of BuyNBr (~90%).

In order to explore the mild nature of these reaction
conditions we were interested in the applicability of this system
to enantiopure epoxides (Scheme 6). Application of our
optimized conditions to the CO, incorporation of (S)-styrene
oxide (S)-4a afforded the cyclic carbonate (§)-5a in excellent
yield (97%) with retention of configuration and only a slight
loss of optical purity (99.5:0.5 e.r. to 98.6:1.4 e.r.).

© ®
Cu Mg 0
CO, (1 atm, balloon
0 o ( . 9J<O
Ph” N Bu,NBr (1.0 eq.), MeCN o~
99.5:0.5 e.r. 60mA, 6 h, 50 °C 98.6:1.4e.r.
(S)-4a (S)-5a

Scheme 6. Elecrocarboxylation of (S)-styrene oxide (S)-4a to afford the
enantiomerically pure cyclic carbonate (S)-5a with retention of configuration.

The scalability of the reaction for large scale synthesis was
explored using propylene oxide 4g as the test substrate (Table
4), primarily due to the carboxylated product: 4-methyl-1,3-
dioxolan-2-one (propylene carbonate) 5g being currently
synthesised in industry for use as a polar aprotic solvent.**
Electrocarboxylation of 4g (170 mmol) under optimised
conditions resulted in the formation of the target product Sg in
excellent conversion (100%, 91% yield).

A proposed mechanism of our process is highlighted in
scheme 7. Under standard heating and stirring conditions we
believe the pathway shown is in operation due to the recent
reports by North and coworkers’® and the retention of
information in the

stereochemical final cyclic carbonate

product.

Conclusions

In conclusion we have studied the effect of several transition
metal catalysts and electrode materials on the ring-expansion
addition of epoxides with carbon dioxide. This process is one of
a handful of emerging approaches that allow this reaction to
pressure
temperatures. The yields obtained are comparable or better than

proceed at atmospheric and at ambient-mild
those already reported in the area and our approach benefits
from not employing an additional catalyst into the reaction,
which in some cases can be toxic or expensive. The equipment
required to perform this CO, incorporation reaction is cheap
and should be readily available in any undergraduate teaching

facility i.e. copper wire, magnesium ribbon and a power supply.

This journal is © The Royal Society of Chemistry 2012
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© ®
]
Cu Mg o
o CO, (1 atm) o j<

A<

BuyNBr (1.0 eq.), MeCN
60mA, 6 h 50 °C

4a-o0 5a-l
aromatics aliphatics
0 o o o o o) o o
oj< o/Z< o/Z< o//< O/Z< 0J< 0J< 0J<
? ? g ° . /‘\/ ? v\/‘\/o ?
cl F Me MeO |
5a 96%° 5¢ 60%¢d 5d 80%¢d 5h 90%° 5i 80%° 1 5e 94%°¢ 5b 85%¢ 5f 90%°
functionalized modified under reaction conditions
o o o o | o
oj< 0J< 0J< 0J< : oJ<
J\/O o ° ° o ° ‘ o/\<|0 - o
(0] H i
ph” /\/ 3 HO.
5§ 95%¢ 5k 90%° 51 65%¢ 59 86%° 4m 5k 94%¢

trans- and tri-substituted epoxides - no reaction

Ph

(o}

= o
/><(l) <D

* General conditions: CO,, Cu cathode, Mg anode, BusNBr (2.0 equiv.), MeCN, single compartment cell, 60mA, 6 h 50 °C; °On average 90-95% of the
Bu,NBr is recovered after each reaction by precipitation with EtOAc and the cyclic carbonate was the only observed product by 'H NMR spectroscopy; ©

isolated yield after column chromatography; ¢ Reaction ran for 8 h.

Experimental

Representative procedure for the ring expansion addition
reaction using nickel based catalysts (Scheme 2): Styrene
oxide 4a (0.24 g, 2.0 mmol) in acetonitrile (50 mL) was
electrolysed at constant current: 60 mA for 7 h in a single
compartment cell containing a stainless steel cathode and
magnesium anode, in the presence of catalyst (10 mol%),
supporting electrolyte: Buy,NBr (01.28 g, 4 mmol) and CO,,
followed by heating at 50 °C for 12 h or 18 h. On completion

This journal is © The Royal Society of Chemistry 2013

the reaction mixture was filtered and the filtrate washed with
HCI (50 mL / 0.1 M) followed by extraction using Et,O (3 x 35
mL). The combined organic extracts were washed with H,O (50
mL), dried over MgSO, and evaporated to dryness affording 4-
phenyl-1,3-dioxolan-2-one Sb as a crude amber
[Ni(bipy)s][(BF4),] 2 (0.10 g, 10 mol%) (conv.:
Ni[(phen);][(BF,),] 3 (0.12 g, 10 mol%) (conv.: 53%).
Catalyst loading study using 7 and 4b: 1,2-epoxyoctadecane
4b (0.54 g, 2.0 mmol) in acetonitrile (50 mL) was electrolysed

oil.
65%);

at constant current: 60 mA with constant stirring for 7hina

J. Name., 2013, 00, 1-3 | 7



RSC Advances Page 8 of 11
Cathode ‘ | Anode
‘ CO5,(g), 1 atm
Mag2+
2.CO, 9 CO +MgCOs
+2e
2 COZ MgBr2 o6
. +2e <? MgBr, Mg®
Ph" f ‘f
i 0 3 ‘ (o) BuyN+Br-
! o~ SN CO,
Cphe &0 3 99% ee
' 97%ee :
.. ; o Mgbr ,MgBr,
A\
C
I -MgBr, Ph W
Br
0
J\ o/Mg\o (0]
o) ngBr ‘\ o . BugN + BrBu
th‘H —BusN  ppt BugN* —-MgBr, BusN™ "O-MgBr
(Br Br  Br Br-

Scheme 7. Proposed mechanism for carbon dioxide ‘Ring-Expansion Addition’ of epoxides using applied potential

single compartment cell containing a stainless steel cathode and
magnesium anode, in the presence of [Ni(ID)][(BF,),] 7,
supporting electrolyte: BuyNBr and CO,, followed by heating at
50 °C for 15 h. On completion the reaction mixture was filtered
and the filtrate washed with HCI (50 mL / 0.1 M) followed

by extraction using Et,0 (3 x 35 mL). The combined organic
extracts were washed with H,O (50 mL), dried over MgSO,
and evaporated to dryness affording 4-hexadecyl-1,3-dioxolan-
2-one Sb as a brown solid. [Ni(ID)][(BF,4),] (0.068g, 10 mol%)
and BuyNBr (1.55 g, 4.8 mmol) (conv: 53%). [Ni(ID)][(BF,),]
(0.10 g, 15 mol%) and BuyNBr (1.68 g, 5.2.0 mmol) (conv:
66%). [Ni(I)][(BF,),] (0.14 g, 20 mol%) and Buy,NBr (1.81 g,
5.6 mmol) (conv: 73%). [Ni(ID)][(BF,4),] (0.34 g, 50 mol %) and
BuyNBr (2.56 g, 8 mmol) (conv: 90 %).

Representative procedure for the ring expansion addition
reaction using [Ni(I)][(BF4),] 7 (Table 1): Styrene oxide 4a
(2.0 mmol, 0.24 g) in acetonitrile (50 mL) was electrolysed at

constant current: 60mA with constant stirring for 7 h in a single
compartment cell containing a stainless steel cathode and
magnesium anode, in the presence of [Ni(II)][(BF,),] 7 (0.34 g,
50 mol%), supporting electrolyte: BuyNBr (2.56 g, 8§ mmol) and
CO; (flow rate: 471 mL min™"), followed by heating at 50 °C for
15 h. On completion the reaction mixture was filtered and the
filtrate washed with HCI (50 mL / 0.1 M) followed by
extraction using Et,0 (3 x 35 mL). The combined organic
extracts were washed with H,O (50 mL), dried over MgSO,
and evaporated to dryness, followed by purification by column
chromatography on silica affording affording 4-phenyl-1,3-
dioxolan-2-one 5a as a colourless solid (90% conv.).

8 | J. Name., 2012, 00, 1-3

Representative procedure for the ring expansion addition
reaction using [Cu(MeCN), (BF,)] 9 (Table 2): Styrene oxide
4a (0.24 g, 2.0 mmol) in acetonitrile (150 mL) was electrolysed
at constant current: 60 mA with constant stirring for 7 h in a
single compartment cell containing a stainless steel cathode and
magnesium anode, in the presence of [Cu(CH3;CN),][BF,] 9
(0.018 g, 2.5 mol%), supporting electrolyte: BuyNBr (1.35 g,
4.2.0 mmol) and CO, (flow rate: 132 mL min™), followed by
heating at 50 °C for 12 h. On completion the reaction mixture
was filtered and filtrate was evaporated to dryness followed by
addition of EtOAc (50 mL). After 1 h precipitated BusNBr
(0.48 g, 65% recovered) was removed by filtration and the
solvent evaporated, followed by purification by column
chromatography on silica affording 4-phenyl-1,3-dioxolan-2-
one 5a, as a colourless solid (conv: 85 % conv.).
Representative procedure for the ring expansion addition
reaction using a stainless steel anode and magnesium
cathode under catalyst free conditions (Table 3): Styrene
oxide 4a (0.24 g, 2.0 mmol) in acetonitrile (150 mL) was
electrolysed at constant current: 60 mA with constant stirring
for 7 h in a single compartment cell containing a stainless steel
cathode and magnesium anode, in the presence of supporting
electrolyte: BuyNBr (1.28 g, 4 mmol) and CO, (flow rate: 471
mL min"), followed by heating at 50 °C for 12 h. On
completion the reaction mixture was filtered and filtrate was
evaporated to dryness followed by addition of EtOAc (50 mL).
After 1h precipitated BuyNBr (~70% recovered) was removed
by filtration and the solvent evaporated, affording 4-phenyl-1,3-
dioxolan-2-one Sa, as a crude amber oil (conv: 75%).

General Procedure for the ring expansion addition reaction
using a copper anode and magnesium cathode under
catalyst free conditions (Table 4): Representative procedure

This journal is © The Royal Society of Chemistry 2012
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for the synthesis of phenyl ethylene carbonate Sa: Styrene
oxide 4a (0.12 g, 1.0 mmol) and CO, (balloon) in acetonitrile
(150 mL) were electrolysed (constant current: 60mA) for 6h in
a single compartment cell (Mg anode and Copper(0) cathode)
containing BuyNBr (0.32 g, 1.0 mmol) as supporting electrolyte
at 50°C. On completion the reaction mixture was washed with
aqueous 0.1 M HCI (50 mL) followed by extraction with Et,O
(3 x 35 mL). The combined organic extracts were then dried
over MgSO, and evaporated under reduced pressure to afford a
amber oil, which was suspended in EtOAc (100 mL). After 1 h
the precipitated Buy,NBr (0.30 g, 95%) was removed by
filtration and the solvent evaporated under reduced pressure to
afford an amber oil. This crude material was purified by
column chromatography on silica gel eluting with ethyl
acetate:light petroleum. Colourless solid (0.157 g, 96%).

Data for the cyclic carbonates 5a-51
4-Phenyl-1,3-dioxolan-2-one  (styrene  carbonate)  5a:
Colourless solid; mp 49-51 °C; vy (CH,Cly)/em™ 1160 (C-0),
1756 (C=0); 'H NMR (400MHz, CDCl3) &: 3.45 (1H, dd, J =
7.93,J="17.93),4.80 (1H, dd, J = 8.49, J = 8.33), 5.68 (1H, dd,
J=1799, J=17.99), 7.35 — 7.45 (5H, m); °*C NMR (400MHz,
CDCl,) 8: 71.2, 78.00, 125.9, 129.3, 129.8, 135.8, 154.8.
4-Butyl-1,3-dioxolan-2-one (I-hexene carbonate) Sb:
Colourless 0il; Vinax (CH,Cly)/em™ 1171 (C-0), 1770 (C=0); 'H
NMR (400MHz, CDCls) &: 0.93 (3H, t, J=7.36, J=7.38), 1.34
—1.49 (2H, m), 1.65 — 1.74 (2H, m), 1.78 — 1.87 (2H, m), 4.07
(1H, dd, J =72, J = 7.2), 453 (1H, dd, J = 7.98, J = 8.26),
4.69-4.72(1H, m);'>*C NMR (400MHz, CDCl;) &: 13.8, 22.8,
26.5,29.7,33.6, 69.4, 155.1.
4-(4-Chlorophenyl)-1,3-dioxolan-2-one (4-chlorostyrene
carbonate) Sc: Colourless solid;, mp 67-69 °C; vy
(CH,Cl)/em™ 1165 (C-0), 1761 (C=0); 'H NMR (400MHz,
CDCl;) &: 4.31 (1H, dd, J = 7.85, J = 7.89), 4.80 (1H, dd, J =
8.43, J = 8.43), 5.66 (1H, dd, J = 7.96, J = 7.96), 7.27 — 7.32
(2H, m), 7.42 — 7.44 (2H, m); *C NMR (400MHz, CDCl;) &:
71.0,77.2,127.3,129.5, 134.3, 135.8, 154.5.
4-(4-Fluorophenyl)-1,3-dioxlan-2-one (4-fluorostyrene
carbonate) 5d: Colourless solid; mp 62-64 °C; vy
(CH,Cl)/em™ 1167 (C-0), 1763 (C=0);'H NMR (400MHz,
CDCl;) 6: 4.33 (1H, dd, J=7.93, J = 8.75), 4.80 ( 1H, dd, J =
8.21, J = 8.59), 5.66 (1H, dd, J = 8.02, J = 8.02), 7.11 — 7.17
(2H, m), 7.34 — 7.39 (2H, m); *C NMR (400MHz, CDCl;) &:
71.1,76.7,77.4,116.0, 127.4, 131.5, 154.6, 162.2, 164.6.
4-Methyl-1,3-dioxolan-2-one (Propylene carbonate) Se:
Colourless 0il; Vi (CH,Cl)/em™! 1204 (C-0), 1779 (C=0);'H
NMR (400MHz, CDCl;) 6: 1.49 (3H, d, J = 6.27), 4.04 (1H, dd,
J=1727,J=1727),4.57 (1H, dd, J = 7.71, J = 7.81), 4.83 —
4.90 (1H, m); *C NMR (400MHz, CDCl;) 8: 19.4, 70.7, 73.6,
155.1.

4-Hexadecyl-1,3-dioxolan-2-one (I-octadecene carbonate) 5f:
Colourless solid; mp 45-47 °C; vy (film)/em™ 1170 (C-0),
1774 (C=0); '"H NMR (400MHz, CDCl;) : 0.88 (3H, t, J =
7.06, J=6.97), 1.21-1.48 (26H, m), 1.63 - 1.72 (2H, m), 1.77 -
1.86 (2H, m), 1.63 - 1.72 (2H, m), 4.07 (1H, dd, J = 7.43, J =
7.37), 4.52 (1H, dd, J = 8.07, J = 8.15), 4.69 (1H, m);"*C NMR
(400MHz, CDCl;) &: 14.1, 22.7, 24.4, 29.2, 29.4, 29.4, 29.5,
29.6, 29.6,29.7,29.7,31.9, 33.9, 69.4, 155.1.
4-(Allyloxymethyl)-1,3-dioxolan-2-one 5g: Colourless oil;
Vmax (film)/cm™ 1179 (C-0), 1646 (C=C), 1792 (C=0); 'H
NMR (400MHz, CDCl;) 6: 3.60 — 3.73 (2H, m), 4.00 — 4.08
(2H, m), 4.39 — 4.44 (1H, m), 4.50 — 4.57 (1H, m), 4.81 — 4.87
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(1H, m), 5.21 — 5.31 (2H, m) 5.83 — 5.94 (1H, m); *C NMR
(400MHz, CDCl;) 6: 66.3, 68.9, 72.5,75.1, 117.9, 133.7, 155.1.
4-(4-Methylphenyl)-1,3-dioxolan-2-one (4-methylstyrene
carbonate) 5h: Colourless solid; mp 40-41 °C;
Vmax(CH,Cl)/em™ 1165 (C-0), 1460 (C=C), 1737 (C=0); &y
(400 MHz, CDCl;, Me,Si) 2.35 (3H, s), 4.34 (1H, dd, J 8.18),
4.77 (1H, dd, J 8.56), 5.64 (1H, dd, J 8.06), 7.23-7.28 (4H, m);
d¢ (100 MHz, CDCl;, Me,Si) 21.3, 71.2, 76.9, 78.1, 126.0,
129.9, 132.7, 139.9.

4-(4-Methoxyphenyl)-1,3-dioxolan-2-one (4-methoxystyrene
carbonate) S5i: Colourless solid;, mp 42-44 °C; vy
(CH,Cly)/em™ 1072 (C-0), 1812 (C=0); 'H NMR (400MHz,
CDCly) 8: 3.83 (3H, s), 4.35 (1H, dd, J = 8.14, J = 8.17), 4.75
(1H, dd, J = 8.17, J = 8.17), 5.62 (1H, dd, J = 8.05, J = 8.11),
6.94 — 6.97 (2H, dd, m), 7.26-7.32 (2H, m). *C NMR
(400MHz, CDCl3) &: 55.4, 71.1, 78.1, 114.6, 127.6, 154.9,
160.8.

4-Phenoxymethyl-[1,3]-dioxolan-2-one 5j: Colourless solid;
mp 103-105 °C; vpa(CH,ClL)/em™ 1166 (C-0), 1783 (C=0);
'"H NMR (400MHz, CDCly) 8: 4.14 — 4.26 (2H, m), 4.52 — 4.64
(2H, m), 5.00 — 5.06 (1H, m), 6.90 — 6.92 (2H, m), 7.00 — 7.04
(1H, m), 7.26 — 7.33 (2H, m);"*’C NMR (400MHz, CDCl,) &:
66.3, 66.9, 74.1, 114.6, 122.0, 129.7, 154.6, 157.7
4-(Hydroxymethyl)-1,3-dioxolan-2-one Sk: Colourless oil;
Vmax (CH>CL)/em™ 1180 (C-0), 1782 (C=0), 3411 (O-H);'H
NMR (400MHz, CDCl;) 6: 2.89 (1H, s), 3.71 (1H, dd, J = 3.49,
J=3.41),3.99 (1H, dd, J = 2.97, J = 2.97), 4.50-4.56 (2H, m),
4.97-4.84 (1H, m); *C NMR (400MHz, CDCl;) 8: 61.7, 65.8,
76.7, 155.5.

4-(Chloromethyl)-1,3-dioxolan-2-one 51: Colourless oil; vy,
(CH,ClL)/em™ 1078 (C-Cl), 1193 (C-0), 1643 (C=0); 'H NMR
(400MHz, CDCl;) &: 3.72 — 3.81 (2H, m), 4.42 (1H, dd, J =
5.77, J = 5.68), 4.60 (1H, dd, J = 8.30, J = 8.79), 4.94 — 5.00
(1H, m); “C NMR (400MHz, CDCl;) &: 43.6, 66.0, 74.2,
154.1.

Large Scale Synthesis of 4-Methyl-1,3-dioxolan-2-one
(propylene carbonate) 5g: Propylene oxide 5g (10 g, 170
mmol) in acetonitrile (100 mL) was added to a solution of
supporting Buy,NBr (54.8¢g,
acetonitrile (500 mL), the resulting solution was flushed with
CO, (flow rate: 1000 mL min™") for 1 h, followed by heated
electrolysis at 50 °C and constant current: 60 mA with constant

electrolyte: 170 mmol) in

stirring for 10 h under CO, balloon, in a single compartment
cell containing a magnesium anode and copper cathode. On
completion the reaction mixture was evaporated to dryness
affording 4-methyl-1,3-dioxolan-2-one 5g as a crude amber
solid (conv: 100%). The solid was partitioned between aqueous
0.1 M HCI (50 mL) and Et,0 and extracted. The combined
organic extracts were then dried over MgSO, and evaporated
under reduced pressure to afford a amber oil, which was
suspended in EtOAc (100 mL). After 1 h the precipitated
BuyNBr was removed by filtration and the solvent evaporated
under reduced pressure to afford an amber oil. This crude
material was purified by column chromatography on silica gel
eluting with ethyl acetate:light petroleum. To afford the product
as a colourless oil.
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Abstract: Interest in the use of CO, as a feedstock for preparation of value-added
compounds has dramatically increased over the past decade We herein investigate the
insertion of atmospheric pressure carbon dioxide under electrosynthetic conditions into
epoxides. The initial investigations involved the use of either a nickel or copper based
catalyst, however, upon further optimisation and careful selection of electrode materials
we found that these catalysts were not required for efficient carbon dioxide insertion to

occur.




