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ABSTRACT: A continuous method for the formation of
cyclic carbonates from epoxides and carbon dioxide (CO,) is
described. The catalysts used are inexpensive and effective in
converting the reagents to the products in a residence time
(t) of 30 min. The cyclic carbonate products are obtained in
good to excellent yield (51—-92%). On the basis of a series of
kinetics experiments, we propose a reaction mechanism
involving epoxide activation by electrophilic bromine and
CO, activation by an amide.
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B INTRODUCTION

Carbon dioxide is an attractive C, feedstock as it is renewable,
inexpensive, and can replace commonly used toxic C, building
blocks, such as phosgene.' Synthetic procedures that utilize
CO, as a carbon feedstock may offer viable alternative routes
toward organic compounds that are currently derived from
fossil fuel-based resources.” In this regard, an important
transformation is the atom economical reaction of CO, with
epoxides to yield cyclic carbonates® (Scheme 1, eq 1), which

Scheme 1. A New Paradigm for Epoxide Activation
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have important applications as polar aprotic solvents and
electrolytes in lithium-ion batteries, and are useful monomers
for the production of polycarbonates.4 However, a central
challenge common to all transformations employing CO, is
overcoming its kinetic and thermodynamic stability."

Herein we report the development and detailed mechanistic
investigation of a novel and continuous flow catalytic system for
this important transformation. Requiring only catalytic
quantities of feedstock chemicals (bromine itself or a
combination of N-bromosuccinimide (NBS) and benzoyl
peroxide (BPO)) in DMF, the efficient conversion of epoxides
and CO, to cyclic carbonates that we present here enjoys a
wide substrate scope and represents a new paradigm for
epoxide opening, which we propose occurs by electrophilic
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activation of the epoxide by the bromine cation and
nucleophilic activation of CO, by an amide, in this case
DMF (Scheme 1).

Homogeneous and heterogeneous catalysts for this trans-
formation have been reported previously, including metal—
salen complexes,5 metal—oxides,6 organic bases or ammonium
and phosphonium salts,” N-heterocyclic carbenes,® alkali metal
salts,” and ionic liquids."® We reasoned that a continuous flow
approach would ameliorate many of the limitations observed in
catalyst deactiva-
tion over time,’ high gas pressures and high reactor
temperatures, which present significant safety considerations,
particularly in large-scale batch reactions.

Continuous flow methods are enabling technologies for a
wide range of chemical transformations,'"*? including gas—

. . .10
these systems, including, low conversion,

liquid biphasic reactions.'®> Advantages that are enjoyed in flow,
relative to batch, that are relevant to the present case include
the following: (1) the high surface-to-volume ratio and
enhanced mass transport, which significantly improve the
reaction efficiency; (2) facile automation, secured reproduci-
bility, improved safety and process reliability, which are easily
achieved; (3) space and energy savings, given that a compact
equipment footprint can provide very high output; (4) scaling-
out accomplished simply by extension of product collection
time; and (S) straightforward scaling-up using optimized
reaction parameters developed in a bench-scale continuous
device, as they can be transferred directly to large-scale
production without the need for substantial further optimiza-
tion, a feature that stands in contrast to the difficulties that can
occur during scale-up from a small-scale batch process.

Received: July 31, 2013
Published: November 20, 2013

dx.doi.org/10.1021/ja4079094 | J. Am. Chem. Soc. 2013, 135, 18497—-18501


pubs.acs.org/JACS

Journal of the American Chemical Society

B RESULTS AND DISCUSSION

We constructed the continuous flow apparatus used in these
investigations from commercially available components, as
summarized in the diagram shown in Figure L™ and the
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Figure 1. Schematic of gas—liquid continuous flow reactor.

experimental procedure can be summarized as follows: After
the system was brought to the appropriate pressure (100 psi
CO,) and temperature (120 °C), a solution of epoxide (1a—j)
and catalyst in DMF was introduced by a Harvard Syringe
Pump. The CO, stream was metered into the system using a
mass flow controller. The gas and liquid streams met at a Y-
mixer, and a 1:1 (v:v) liquid/gas slug flow stream was observed
at the out port. The reaction occurred at elevated temperature
in standard stainless steel tubing'® (R1; 0.030 in. i.d.). Nitrogen
(N,) was employed for back pressure and a slow bleed was
necessary to regulate the overall pressure of the system. After
steady state was achieved (~4 X ty where f; is the residence
time), the final eluent stream was sampled using a 6-way
valve.'®

In our initial studies of the reaction of CO, with epoxides
(batch), we focused on the discovery of a catalyst system that
(1) employed inexpensive and readily available compounds, (2)
did not necessitate high CO, pressures, and (3) would be
amenable to continuous flow production. During an evaluation
of several classes of potential promoters, N-bromosuccinimide
(NBS) emerged as an effective catalyst for the formation of
cyclic carbonates from the corresponding epoxide and CO,. For
example, in the presence of 5 mol % of NBS in DMF, 75%
conversion of 1,2-epoxyoctane (1a) to cyclic carbonate 2a was
observed after 6 h at 120 °C under batch conditions (Table 1,
entry 1). Achieving a reasonable reaction time in flow (~43
min) was a significant challenge for this process, and initial
continuous flow experiments were not promising. No
conversion of 1,2-epoxyoctane (la) was observed with S mol
% of NBS at 80 °C, even with extending the t; to 45 min (entry
2). Increasing the temperature to 120 °C gave only 24%
conversion (entry 3). In contrast, the addition of benzoyl
peroxide (BPO), to the continuous process resulted in 100%
epoxide conversion under otherwise identical conditions (entry
4). Full epoxide conversion was also observed with decreased
catalyst loading (5 mol %, entry S). A solvent screen revealed
that DMF, DMA, and NMP are appropriate solvents for the
reaction.'”” DMF was selected for our study based on economic
considerations. Further evaluation to decrease fz and minimize
the amount of solvent used revealed the optimal conditions to
be 5 mol % of each of NBS and BPO, an epoxide concentration
of 2.0 M in DMF, and a t of 30 min (entry 6).

Table 1. Initial Experiments Using the Continuous Flow
Apparatus

[o}

2 catalyst (X mol%} A
L\H,scm veo, — oo P o
1a 2
entry catalyst (mol %) T (°C) time [1a], (M) conv (%)°
1“  NBS(5) 120 6h 0.44 75
2% NBS (5) 80 45 min 1.0 0
3*  NBS (10) 120 45 min 1.0 24
4% NBS/BPO (10/10) 120 45 min 1.0 100
s®  NBS/BPO (5/5) 120 45 min 0.44 100
6®  NBS/BPO (5/5) 120 30 min 20 96
7° B, (5) 120 7.8 min 0.5 50

“Batch reaction (atmospheric CO, pressure). YFlow experiment (100
psi CO, pressure). “Conversion determined by GC analysis using
naphthalene as an internal standard.

Using the optimal conditions in the continuous flow
apparatus (Table 1, entry 6), we investigated epoxides bearing
different functional groups (Scheme 2). All terminal epoxides

Scheme 2. Synthesis of Cyclic Carbonates from Epoxides
and CO,”
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“See Table 1, entry 6 for experimental conditions. “Yield determined
by 'H NMR using trichloroethylene as an external standard.
“Conversion (in parentheses) determined by GC analysis using
naphthalene as an internal standard.

were converted to the corresponding cyclic carbonates in good
to excellent yields with no observable byproduct formation
(2a—2g). Propylene oxide (1d), a low boiling epoxide that can
be difficult to handle, underwent smooth conversion to
propylene carbonate (2d) in 81% yield. It should also be
noted that the product, propylene carbonate (2d) is of high
commercial value." Alkene-containing epoxides were less than
ideal substrates, forming cyclic carbonate products in only 52%,
58%, and 51% yield (2h—2j, respectively). We thus postulated
that the pendant alkene interfered with the active catalyst in the
reaction mixture (vide infra). However, while the reaction rate
of 1i was slower relative to that of epoxyoctane (1a), we did not
observe any products in which the alkene had reacted (e.g,
bromination).'® Under the optimal conditions, disubstituted
epoxides such as cyclohexene oxide, trans-stilbene oxide, and
1,1-dimethyloxirane were not converted to cyclic carbonates.
Enantioenriched epoxides were evaluated and compared under
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both flow and batch conditions (Scheme 3). Aliphatic
substituted (S)-1b was converted to (R)-2b with no loss of

Scheme 3. Transformations Using Enantioenriched Epoxides
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ee. Enantiomerically pure aryl substituted (R)-1g, on the other
hand, was transformed to (R)-2g with observable ee loss (76%
ee) under flow conditions. Under batch conditions, product
(R)-2g was achieved with an even lower selectivity (50% ee)."’
Use of a combination of a different pumping system (Syrris
Asia) and a conventional, off-the-shelf back-pressure regulator
is also possible, simplifying product collection and making
laboratory use of this method even more straightforward
(Scheme 4). In the case of epoxide 1a, the system was operated

Scheme 4. Simplified Flow Reactor

o}
pdank a s | g
controller ----—«- o o
“Hisoeamms 120°c |, BPR
L\w}’ ! Ry=30 min: (100 psi) 5
5

[ T Eemederee 2a
! (1a,2 Min DMF) !
NBS (5 mol%) !

! BPO (5mol%) !
i 20ulfmin

Isolated yield for 14 h flow
at steady state: 82%

at steady state for 14 h (28 residence times), and the results
were very comparable to those of the other system: 92%
conversion, 87% yield (NMR), 82% isolated yield after column
chromatography. 8 Overall, the utility of the continuous flow
reactor was demonstrated through the rapid synthesis of a
variety of terminal cyclic carbonates with no observable
byproducts.

Mechanistic Investigations. The reaction conditions we
discovered stand in stark contrast to those previously reported
for this transformation; most of the components employed
herein are generally considered electrophilic in nature, and it
was unclear to us how two electrophilic catalysts (NBS and
BPO) were mediating the coupling of two electrophiles
(epoxide and CO,). To gain mechanistic insight into this
apparent paradox, we determined the kinetic parameters of the
coupling of 1,2-epoxyoctane (1a) and CO, catalyzed by NBS
and BPO in DMF."®

The rate of the reaction displayed a first-order dependence
on the epoxide (Figure 2ac), NBS (Figure 2b), and BPO
concentrations (Figure 2d) and was independent of CO,
pressure.'"®*° Notably, the reaction did not require BPO
(Table 1, entries 1—3) yet was accelerated by it (entries 4 and
S). These results are easily explained by the following
hypothesis: NBS catalysis involves two parallel pathways, one
that does not require BPO (with a rate constant ki), and one
that does (with a rate constant k{¥). These results can be

{3}10 T T T T T P (h] 0.12 T T T T T

0.10 |- -
[BPO] (mM)
0.08 | A

Epoxide] (M)

50 125

[BPO] (mM)

0.1 1 1 1 L 1 0.00 1 1 L 1

0 2 4 [ 8 10 12 1} 5 10 15 20 25 30
Time (min) [NBS] (mM)

Rate Constant, k (s”)

o
P
m

T T T ! (d) 0.12 T

[BPO] (mM)
010 - -

008 | / ]
006 |- 4
L - . -

0.04 F [INBs] = 25 mM] o
o0z} J

[Epoxide] (M)
Rate Constant, k (s')

0.00 1 1 1 1 1 1

=
=

(f) 0.250 - T -

T 5' .;.I._I
0.200 |-*

0.150 |- \ .
0.100 |- \ 4

0.050 k=0017 (8] |

T
(i

[Epoxide] (M)
L ]

Rate Constant, k (s”)

0.0 L 1 ' L L

1] W0 20 30 40 S50 60
[Br ] (mM)

Time (min)

Figure 2. Selected kinetic experiment results showing effects of
epoxides, NBS, BPO and Br, on epoxide coupling with CO,.

collected to give the overall rate constant in terms of the initial
NBS and BPO concentrations (see eq 2):

d[Epoxide]

- _ IC exp
dt (ko

+ k;™[BPO],)[NBS], [Epoxide ]
)
Our solvent study'’ showed that DMF and DMA were
critical for the reaction to achieve high conversion and yield,
suggesting that the solvent may also be a direct promoter of the
reaction. Indeed, the Parisi group has reported that N,N-
dimethylamides can convert NBS to Br,.*' The Braddock group
also demonstrated that DMF and DMA can behave as
nucleophilic organocatalysts for the transfer of electrophilic
bromine from NBS.*> Moreover, highly enantioselective
electrophilic brominations catalyzed by peptides, and Lewis
base catalyzed alkene halofunctionalizations, were reported
recently by Miller and Denmark, respectively.”® On the other
hand, CO, may be activated by DMF, as has been suggested by
Aresta.® We verified participation of DMF in the reaction
mechanism by carrying out a solvent kinetic isotope effect
(KIE) experiment. The relative rate of the reaction in DMF and
DMF-d, (eq 3) was determined to be 1.3, suggesting a
secondary KIE, such as a change of hybridization within DMF.

o 5 mol% NBS )Dl\
CH co, 5 mol% BPO 0" "o
L\(\‘Ts * 7 (100ps)  solvent, 120°C, tg = 10 min \_<M«CH
3
1a 2a °

solvent = DMF rate: kH = 0.0594 Mmin™'
DMF-d7 kD = 0.0458 Mmin™!

We suspected that the function of NBS and BPO was the
generation of Br,, which in turn may be the active catalyst, a
supposition also consistent with the good performance of Br, in
initial evaluations of preparative conditions (Table 1, entry 7).**
A kinetic experimental study with pure bromine (in the absence
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of NBS and BPO) confirmed this notion (Figure 2e). The
depletion of the epoxide with time was clearly dependent upon
[Br,]; the observed reaction rate constant is shown in Figure 2f
to be essentially linear at low Br, concentrations, with a
quadratic contribution at higher [Br,]. The rate constants were
similar in magnitude to those obtained when NBS was used as
the catalyst, with BPO as a cocatalyst, strongly suggesting that
Br, produced from NBS was the actual catalyst promoting the
reaction.

On the basis of these results, we proposed a mechanism
involving an in situ Br, generation (Scheme S, eqs A1—A4) and

Scheme 5. Proposed Mechanism
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a bromo-oxonium species (7).* Given the moderate
nucleophilicity of the epoxide oxygen,26 it is reasonable to
propose the intermediacy of this cationic species 7 (eq Bl).
Moreover, bromine is known to react with other oxygen-
containing compounds, such as ethers;”” in fact, dioxane forms
an isolable complex with elemental bromine.”® Activated CO, 9
can react with 7 to give compound 10 (eq B3). It is also
possible that bromide ion opens the bromo-oxonium species 7,
followed by activated CO, 9 displacement of bromide to give
the same intermediate 10. Epoxide opening at the less hindered
(terminal) position was consistent with the observation that
enantiomerically pure (S)-1b was converted to enantiomerically
pure (R)-2b (retention of configuration, Scheme 3). The lower
ee of (R)-2g was presumably due to increased stabilization of
positive charge at the 2-position by the phenyl group. The
regioselectivity of epoxide opening (with complete inversion of
configuration of the minor regioisomer) would be one limiting
scenario that would explain this result. It is also possible that
the minor enantiomer is the result of an Syl-like mechanism,
followed by stereorandom attack of an activated CO,

nucleophile (e.g, 9, Scheme S). After epoxide opening, the

O—Br bond may be broken by bromide (Br™), regenerating the
Br, catalyst (eq B4) and liberating an alkoxide anion that
undergoes cyclization to form the carbonate product.

This kinetic model was further analyzed through mass
balances on the reaction intermediates that were assumed to be
at pseudo-steady state. The system of algebraic equations was
solved for the unknown intermediate concentration [Br-] (see
Supporting Information for details) that was further resolved
into eq 4 by considering the homolysis/recombination of Br, to
be reversible (note that all rate constants k; are elementary in eq

4):
kyk. [k o + k[BPO]][NBS][Epoxide]
2(ky = k7y) ©)

This result is consistent with the experimentally determined
rate expression given by eq 2. In the derived expression, the
BPO concentration is constant due to its role as a cocatalyst.
The NBS concentration is taken to be effectively constant due
to the slow rate of Br, production relative to the kinetics of
carbonate formation. It should be noted that the actual bromine
concentration in the liquid phase may be significantly lower
than the theoretical maximum because of partitioning of 65—
95% of the Br, into the gas phase slug (largely CO,). The exact
amount will depend on the relative mass transfer rates between
the two phases and Henry’s Law constant (see Supporting
Information for details).

Toverall =

B CONCLUSION

A new method has been developed for the high yielding
continuous synthesis of cyclic carbonates from CO, and
epoxides. We have demonstrated how a continuous flow
apparatus for gas/liquid reactions can greatly enhance the
efficiency of the transformation relative to a traditional batch
reactor. The catalysts used (NBS and BPO) are commercially
available and inexpensive. A series of kinetics experiments
supports epoxide activation by electrophilic bromine. Our
laboratory is currently investigating other reactions involving
CO, in which we can exploit this reactivity.
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