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1. Introduction

A solvent is one key component in a chemical transforma-
tion. As a reaction medium it controls the interactions
between reaction partners through heat transfer and inter-
molecular forces (stability of transition states and intermedi-
ates) and forms a solvate shell around the solute. Its
interaction with the solute plays a pivotal role for achieving
conversion and selectivity.! However, history has revealed
that new solvent innovations must be critically analyzed.
Today a new solvent must introduce advantages to a reaction
as well as being environmentally acceptable.? This acceptance
of new or alternative solvents is determined by the 12
principles, which form the background of green chemistry.?
The summarized aims of the principles are the reduction of
toxic auxiliaries and reagents or solvents, prevention of waste
production, and use of energy-efficient processes. One aspect
of this field is research in alternative or so-called “green”
solvents* like ionic liquids (ILs) and their enhanced applica-
tion in industrial processes.>® In addition to ionic liquids,
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supercritical fluids like supercritical carbon dioxide’ ™ (T¢
= 31.0 °C; pc = 73.8 bar) have become popular alternative
solvents. Under ambient conditions water,'°”!3 fluorinated
solvents,'*"!7 and polyethers'®* 2 are well established as
alternative solvents in synthesis and catalysis. One aim of
using such solvents is to reduce solvent volatility and toxic
byproduct or waste following the reaction. Due to their
commonly higher boiling and flash points alternative solvents
are ideally suited to replace toxic and easy-flammable volatile
organic compounds (VOC) as solvents. In addition, an
environmentally benign reaction medium provides a platform
for further reaction development (e.g., enhance the rate of
reaction or solubility of gases within the medium, allow
catalyst recycling). Unfortunately, most of the listed alterna-
tive solvents are only available in limited quantities and are
expensive in comparison to VOCs. Therefore, they are in
most cases only suitable for smaller industrial applications
with high-priced products like pharmaceuticals or fine
chemicals.?!?

It is important to note that definitions of sustainable,
alternative, and so-called “green” solvents can be different.
A commonly used VOC can be the most sustainable solvent
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for a process or reaction if the sum of its use minimizes the
used energy for the synthesis and disposal of this solvent as
well as the amount of waste produced in the process.
Alternative solvents often replace existent solvents (often
VOCs) in processes without diminishing the efficiency of
the process. Thus, often publications deal only with a narrow
view of the exemplified process without dealing with the
overall life cycle of these solvents in a process. Finally, the
term “green’ solvents is often used to characterize their low
toxicity, low vapor pressure, or biodegradability. For ex-
ample, fluorinated solvents offer a broad spectrum of
applications as nonpolar solvents but are not biodegrad-
able.?"2® With the huge number of possible combinations,
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Figure 1. Equilibrium between carbonic acid with water and
carbon dioxide.
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Figure 2. Organic carbonates representatives that have been used
as solvent: (1) dimethyl carbonate (DMC), (2) diethyl carbonate
(DEC), (3) ethylene carbonate (EC), (4) propylene carbonate (PC),
(5) butylene carbonate (BC), (6) glycerol carbonate (GyC).

ILs offer a large variety of different characteristics. Although
all ILs possess negligible vapor pressures and are inflam-
mable, the mostly unknown toxicity is a striking problem
for using them as ‘“green” solvents.?’ Additionally, the
biodegradability of an IL depends strongly on the combina-
tion of cation and anion.?®

Alternatively, new solvents can be derived from feedstock
with a lower environmental footprint.”” One impressive
example is y-valerolactone from nonedible carbohydrates.*
Organic solvents with a reduced environmental footprint are
of great interest for industrial and pharmaceutical applications
(first-generation green solvents).>! They can replace VOC
in existing processes without having a significant impact on
the reaction. Environmental, health, and safety (EHS)** and
life-cycle assessment (LCA)* tools have been developed in
recent years to search for solvent alternatives.** In many
instances it is possible to find suitable alternatives for VOCs
(e.g., recently Pfizer published an internal list of solvents as
substitutes for toxic or flammable solvents®). Although
progress could be made by prevention of halogenated
solvents or highly flammable solvents like diethyl ether there
is still a demand to replace polar, nonprotic solvents like
N,N-dimethylformamide (DMF) or N-methylpyrrolidin-2-
one.*® In addition to their toxicity, these solvents cause
problems in water-intensive workup and possible NOy
formation.

Organic carbonates represent an alternative for these
solvents. This interesting class of molecular organic solvents
has been known since the 1950s. In contrast to carbonic acid,
which is in an equilibrium with water and CO, (Figure 1),*’
organic carbonates are stable under ambient conditions
(carbonic acid is only stable in the absence of water and at
low temperature®®).

They offer various advantages as solvents. (1) They are
available in large amounts and at low prices (in 2007
carbonates reached a worldwide production of about 1
megaton).* (2) As polar solvents they offer a suitable liquid
temperature range (e.g., for propylene carbonate, mp = —49
°C, bp = 243 °C). (3) They display only low (eco)toxicity
and are completely biodegradable. Despite their advantages
it is remarkable that organic carbonates are known primarily
as solvents for electrochemical and extractive applications.
In recent years, however, they were spotlighted as possible
alternatives to replace VOCs. Six carbonates which have been
identified to be especially suitable as solvents are shown in
Figure 2.

Reviews covering the production of organic carbonates
from carbon to 20074° and reviews of their use as synthetic
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building blocks to 1996%7 can be found in the literature. In
addition, their use in lithium batteries was published in a
review in 2004.*' To date, their use as polar, aprotic solvents
has not been reviewed. Therefore, the present review gives
a compendium of organic carbonates as alternative or so-
called “green” solvents. We will focus on the representatives
in Figure 2 and their use in reactions focusing on catalysis.
Transition information about the physicochemical properties
should help to select the right organic carbonate as solvent
in reactions and, especially, larger processes. In addition,
sections 2, 5, and 7 highlight recent research in their
syntheses and application as a solvent in electrochemical
applications of Li batteries, electropolymerizations, cleaning
processes, and analytics. Together with formerly published
reviews on the synthesis and use of organic carbonates as
reagents this work will fill in the gaps to get the overall
picture. Since organic carbonates are already used as solvents
on an industrial scale, this review also includes a large
number of patents.

2. Synthesis of Organic Carbonates
2.1. Outline

Today organic carbonates are produced in multiton scale
from various companies. Major products like dimethyl,
propylene, or ethylene carbonate are available for about
$2500/ton.*> Two general pathways have been established
to obtain cyclic and linear carbonates. It should be noted
that although organic carbonates are “green” solvents, this
does not hold for their syntheses. The industrial routes to
linear carbonates mainly use phosgene as a starting material,
while cyclic carbonates are synthesized from propylene
oxide. Both compounds are classified as highly toxic
chemicals. Therefore, a great deal of research has focused
on a more direct synthesis using alcohols directly for the
synthesis.** A general overview is given in Figure 3.

2.2. Recent Trends in Synthesis
2.2.1. Strategies

The synthesis of noncyclic carbonates is mainly carried
out by reaction of phosgene with 2 equiv of methanol (Figure
4)37 In addition to phosgene as starting material, another
major drawback in this reaction is the formation of corrosive
HCI, which has to be recycled or trapped as a salt (e.g., with
pyridine).*

Ideally, carbonates would be produced directly from
alcohols by condensation with CO,. However, this procedure
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Figure 3. Commonly used building blocks in the synthesis and
modification of organic carbonates.
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Figure 4. Synthesis of dimethyl carbonate using phosgene.
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Figure 5. Synthesis of dimethyl carbonate using acetals.
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Figure 7. Oxidative carbonylation using copper(I) chloride as
catalyst.

suffers from the formation of water as part of the equilibrium.
To overcome this drawback, the use of acetals, e.g., 9, in
supercritical carbon dioxide (scCO,) has been suggested for
the synthesis of dimethyl carbonate.* In the presence of tin
catalysts yields up to 88% have been achieved (Figure 5).
The byproduct acetone can be recycled with 2 equiv of
methanol to give acetal 9. A study on the influence of carbon
dioxide pressure and reaction temperature was published by
the group of Sakakura.*

Electrochemical synthesis of dialkyl carbonates with CO,
and the corresponding alcohol in the presence of an excess
of methyl or ethyl iodide as an alkylating agent was published
by Lu and co-workers (Figure 6).*° When 1-butyl-3-meth-
ylimidazolium tetrafluoroborate (BMIMBF,) was used as an
ionic liquid to activate CO, they obtained yields up to 74%
dimethyl carbonate (DMC) and 67% for diethyl carbonate
(DEC) through formation of the anionic formation of a CO,"™
radical.

Another method for the synthesis of DMC is the oxidative
carbonylation of methanol in the presence of copper(I)
chloride and carbon monoxide (Figure 7). In contrast to other
popular metals, such as mercury and palladium, copper is
directly reoxidized during the reactions.*’” The use of ionic
liquids (IL) has a promoting effect on the formation of
dimethyl carbonate in the presence of copper(I) chloride.*®
Without the use of ionic liquids a conversion of only 9%
was obtained. However, in the presence of [BPy]|BF, the
yield was increased to 17%.

Carbonate synthesis through the carbonylation reaction can
be also performed with a Cu-exchanged zeolite Y catalyst.
The mechanism of this reaction has been studied by Bell et
al.¥ In another approach, the group of Li used a zeolite-
encapsulated Co—Schiff base complex which could be
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Figure 8. Carbonate interchange reaction in the synthesis of DMC.
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Figure 9. Synthesis of glycerol carbonate via transesterification
with DMC.

recycled up to five times without losing chemoselectivity in
the formation of DMC.%

Another synthetic pathway to organic carbonates involves
transesterification of ethylene carbonate using a base (e.g.,
hydroxides, alkoxides, hydrides, alcoholate amides) in the
presence of aliphatic or aromatic alcohols.’’ Since the
formation of ethylene and propylene carbonate from epoxides
and carbon dioxide is well established, the transesterification
is a suitable synthetic pathway to dimethyl carbonate (Figure
8) without using phosgene. An alternative pathway leading
to DMC began from urea.>>” Interestingly, the ammonia
formed during the reaction could be used to regenerate urea
provided that water could be removed efficiently.>®

Several different catalysts have been found to accelerate
this reaction. Activated dawsonites,” homogeneous zirco-
nium, titanium, and tin catalysts,® titanium silicate molecular
sieves,®! Mg—Al—hydrotalcite materials,%? smectite systems
with Mg or Ni content,> and CaO and MgO as catalysts®*
gave the desired linear carbonate under mild conditions in
good to excellent yields.

The carbonate interchange reaction can also be applied to
obtain diphenyl carbonate, which is a valuable monomer for
the synthesis of polycarbonates.®>% Furthermore, the trans-
esterification is up to date the commonly used route to
glycerol carbonate (GyC).” The reaction with dimethyl,
diethyl,%® or propylene carbonate and glycerol is catalyzed
by an immobilized lipase from Candida antarctica (Figure
9) and yields glycerol carbonate in low enantiomeric excess
(13% ee) in nearly quantitative yield.® However, care must
be taken to avoid an overreaction to glycerol carbonate ester.
It can be suppressed with an appropriate ratio of DMC and
glycerol by exactly 1:1.

Dimeric tin catalysts bearing organic moieties are also
suitable in the transesterification of diethyl carbonate to
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carbon dioxide.

glycerol carbonate. The process can be applied in a continu-
ous manner for up to five cycles in nearly quantitative yields
(Figure 10).7°

The addition of carbon dioxide to epoxides (e.g., ethylene,
propylene, and butylene oxide) is an important industrial
process for the synthesis of cyclic carbonates and has been
applied with carbon dioxide pressures between 5 and 150
bar (Figure 11).*° Several recent improvements in the
synthesis of these epoxides have been published. In particu-
lar, propylene oxide can be synthesized today from propene
using hydrogen peroxide as the sole oxidant.”! Thus, a one-
pot synthesis from propene to propylene carbonate has been
realized.”

Although the reaction of ethylene and propylene oxide and
CO, is run on an industrial scale, there is still an ongoing
search for more active catalysts (e.g., cyclodextrines,”® new
salen complexes,’* and magnetic iron nanoparticles supported
on an ionic liquid catalyst”). This synthetic pathway is not
limited to simple alkyl groups at the epoxide. Thus, it can
be also used for epoxides fixed in large molecular structures,
such as lipids.”®’” In general, this reaction can be ac-
complished in supercritical carbon dioxide, which simplifies
the workup due to the fact that most carbonates have only a
low solubility in scCO,.”® Recently, the synthesis of several
organic carbonates was accomplished in water using PPh;Bul
as catalyst.”” Alternatively, carbon dioxide has been used
under atmospheric pressure to obtain the desired carbonate
(EC and PC) from the corresponding epoxide.’ Most
recently, the group of North published the use of ‘waste
carbon dioxide’ in the presence of aluminum—salen catalysts.
The optimized catalyst achieved turnovers of 26 h™! and
converted 66% of the waste carbon dioxide to the carbonate
at a temperature of 150 °C.8! Interestingly, the catalyst could
be reactivated and reused over 31 cycles.

The direct enantioselective synthesis of cyclic carbonates,
especially propylene carbonate, is difficult. Recent results
using cobalt—salen complexes gave PC with moderate
enantioselectivities of up to 56% (Figure 12).82%3 A modified
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Figure 12. Asymmetric synthesis of propylene carbonate with a
chiral Co—salen complex.
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Figure 13. Lipase-catalyzed resolution of glycerol carbonate with
vinyl acetate.

cobalt—salen complex, bound on a chiral polymer, has been
used efficiently and obtained the carbonate with 73% ee.3*
The polymeric catalyst could be recycled 10 times without
loss of enantioselectivity. The use of a bifunctional chiral
cobalt—salen catalyst could increase the enantioselectivity
up to 78% in the synthesis of PC. Unfortunately, the activity
of the catalyst is low, and only 23.5% of PC was observed
after 48 h reaction time.®

Alternatively, a lipase-catalyzed kinetic resolution of
organic carbonates with vinyl acetate is possible, providing
up to 90% ee of the recovered starting material and up to
65% ee for the acetate.® In this case, however it is necessary
that the carbonate contains additional functional groups at
the side chain, like glycerol carbonate (Figure 13). Finally,
enantiopure cyclic carbonates can be obtained by enzyme-
mediated stereoselective hydrolysis from racemic mixtures.®’%
Good enantioselectivities (up to 80%) could be achieved for
the cyclic carbonate. However, those hydrolyses are limited
to cyclic carbonates with longer side chains.

As mentioned for linear carbonates, the direct synthesis
of organic carbonates from the corresponding alcohol is
difficult because the equilibrium favors the starting materials.
Recently, pathways to cyclic carbonates starting from 1,2-
diols have been investigated. In particular, the direct synthesis
of glycerol carbonate would provide a more direct synthesis,
since the current methods rely on carbonate interchange
reactions (Figure 14).7 An initial study using molecular
sieves and a tin catalyst (Sn(OCHj3),) gave only a low yield
of glycerol carbonate.®® Better results were obtained in the
presence of zeolites and ion-exchange resins in supercritical
carbon dioxide.”® Under these conditions, the yield could be
enhanced to 32%.
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Figure 16. Hg-catalyzed synthesis of cyclic enol carbonates, with
TMU = N-(4-methoxybenzyl)-N'-(5-nitro-1,3-thiazol-2-yl)urea.

An interesting approach is the reaction of glycerol in
methanol in the precence of Bu,SnO and zeolites as
catalyst.”! A yield of 35% of glycerol carbonate could be
isolated after 4 h. The reaction pathway is shown in Figure
15.

The formation of propylene carbonate directly from 1,2-
propylene glycol is also difficult to effect. High chemose-
lectivities are possible in this reaction, but the yield of
propylene carbonate suffers from the low catalyst activity.”> 8
Improved results were obtained with 3-chloropropanol.
Thereby, Xi et al. achieved propylene carbonate with 95%
selectivity and 98% conversion for 3-chloropropanol in the
presence of organic or inorganic bases.”

Finally, only a few examples address formation of simpler
organic carbonates through transition-metal-catalyzed ring-
closure reactions. Since the starting material for those
reactions are rather expensive or not easy available, the
reactions have been only applied for special carbonates. One
example, the mercury-catalyzed ring formation of fers-butyl
propargyl carbonate to exomethene ethylene carbonate is
depicted in Figure 16.'%

The current ‘state-of-the-art’ for large-scale production of
organic carbonates involves either epoxides or phosgene.*’
As a result, it is difficult to consider organic carbonates as
environmentally benign solvents. Currently, the oxidative
carbonylation of methanol is the most promising method for
the industrial syntheses of linear carbonates. Other pathways,
especially the syntheses from 1,2-diols, will require additional
development prior to industrial implementation. The use of
dehydrating agents, like orthoesters, may prove essential for
using environmentally benign alcohols in the synthesis of
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Table 1. Transport and Thermodynamic Properties

organic d (293 K) viscosity (298 K)
carbonate bp [K] [g/cm?] [cP]

DMC 3630 1.07° 0.590°

DEC 399% 0.98> 0.753¢

EC 5214 1.34%4 2.56%4

PC 5154 1.20¢ 2.50¢

BC 5244 1.14¢ 3.14¢

“ For the undercooled liquid state. ® Reference 104. ¢ Reference 100.
9Reference 105.

organic carbonates. Since they are expensive agents, it is
necessary to find an efficient recycling process for the organic
dehydrating agents.'”! Progress in this field during recent
years is encouraging, especially regarding the fact that linear
carbonates are potential fuel additives. However, for this
application a daily amount of 5000—10 000 barrels is
estimated.'%?

3. Physico-Chemical Properties

3.1. Thermodynamic Properties

With their increased use, the physical-chemical properties
and phase behavior of organic carbonates are receiving more
attention, since they are critically important for their ap-
plications as solvents.

The industrially important dialkyl carbonates are all
colorless liquids. Ethylene carbonate is a low melting solid
with a melting point of 36.4 °C. Densities of organic alkyl
carbonates are very close to those of water. For example,
the density of DMC at room temperature is 1.07 g/cm?® (see
Table 1). However, densities of cyclic carbonates (EC, PC,
BC) are larger than 1.0 g/cm®. With a density of 1.34
g/cm?, undercooled EC provide the most dense carbonate
at 293 K.

Transport properties play an important role in chemical
reactions and separations. Of particular importance are the
viscosity coefficients. According to the data presented in
Table 1, alkyl carbonates possess acceptable viscosities. For
example, viscosities of the open-chained alkyl carbonates
such as dimethyl carbonate or diethyl carbonate are higher
than the viscosity of acetone (0.320 cP) but lower than the
viscosity of water (0.891 cP) at 298 K. Viscosities of the
cyclic carbonates (EC, PC, BC) are somewhat higher
(2.5—3.1 cP), but they are on the level of commonly used
solvents such as n-butanol (2.99 cP).!

In several investigations the transpiration method has been
used to extend the range of vapor pressure data down to
ambient temperature, where the data are especially relevant
for the assessment of their fate and behavior in the environ-
ment.'% The experimental saturated vapor pressures of the
carbonates were correlated with the temperature-dependent
equation

R-lnpi"=a+ ? + A]gcpqn(Tz) (1)
0

where a and b are adjustable parameters and AfC, is the
difference between the molar heat capacity of the gaseous
and the liquid phase. T is an arbitrarily chosen reference
temperature (7, = 298.15 K in this work). Taking into
account the very good agreement between vapor pressure
data reported in our work and the literature the experimental
data were regressed together to develop correlations ac-
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Figure 17. Group-additivity theory for butyl methyl carbonate.

curately describing the vapor pressure of alkylene carbonates
over a temperature range from ambient temperature to the
normal boiling point.'”” The coefficients of the vapor pressure
correlation (eq 1) for alkylene carbonates as well as the
recommended molar enthalpies of vaporization values were
presented in several publications.'®® Furthermore, summaries
of the consistent and reliable vaporization enthalpies, AtH,,
of linear and cyclic alkylene carbonates derived from vapor
pressure or calorimetric measurements were given by Ver-
evkin and co-workers.'” Experimental data on the critical
temperature and critical pressure of alkyl carbonates are very
limited. These data were measured only for propylene
carbonate by a flow method with ultralow residence times.'!°

The enthalpy of formation in the gaseous phase of any
compound is made up of two contributions: AH7,(g) = AfH,,
+ A1), where AtH,, is the enthalpy of vaporization and
AHy (1) is the enthalpy of formation in the liquid state. An
isoperibol bomb calorimeter is usually used to measure the
energy of combustion and to obtain the enthalpy of forma-
tion, AHy (1), of dialkyl carbonates. The detailed experi-
mental procedure has been described in the literature.!!!"!12
A detailed, critical analysis of the literature data on enthalpies
of formation together with consistency tests has also been
reported in these two studies.

3.1.1. Further Property Studies

The group-additivity methods serve as a valuable tool for
many scientists and engineers whose research involves
thermodynamic characterization of elementary and overall
reaction processes. New experimental thermochemical results
for alkylene carbonates have been determined.!!!"!'2 Benson’s
group-additivity method seems to have the most widespread
acceptance at present and the overall best record for reliability
of estimation techniques.!'®* A group is defined by Benson'"
as “a polyvalent atom (ligancy = 2) in a molecule together
with all of its ligands.”

The group-additivity values (GAV) which are specific for
alkanes [C(C)(H3), C(C,)(H,), C(C3)(H), C(Cy4)] and correc-
tion for 1—4 C—C interactions (C—C);—4 and those values
specific for carbonates [(CO)(O),, C—(C)(H),(0O), C—(C),(H)-
(0), C—(C)3(0)] have been calculated (Figure 17).'"!!2 For
example, for the prediction of the enthalpy of formation of
methyl butyl carbonate the contributions in Figure 17 should
be accounted for.

Original work by Benson'!* does not provide group-
additivity values for calculation of vaporization enthalpies,
AfH,,, at 298 K. The same definition of groups as those for
enthalpies of formation were applied for prediction of
vaporization enthalpies of carbonates.!'® Comparison of
predicted and experimental data has revealed that the
accuracy of the predicted vaporization enthalpies of carbon-
ates is on average within 1 kJ mol ' of data from the
experiments.
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Figure 18. Reactions of carbonates for the calculation of enthalpies.

3.1.2. First-Principles Calculations

Use of the modern first-principle calculations allowed the
validation of the mutual consistency of the experimental data.
The remarkable ability of the ab initio methods to predict
gaseous enthalpies of organic carbonates accurately has been
recently demonstrated.!!!'? The enthalpies of formation of
dialkyl carbonates have been calculated with the help of the
standard atomization reactions (Figure 18) as well as using
two bond separation reactions.

A comparison of the calculated and experimental data is
given in the literature.!!!'? Enthalpies of formation of dialkyl
carbonates derived with the help of the atomization procedure
and both of the bond separation reactions (reactions 1 and
2) are practically indistinguishable and in excellent agreement
with the experimental data. Due to high time consumption
for ab initio calculations, an alternative group-additivity
procedure (Figure 17) still remains helpful for predicting
thermochemical properties of alkylcarbonates.

Nowadays, quantum-mechanical calculations are widely
used for theoretical studies of reaction mechanisms, e.g., for
the reduction of ethylene carbonate!'* or to elucidate the
conformational behavior of carbonates.''> Self- and cross-
associations of cyclic as well as linear carbonates such as
ethylene carbonate, propylene carbonate, and dimethyl
carbonate were investigated with ab initio and DFT meth-
ods."'® In order to develop an ab initio force field for
polycarbonates, extensive quantum-mechanical calculations
were carried out on several model compounds: carbonic acid
and methyl and dimethyl carbonate.''” Combination of the
modern first-principle calculations together with the experi-
mental thermochemical methods makes it possible to un-
derstand the interrelations of structure and energetics of
organic carbonates and predict the thermochemical properties
of a broad range of organic compounds containing a
carbonate moiety.

3.2. Mixtures with Other Fluids or Gases

Recently, the group of Borner published their work on
homogeneous asymmetric hydrogenation.!'® They compared
the results in PC with other solvents like methanol, tetrahy-
drofuran, and methylene chloride and obtained superior
results in the organic carbonate. The solubility of the reaction
gas in the phase of the reaction is central for development
and design of such processes. The solubility of hydrogen in
BC was determined at 283.3, 298.2, and 323.1 K with a high-
pressure view-cell technique based on the synthetic method
up to a maximum pressure of 9.3 MPa. The solubility
increases with increasing temperatures, as the gas molarity
at p = 6.0 MPa increases to 0.070 mol-kg ! at 283.3 K and
0.093 mol-kg~! at 323.1 K. An extended modification of
Henry’s law was employed to correlate the solubility
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pressure, and the final results for the Henry’s constant (at
zero pressure) of hydrogen in BC was correlated. A literature
survey revealed that the hydrogen solubility in BC is
considerably higher than in PC.'" The solubility of carbon
dioxide in propylene carbonate, ethylene carbonate, dimethyl
carbonate, diethyl carbonate, and mixtures of these compo-
nents has been measured at temperatures from 275 to 333 K
at atmospheric pressure. The Henry’s law constants for the
dissolution of CO, in these solvents have been deduced from
the solubility data. The value of the Henry’s law constants
increases in the following order: DEC < DMC < PC < EC,
which is identical to the order of the Hildebrand parameters
of the corresponding solvents.'?° Trejo et al. studied solubili-
ties of carbon dioxide and hydrogen sulfide in propylene
carbonate at several temperatures and pressures. Values of
the Henry’s law constant and heat of solution were derived
from the solubility data. The experimental results have been
correlated with the Soave—Redlich—Kwong equation of state
using a binary interaction parameter.'?!

3.2.1. Gas—Liquid Phase Equilibria and Activity
Coefficients in Carbonate-Containing Mixtures

Thermodynamic activity coefficients are a measurement
for the deviation of ideal behavior in liquid mixtures. Values
of activity coefficients and molar excess Gibbs energies are
required for the calculation of the thermodynamic equilibrium
constants of chemical reactions as well as for modeling of
separation processes. As a rule, activity coefficients are
obtained from the vapor pressure measurements of binary
or ternary mixtures. There are two kinds of vapor pressure
measurements: static and dynamic.

3.2.2. Static Method Measurements

Extended experimental studies of mixtures containing
carbonates have been performed by Jose and co-workers
using the static apparatus.'??> The vapor pressures of binary
mixtures of DMC with alkynes, alkanes, and aromatics were
measured. The data were correlated with the Antoine
equation. Molar excess Gibbs energies were calculated, and
activity coefficients for several constant temperatures were
fitted to a fourth-order Redlich—Kister equation. The equimo-
lar molar excess Gibbs energy values calculated from the
vapor pressure data of the mixtures containing saturated
hydrocarbons are the highest ca. 1200 J mol™! for heptane
and ca. 1170 J mol ™! for cyclohexane; the molar excess
Gibbs energies value decreases to ca. 895 J mol~! for hex-
1-ene, ca. 520 J mol~! for hex-3-yne, and ca. 460 J mol ™!
for hex-2-yne. The mixture containing hex-1-yne has a much
smaller molar excess Gibbs energy, ca. 290 J mol ™! (all molar
excess Gibbs energies values are given at 303.15 K). The
molar excess enthalpies, estimated from the temperature
dependence of the molar excess Gibbs energy, follow the
same trend. These results reflect the existence of fairly strong
interactions between the polar O(C=0)O group of DMC and
the carbon—carbon double or triple bonds of the unsaturated
hydrocarbons.

Isothermal vapor—liquid equilibria (VLE) data at 333.15
K are measured for the ternary system dimethyl carbonate
with ethanol and 2,24-trimethylpentane and DMC with
1-propanol, 1-butanol, or methanol. The experimentally
obtained binary and ternary vapor—liquid equilibrium data
were correlated with different activity coefficient models.
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These data were correlated with the Redlich—Kister equation
for the binary systems.!??

3.2.3. Dynamic Method: Isobaric Measurements

Using the dynamic method, isobaric vapor—liquid equi-
libria (VLE) have been experimentally measured for binary
systems of DMC with methanol or ethanol and DEC with
ethanol or DMC. Interaction parameters related to the
carbonate group (—OC(0O)O—) in the UNIFAC model have
been determined using the VLE data, implying a strong
nonideality of the systems involving alkanes and alkyl
carbonates.'?* Isobaric VLE have been studied for the binary
systems containing DMC and DEC with 2-propanol, 2-bu-
tanol, acetone, 2-butanone, 2-pentanone, methanol, ethanol,
I-propanol, 1-butanol, 1-pentanol, and methylcyclohexane
at 101.3 kPa. The activity coefficients were calculated to be
thermodynamically consistent and correlated with the Wilson,
NRTL, and UNIQUAC equations. ASOG and UNIFAC
group contribution methods were developed to predict these
binary systems.'?

Isobaric VLE have been determined for the binary systems
of dimethyl carbonate and various other solvents under
ambient pressure in Ellis equilibrium. The data have been
correlated by means of both the Wilson equation and the
NRTL equation. The experimental results demonstrated that
the systems of DMC with ethanol and DMC with propylene
glycol show strong positive deviations from ideality and that
the systems of DMC/DEC and DMC/PC are close to
ideality.'?® Furthermore, several boiling temperatures and
activity coefficients have been investigated for the binary
mixtures,'?’~1?° which are also useful in the synthesis of
DMC by transesterification. !>

3.2.4. Dynamic Measurements: Isothermal Methods

The vapor—liquid equilibrium (P, 7, x) of water with
ethylene carbonate was measured by the ebulliometry
method. The results were correlated with a NRTL model,'3!
while isothermal VLE were measured to obtain the molar
excess Gibbs energies and activity coefficients!*? or have
been correlated by the Wilson equation.'?

3.2.5. Liquid—Liquid Equilibrium (LLE) of Mixtures
Containing Organic Carbonates

To use carbonates as solvents, it is necessary to be able
to predict their behavior in extraction processes in terms of
their miscibility with other solvents. In addition, it is
important to know how products of reactions will be
distributed in the solvent. Ethylene carbonate is infinitely
soluble in water. Propylene carbonate is soluble in water only
to the extent of 25.0 g of propylene carbonate/100 g of water
(at 25 °C). Butylene carbonate is less soluble, as only 7.0 g
of butylene carbonate will dissolve in 100 g of water (at 25
°C). Dimethyl carbonate and diethyl carbonate are only
sparingly soluble in water. They are soluble in many organic
solvents, particularly polar solvents, such as esters, ketones,
ethers, alcohols, and aromatic hydrocarbons. The lower
molecular weight aliphatic carbonates form azeotropic
mixtures with several organic solvents.’” Recently, LLE of
water/propylene carbonate and water/butylene carbonate
systems were carefully measured and the results were
correlated with a NRTL model."*! The same working group
determined basic physicochemical properties and Hildebrand
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and Hansen solubility parameters.!** Furthermore, several
LLE parameters are available in the literature from the
extraction of aromatics and phenols.'*> In the past decade
the number of publications in the field of physicochemical
properties of binary and ternary mixtures using suitable fitting
equations (UNIFAC, UNIQUAC, Redlich—K:ister, and Cibul-
ka equations) has increased steadily and offer today a
comprehensive overview.!3%!37

3.2.6. Solid—Liquid Phase Equilibria (SLE) of the
Mixtures Containing Carbonates

Temperature—composition values of liquid—solid equi-
librium were measured calorimetrically and tabulated for 10
binary solutions of EC, PC, DMC, and DEC.!*® Furthermore,
heat capacity (C,), temperature (71,), and enthalpy of fusion
(ArysH) were measured for the five carbonates, with the C,
values fitted with polynomial functions. On the basis of these
T, and AgH values and polynomial functions of C,, the
binary phase diagrams were fitted with thermodynamic
nonideal solution models for an evaluation of the model
parameters. The results of the evaluation were tabulated and
discussed as an indication of the nature and strength of the
molecular interactions between different carbonates. These
interactions were shown to determine many of the important
features of the binary phase diagrams.

3.2.7. Prediction of the Fluid-Phase Equilibria of the
Mixtures Containing Carbonates

Since it is impossible to measure all of the possible
combinations of systems containing carbonates, it is neces-
sary to make measurements on selective systems to provide
results that can be used to develop correlations and test
predictive methods. There are a number of techniques used
to predict LLE and the mutual solubility of conventional
organic solvents. For example, the DISQUAC interaction
parameters for the linear organic carbonate—alkane, carbon-
ate—cyclohexane, carbonate—benzene or —toluene, and
carbonate—CCl, contacts were revised on the basis of new
experimentally obtained data of vapor—liquid equilibrium
for DMC or DEC with n-alkane mixtures.'* The quasi-
chemical interchange coefficients for carbonate—alkane or
—cyclohexane contacts and the purely dispersive interchange
coefficients for carbonate—benzene or —toluene and
carbonate—CCly contacts show a relatively weak steric effect.
The model provides a fairly consistent description of the low-
pressure fluid-phase equilibrium (VLE, LLE, and SLE) and
related excess functions (Gibbs energy and enthalpy) using
the same set of parameters. Literature data on enthalpies of
mixing and the vapor—liquid equilibrium of organic linear
carbonates + n-alkanes mixtures was examined on the basis
of the UNIFAC model.'* The predictions were achieved with
mean deviations of 4.4% for the excess Gibbs energies and
2.3% for the excess enthalpies. Further experimental data
have been achieved using the following equations: Soave—
Redlich—Kwong (SRK), Peng—Robinson (PR), Patel—Teja
(PT), and Dohrn—Prausnitz (DP).'#!

3.2.8. Molecular Dynamic Simulations of Carbonates
and Their Mixtures

One of the modern principal tools in the theoretical study
of molecules is the method of molecular dynamics simula-
tions (MD). This computational method calculates the time-

Schaffner et al.

dependent behavior of a molecular system. MD simulations
are able to provide detailed information on the fluctuations
and conformational changes in pure compounds and their
mixtures.

Monte Carlo simulations have been used to investigate
molecular association in pure liquid EC and PC.'*? Standard
force fields have been developed in order to reproduce
accurately experimental pure liquid properties. The resultant
force fields yielded average errors of 1—2% in computed
densities and heats of vaporization. A thorough characteriza-
tion of the liquid structures was performed with radial
distribution functions, energy distributions, and dipole—dipole
correlations. The electrostatic interactions in condensed phase
cause the neighboring molecules to have a preferential head
to tail alignment of the dipoles. In contrast, the most
energetically favored configuration for the EC and PC dimers
in the gas phase exhibited antiparallel dipoles. Furthermore,
experiments and simulations were carried out in PC, DMC,
EC, and DEC in the liquid state at various temperatures and
gave reasonable results.'*’

In summary, the knowledge gap between physicochemical
properties of organic carbonates in the pure state and as
mixtures with gases, other liquids, and solids and their use
as solvents has been closed by intensive thermodynamic
studies. Today, simulations allow a fair prediction of
unknown organic carbonate mixtures, while various mixtures
have been measured using the whole spectra of existing
methods. They form the base for further investigation and
the use of organic carbonates as alternative solvents.

4. Handling

For all-day usage of a solvent in the laboratory or on the
industrial scale it is necessary that the solvent meets several
specifications. First, purification must be possible using
standard purification methods without the need of special
equipment. Unfortunately, the high boiling points of envi-
ronmentally benign solvents require harsh conditions for
distillation (high temperature and vacuum) or in the case of
the ionic liquids alternative purification methods. Stability
at ambient conditions is also an important factor for the use
of a solvent in large amounts. It has to be noncorrosive and
air and moisture stable and should be stable toward irradia-
tion, acids, and bases.

Organic carbonates are stable under ambient conditions,
can be stored under an air atmosphere, and are not affected
by moisture. Unfortunately, until now only calculated data
for the photodegradation of propylene carbonate exist in the
literature with a half time of 4 days if hydroxyl radicals are
used as a sensitizer."** The decomposition of PC via an
aqueous acidic medium was investigated by the group of
Novdk.!* The decomposition of PC and the rate of formation
of allylic alcohol and propane-1,2-diol was increased many
times by addition of aqueous solutions of LiClO, or HC1O,
(Figure 19). Furthermore, the pyrolytic behavior of organic
carbonates was determined by Williams et al.'#

Precise boiling and melting points of organic carbonates
have been determined, allowing standard purification (e.g.,
vacuum distillation). However, the rate of decomposition
under distillation conditions is increased by the amount of

0] +
H H,0 OH
o+  CHOH H: \[
\[ = <o, =/ -

OH
Figure 19. Acid-catalyzed decomposition of PC.
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Figure 20. Polarities and basicity of several organic carbonates
in comparison to other VOC and ionic liquids: bmim = 1-butyl-
3-methylimidazolium, bmyim = 1-butyl-2,3-dimethylimidazolium,
N(Tf), = bis(trifluoromethylsulfonyl)imide, HFIP = hexafluor-
oisopropanol, TFE = trifluoroethanol, MFE = monofluoroethanol,
TCE = trichloroethanol. Reprinted with permission from ref 159.
Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 21. Reaction of an organic carbonate at a lithium surface.

to the fact that cyclic organic carbonates have a high boiling
point, distillative removal of the solvent is nearly impossible.
In some polymer applications it is possible as the polymer
precipitates out of the solvent (section 5.3.2).

5.1. Li-lon Battery Research

The use of organic carbonates as solvents for electro-
chemical applications, especially as a nonaqueous electrolyte,
is well established.*! Since the early 1960s, ethylene and
propylene carbonate have been used as solvents for lithium
batteries.'®’~1% By virtue of their high dielectric constants,
they are able to solvate lithium salts. To reduce the viscosity
of both carbonates (ethylene carbonate is solid at room
temperature) an electrolyte includes dimethyl carbonate,
diethyl carbonate, or dimethoxy ethane. One major problem
for the use of propylene carbonate is its susceptibility to
reduction by single electron transfer from lithium. This side
reaction reduces the cycling efficiency of the system. A
simplified expression of this reduction is depicted in Figure
21. The decomposition products form a passivation film
which also forms dendrites (Figure 22). Remarkably, EC
possess the unique ability to reverse the lithium-ion inter-
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Figure 22. Dendrite formation after one charge at 2.2 mA/cm?.!7

Reprinted with permission from ref 179. Copyright 1998 Elsevier.

calation/deintercalation process at graphite electrodes. EC
alone forms an efficient protection layer (solid electrolyte
interphases, SEI) on the surface of the anode. Currently, a
sufficient explanation for the efficiency of this SEI with EC
is unknown.!”® However, it is believed that EC undergoes a
similar reduction at the graphite electrode as shown for PC
in Figure 21 and the differences in the interphasial chemistry
arise from different bulk properties of the reduction prod-
ucts.!”! There remains intensive research in this field to
determine this mechanism for ethylene carbonate. Several
spectroscopic techniques (Fourier transform infrared spec-
troscopy (FTIR), photoelectron spectroscopy (PES, XPS))
and soft X-ray (XAS and XES) have been utilized to get a
better understanding.'7>~178

In order to improve the thermal properties of the SEI,
Profatilova et al. added fluoroethylene carbonate to a classical
electrolyte mixture of EC and ethyl methyl carbonate.'®
Yang and co-workers achieved a better cathode performance
for ethylene carbonate by adding vinyl ethylene carbonate,'s!
which is a stable alternative to vinyl carbonate and a well-
known compound for SEI formation.'8?~!8 Both are able to
form stable SEI films to improve the cyclic performance of
lithium cells. Recent results have shown that SEI formation
can be facilitated by coating the graphite electrode with an
organic film like the above-mentioned additives vinyl
carbonate, vinyl ethylene carbonate, or fluoroethylene car-
bonate. A comprehensive summary of organic additives was
given by Zhang.'®® In addition, surface-modified graphite
electrodes could be used with propylene carbonate without
exfoliation. Polymers'®® (Figure 23) or surface-fluorinated
graphite'®” are usually applied in this context.

Furthermore, SEI formation is not only limited to carbon
electrodes. The group of Cui analyzed the SEI morphology
of a silicon nanowire lithium-ion battery containing an EC/
DEC electrolyte.'® Additionally, Dedryvére and co-workers
investigated the use of Ni;Sny electrodes in a 1 EC/1 PC/3
DMC electrolyte solution with formation of a Li—Sn alloy.'®

SEI formation is not the only focus of the research with
electrolytes. General investigations on the conductivity of
organic electrolyte solutions were published by Petrowsky
et al. (Figure 24)."° They showed that ion mobility does
not depend in a quantitative manner on the solvent viscosity
or size of the solvated charge carrier. However, an increase
of viscosity decreases the molar conductivity as predicted
by Walden’s rule.

The mass transport and conductivity in organic carbonate
electrolytes (PC, EC, and DEC and mixture thereof) were
determined by Schneider and co-workers for LiC10,!*! and
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Figure 23. Graphite electrodes with (a) conventional polyvi-
nylidene fluoride binder, (b) poly(acrylic acid), (c) polymetracrylic
acid, and (d) polyvinyl alcohol as binder (SEM images). Reprinted
with permission from ref 186a. Copyright 2009 Elsevier.
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Figure 24. Molar conductivity vs dielectric constant, 0.0055 M
tetrabutylammonium triflate in various solvents (25 °C): (1) propyl
acetate, (2) tetrahydrofuran, (3) 2-nonanone, (4) 65% 2-pentanone
+ 35% propyle acetate (vol %), (5) 2-pentanone, (6) 2-butanone,
(7) acetone, (8) 50% acetone + 50% acetonitrile (vol%), (9)
acetonitrile, (10) 50% DMSO + 50% acetonitrile (vol %), (11)
DMSO, (12) PC. Reprinted with permission from ref 190. Copyright
2008 American Chemical Society.
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Figure 25. Flame retardants for organic carbonate electrolytes.

by Barthel et al. for LiBr in mixtures with acetonitrile.'? If
not applicable as single-electrolyte solvents, organic carbon-
ates can be used in mixtures with y-butyrolactone. Whereas
EC and PC do not suppress the decomposition of the lactone,
vinylene and vinyl ethyl carbonate efficiently suppress this
process by formation of a polymeric SEI on the electrode
surface (LiCoO,/graphite cell).'"”®> Despite these disadvan-
tages, ethylene and propylene carbonate and their mixtures
are still standard for the evaluation of new salts and
electrochemical systems.'*+~197

One major problem for all organic solvent electrolytes is
flammability. This problem can be overcome by adding allyl
tris(2,2,2-trifluoroethyl) carbonate (10),'® phosphazenes 9,'”
or phosphoric acid esters with fluorinated alkyl moieties 112%
to the electrolyte (Figure 25). However, these flame retardants
affect the viscosity and capacity ratio during discharge.
Therefore, it is necessary to choose a flame retardant wisely
while minimizing the effect on the Li-cell efficiency.

In recent years, gel polymer electrolytes (GPE) have
attracted increased attention. Due to their advantageous
properties, it is possible to avoid some drawbacks of solid
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polymer electrolytes (SPE) like low ionic conductivity at
room temperature and poor contact between electrode and
electrolyte in comparison to liquid electrolytes. Furthermore,
SPE possesses poor mechanical properties and is a safety
hazard in the case of an internal short.?’! Most GPEs use
organic carbonates in combination with Li salts to obtain
high conductivity and high cohesion and adhesion.’”? An
effective lithium—air GPE system could be applied with a
50% epoxidized natural rubber polymer with 35% LiCF;SO;
and 10% PC as plasticizer. With other mixtures of EC or
PC lower conductivities were observed.?* In contrast to a
liquid electrolyte system of 1 M LiClO4/PC, the polymer
electrolyte is more stable against corrosion.?** A polyacry-
lonitrile (PAN) system using a 42/36/7 mol % EC/PC/
LiCF;SO; mixture was developed by Dissanayake and co-
workers and has obtained a maxium conductivity of 1.2 x
1073 S+cm™!.2% Furthermore, they investigated cells of the
form Li/PAN-EC-PC-LiCF;SOs/polypyrrole-alkylsulfonate.
Proton-conducting polymer electrolytes derived from meth-
acrylates were developed by Reiter et al. and gave a
conductivity of 6.7 x 107> S:cm™! in a GPE system of
polyethyl methalcrylate-PC-H;PO, (31/42/27 mol %).2%
However, the conductivity obtained in the GPE system was
one magnitude lower than with the liquid electrolyte
(PC—H3PO,; = 59/41 mol %; 52 x 107* Secm™!) and
increased with the concentration of H;PO,. The same group
investigated GPE systems based on poly(2-ethoxyethyl
methacrylate) (PEOEMA) with PC—LiCl10,*7
(PEOEMA—PC—LiCIO, = 48/41/6 mol %; 1.8 x 107*
Secm™!) or with mixtures of the weakly coordinating
bis(oxalato)borate anion (BOB™) (PEOEMA—PC—LiBOB
= 34/62/4 mol %; 4.6 x 107* S-cm™!).2% The polymers
exhibited higher electrochemical and thermal stability com-
pared to conventional liquid electrolytes. A GPE film based
on various polymer mixtures of poly(ethylene-co-acrylic
acid) and poly(ethylene glycol)monomethyl ether achieved
ion conductivities of 1.4 x 1073 S=cm™!in 1.0 M solutions
of LiBF, in PC/EC 1:1 and EC/DMC 1:2.2%

5.2. Electroanalytics

With their excellent electrochemical properties (especially
the high dielectric constant) organic carbonates can be used
for sensors. A propylene carbonate-based ammonia sensor
was developed in the groups of Mishima?!® and Compton.?!!
Furthermore, PC was an excellent solvent for capillary
electrophoresis for the investigation of mobility and ioniza-
tion constants of various aliphatic amines.?'?> Detection of
thallium(III) and other inorganic salts has been accomplished
by polarographic methods in propylene carbonate in extrac-
tive mixtures with water?'® for ‘salting-out’ extractions.?'*
Neutral substances like phenanthrene could be separated by
nonaqueous capillary electrophoresis using cationic additives
in propylene carbonate.?!3

5.3. Polymerization
5.3.1. Electropolymerization

Closely related (but not limited) to electrochemical ap-
plications in lithium batteries is the use of propylene
carbonate as an ideal solvent for electropolymerization. This
method provides several conducting polymers by polymer-
ization at the surface of an electrode. The advantage of this
approach in comparison with chemical polymerization is the
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Figure 26. SEM images of polypyrrole films on zinc alloy electrodes in PC (A), acetonitrile (B), and nitrobenzene (C). The potential was
scanned 18 times between —0.8 and 1.3 V vs ECS with a 100 mV s™! scan rate. Reprinted with permission from ref 218. Copyright 2002
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Figure 27. Monomers for electropolymerization.

simple, clean, and efficient synthesis of polymers. Those
polymers can be used for batteries, conductive textiles and
fabrics, antistatic coatings, supercapacitors, and special
sensors. The choice of solvent is particularly important. It
must provide an ionic conducting medium and must be stable
at the oxidation potential of the monomer.?'® Furthermore,
it affects the electrochemical activity, conductivity, and
morphology of the resulting polymer.?!” Finally, it has to be
noted that an organic solvent has to dissolve many electro-
Iytes for incorporation to the polymers. The differences
between polymers derived from polymerization in propylene
carbonate (A1, A2), acetonitrile (B1, B2), and nitrobenzene
(C1, C2) are depicted in Figure 26.2'8
Electropolymerization in propylene carbonate is mainly
utilized for monomers like pyrrole, thiophene, and aniline
derivatives, but some applications can also be found for
styrene and acetylenes (Figure 27). One of PC’s main
advantages is its high relative permittivity and relatively
neutral character (the acid, basic, or neutral character of a
solvent derives from the ability of this solvent to release a
proton which was bound by the molecule before).
Pyrroles. Polypyrrole (PPy) is the most intensively studied
conducting polymer. This can be explained with the easy
oxidation of the monomer and good environmental stability
of the polymer as well as good redox properties and a high
electronic conductivity.?!® There are several proposed mech-
anisms for polymerization of pyrrole.?” In most cases,
electropolymerization of pyrrole in PC provided polymers
with mechanical properties and conductivities superior to
acetonitrile.??!??? PPy synthesis in acetonitrile normally needs
a small amount of water,”>® which has been explained by
the decreased electrostatic repulsion of pyrrole in the
presence of water. Kupila et al. achieved good conductivities
for PC without adding water.??* In contrast to acetonitrile,
addition of water gives no benefit to polymerization. Martins

and co-workers investigated the solvent effect in the elec-
tropolymerization of pyrrole on a zinc—lead—silver alloy
electrode.?'® On unpretreated zinc alloys, PPy films were only
obtained in acetonitrile. Nevertheless, high quality and thick
coatings on the pretreated Zn alloy were only obtained in
PC. A reason for this could be the neutral character of PC
in comparison to acetonitrile and nitrobenzene. The choice
of propylene carbonate as solvent for pyrrole polymerization
was affirmed by Lacaze and co-workers.?”> They studied
electropolymerization on zinc electrodes in acetonitrile, PC,
methanol, and water, but PPy was only formed in PC in the
presence of p-toluene sulfonate ammonium salts. When iron
was used as the material for the electrode it was necessary
to prevent oxidation.??® This is only possible in basic solvents
like THF (pKgy = —2.1, all values from ref 226 for a solution
with 0.1 M NBuyPF¢) or MeOH (pKgy = —2.4) and neutral
solvents like PC (pKpy = n.a.). In acetonitrile (pKpy =
—10.0), oxidation of iron is favored in relation to PPy film
formation. A detailed description of poly(N-phenylpyrrole)
films synthesized in acetonitrile or propylene carbonate
clarified that the solvent transport behavior is determined
by the solvent which was used for film preparation and not
by the solvent used for the following redox reaction.?”’
Finally, electropolymerization of pyrrole is not limited to
homopolymers. Copolymers with bithiophenes could be
obtained in a PC/LiCIO, system.??® One advantage of this
system is the absence of nitrogen and sulfur in the solvent.
Because of trapping solvent molecules in the polymer,
analysis of the copolymer would be more complicated.?”
3-Substituted ‘graft’ polypyrroles can be obtained in a
stepwise fashion from 3-carboxy-pyrrole by reduction with
lithium aluminum hydride followed by electropolymerization
of the pyrrole (Figure 28).2*° In contrast to normal graft
polymers, the side chain was fixed on the monomer (m =
5—20) before polymerization was carried out in propylene
carbonate.

Thiophenes. Similar to pyrrole, formation of poly-
thiophene (PT) needs a careful choice of solvent. Several
derivatives of thiophene and bithiophenes have been used
for electropolymerization in propylene carbonate (Figure 29).

Therefore, the poly-EDOT system (PEDOT) is of special
interest because it possesses high stability in the conducting
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Figure 29. Monomers for polymerization in organic carbonates:
thiophene (13), 3-methyl thiophene (17), 3,4-ethylenedioxythio-
phene (EDOT) (18), phenanthro(9,10-c)thiophene (19), 2,2'-bithie-
nyl (20), and 3,3-dimethyl propylene dioxythiophene (ProDOT-
Me,) (21).
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Figure 30. SEM image of thiophene which polymerized only in
the UV-exposed area of the polysilane. Reprinted with permission
from ref 234. Copyright 1994 The Chemical Society of Japan.

state and a high degree of visible light transitivity. It can also
be used as a cathodic material in batteries.?"*? Furthermore,
poly terthiophene-appended uranyl—salen compounds®? and
polythiophene pattern in an organopolysilane film?* could
be realized by polymerization in PC. Yokoyama and co-
workers achieved a fine line pattern of 10 um width after
electropolymerization of dissolved UV-exposed polysilanes
(Figure 30). Next to thiophene, which required a high voltage
(>+ 2.1 V vs saturated calomel electrode), 2,2-bithiophene
was polymerized at a lower voltage of +1.1 V. PC was
especially suitable because a solubility difference between
the UV-exposed and unexposed polysilanes was achieved
(UV-exposed films are soluble in solvents with ENp < 0.79;
unexposed films only in solvents with ENy < 0.355, Table
3).

Further electropolymerization of 2,2'-bithienyl (20) is of
importance due to its lower oxidation potential. A systematic
study on this system at several different electrodes using PC
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Table 3. Electrochemistry Parameters and Dissociation
Constants of Various Solvents

H,0O DMF PC AN ref

DN 33.0 26.6 15.1 14.1 1
ENp 1.0 039 049 046 1
conductivity (S cm™) 107 6 6 1 0.06 243
viscosity (cP) 089 0.80 2.53 0.34 243
acid/base

H,SO,

pKai S4 3.1 8.4 7.8 243
pKa 1.96 17.2 nal 259 243
MSA® S4 3.0 8.3 10.0 243
HCIO, S4 N 1.3 2.1 246

@S = strong acid. ®n.a. = not available. °“MSA = methane sulfonic
acid.

or AN as solvent revealed that the electropolymerization is
thermodynamically and kinetically favored in AN but the
resulting polymer films have a more compact structure. Finer
morphologies and better mechanical stabilities have been
obtained in PC.2*> Only polymerization of 19 failed in PC
at a Pt electrode and seems to require a more acidic solvent
like acetonitrile,”®® whereas formation of (PEDOT) films
occurred without problems on tin*’ or platinum electrodes.?*
The morphology of poly(3-methylthiophene) formation in
PC could be controlled by the arrangement of the elec-
trodes.?*? ProDOT monomers could be successfully deposited
on tin oxide electrodes using cyclovoltametry (+0.8 to —1.0
V, scanning rate 20 mV/s; 10 cycles).?*

In contrast to formation of PPy, it turned out that an acidic
solvent like methylene chloride (DN = 4) is favored over
PC if the galvanostatic mode is used.’*' Thus, very high
current densities were necessary to initiate polymerization
in PC. A basic solvent like THF totally failed in this reaction.
Graphitized carbonaceous materials could be protected by a
film of PT as an alternative to SEI formation with vinylene
carbonate.””> The subsequent phase-transfer kinetics of the
lithium ion in the resulting graphite electrode was not
affected by the PT film.

Anilines. In the group of aromatic amines aniline and
methyl aniline are suitable for electropolymerization. A
proposed mechanism published by Kvarnstrom and co-
workers revealed a strong solvent effect.*® Next to the DN
of the solvent, the proton concentration of the added acid is
an important parameter. However, best results were obtained
in water and DMF, while film formation was less effective
in PC and acetonitrile due to lower donor numbers (Table
3).2#* A highly acidic media is favored due to the fact that it
hinders formation of N—N coupling.?*® An improvement
could be achieved when propylene carbonate was used in
mixtures with water (80% water:10—20% PC, Figure 31).
Furthermore, a more narrow molar weight distribution was
achieved, which resulted in higher electrical conductivities.?*

In addition, PC can also be used as a solvent for
nonaqueous electropolymerization without using an acid as
a proton donor.?*’” Nevertheless, polymerization under these
conditions needed more cycles in PC to complete than in
1,2-dichloroethane, and it turned out that some polymer
particles are dissolved in PC. A possible growth mechanism
for nonaqueous electropolymerization (TFA/LiClO,/PC) was
described by Hwang et al.>*® The effect of different anilinium
ions in the electropolymerization was investigated, and it has
been shown that there is a strong difference in the morphol-
ogy of the polymers between polymerization in aqueous and
nonaqueous solutions.?*~?! The method of choice for
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Figure 31. Characterization of poly-N-methyl aniline films in
HCIOy (1.0 M; fifth cycle, v = 50 mV/s); preparation in water with
(a) acetonitrile, (b) PC, (c) THF, (d) no organic solvent, (¢) DMF,
and (f) DMSO. Reprinted with permission from ref 246. Copyright
2006 Elsevier.
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Figure 32. Ni[Mey(RBzo), tetracneN,] complex with R = Me,
H, Cl, CO,Me, CO,Et, NO».

evaluation of the electrochemical properties is impedance
measurements.? Thus, it is possible to estimate further
battery performances of the polymers. The solvent has a
strong impact on the discharge and charge characteristics of
polyanilines. In particular, for use in batteries, for polya-
nilines containing 1.0 mol dm™* aniline tetrafluoroborate a
better performance was noted in AN as opposed to PC or
y-butyrolactone.?’

Other Monomers. Next to isothianaphthenes®* for charge-
storage devices and styrene®> in particular, electropolymer-
ization of phenylacetylene was investigated systematically
in propylene carbonate.?*® Another field of application is the
modification of electrodes by deposition of complexes. A
nickel—tetraene complex was successfully formed on gold,
platin, glassy-carbon, and SnO, surfaces by cyclovoltametry
in PC (Figure 32).%

5.3.2. Radical and lonic Polymerizations of Organic
Carbonates in Neat Solutions

Several publications have dealt with the use of organic
carbonates as monomers for the formation of polycarbonates.
Phosgene-free synthetic pathways using dimethyl or diphenyl
carbonate are of particular importance.>®

Ring-opening polymerizations using propylene or ethylene
carbonate are usually carried out in neat solutions. In these
reactions the organic carbonates act simultaneously as
monomer and solvent. To obtain solutions with low viscosity
it is necessary to run the reactions at elevated temperatures.
Polymerizations of ethylene carbonate are carried out gener-
ally at temperatures above 100 °C (Figure 33).2* Best results
were achieved at 175 °C with Al(acac); and a reaction time
of 128 h with 46% conversion and a high selectivity for the
obtained polymer.?® Comparable results were obtained with
Zn(acac), at 160 °C for propylene carbonate.

Schaffner et al.
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Figure 33. Polymerization with EC as solvent and monomer.
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Figure 34. ATRP of n-butyl acrylate in ethylene carbonate.

Recently, the group of Zsuga investigated the ring-opening
polymerization by employment of the matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-TOF MS)
technique to determine the composition of the polycarbon-
ate.?8! A systematic study for the polymerization of ethylene
carbonate without further solvents was accomplished by Lee
et al.?? One problem in these polymerizations is the
increasing viscosity during the reaction. The use of an
appropriate reactor had a strong influence on the properties
of the polycarbonate. An extensive study on the graft
polymerization of wood sawdust and peat in ethylene
carbonate was accomplished in a batch-stirred, semicontinu-
ous-stirred, and continuous vapor-phase tubular reactor.?®®
Hydroxyalkylations of urea?®* and oxamic acid®® in propy-
lene carbonate lead to a complex polymer network through
decarboxylation of the carbonate.

Organic carbonates can also be used as controlling solvent
for polymerization. Synthesis of polysuccinimide is favored
in organic carbonates because it dissolves the monomer
(aspartic acid) as well as the polymer.?® In addition, ethylene,
propylene, and butylene carbonate are inert under the used
conditions and their boiling point is high enough to initiate
polymerization at 150 °C. The isolated polymer can be
obtained by diluting the mixture in organic solvents like
acetone. Yields between 40% and up to 100% of polymers
(3000 < MW <50 000) with purities between 70% and 100%
were achieved by this method. Ethylene carbonate is
especially suitable for the atom-transfer radical polymeriza-
tion (ATRP) of n-butyl acrylates (Figure 34).2” High
selectivities for polydispersity and molecular weight are
achieved in ethylene carbonate. Another copper-catalyzed
polymerization it the single electron transfer living radical
polymerization (SET-LRP), which allows good control of
the molecular weight and good retention of chain-end
functionality. Since this polymerization involves a dispropor-
tion of the Cu()X salt into Cu(0) and Cu(I)X,, the
polymerization parameter depends on the used solvents
(which can act as solvent ligand). The influence of different
solvents was investigated by Percec et al., and the results
indicate that polymerization can be accomplished efficiently
in ethylene and propylene carbonate. Furthermore, the group
found that addition of 5—10% of water in EC can improve
the molecular weight distribution.?%

Figure 35 presents the dependency of the polydispersity
on solvent and conversion in the ATRP of n-butyl acrylate.
In PC and EC the polydispersity is around 1 and stable also
at higher conversions. Acrylates and methacrylates were
successfully subjected to ATRP in ethylene carbonate and
polymers.2®®

Besides their use as monomers in polymerization, they are
also valuable plasticizer,”’® additives for the synthesis of
polyisocyanates,?’! or assistants to coalesce nitrile copoly-
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Figure 35. Dependence of polydiversity (M,/My) on monomer conversion and the used solvent in the ATRP of n-butyl acrylate initiated
by 1-phenylethylbromide. Reprinted with permission from ref 267. Copyright 1998 American Chemical Society.

mers.?”? During these processes organic carbonates are only
used at low percentages (up to 20%) and do not act as
solvent.

6. Catalysis in Organic Carbonates

6.1. Product Isolation and Catalyst
6.1.1. Recovery

As mentioned in earlier sections, the high boiling points
of organic carbonates can be a drawback during product
isolation. In contrast to polymers, well-soluble compounds
are more difficult to isolate from the carbonate reaction
medium. Moreover, one must carefully consider the reaction
workup if organic carbonates are to be classified as green
solvents. For example, the amount of VOC required during
workup is not included in the classification of the carbonate
as a “green” alternative.

Possible workup procedures are summarized in Figure 36.
In the case of catalyst recycling, three pathways are
employed. The most effective workup consists of a simple
separation using a stripper (Figure 36A). This workup does
not require a second solvent, which has to be recycled in a
further workup step. However, this pathway is only possible
for products like fatty acids, which can be easily separated

With recycling of the catalyst Batch process without recycling

Reactor Seperator
Fay ey Fatty acid
product
H,&—

Recycled catalyst in
PC / H,0 solution

Figure 37. Separation of fatty acids from a catalyst solution.

from organic carbonates.?” In this reaction the polarity of
the organic carbonate was initially increased by the addition
of water to simplify the separation of the product (Figure
37). Heterogeneous catalysts can be recycled by nanofiltration
(Figure 36B). However, another separation step is necessary
to obtain the isolated product from solution. This step
normally consists of a distillation which can result in loss
of solvent to the environment.

Homogeneous catalysts can be nanofiltrated if they possess
high molecular weights. Catalysts with molecular weights
of 627 and 2195 g mol ™! were successfully filtered off from
the product/dimethyl carbonate mixture (Figure 38).2* An
alternative for high- boiling carbonates could retain a product
from PC in order to obtain product-enriched solutions.
However, such products should possess molecular weights
higher than 300.

Most research activities in this field are focused on

stripper distillation of volatile product
-~ roduct
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Figure 36. Several workup procedures for the use of organic
carbonates as solvents in catalysis.

extractive methods for catalyst recovery (Figure 36C). The
catalyst is retained in the polar organic carbonate phase, while
the product is extracted with a nonpolar volatile organic
compound (VOC). It has to be noted that these solvents have
to be removed in order to isolate the product.

Nevertheless, because of its convenient process, extractive
methods seem to be the most favored workup procedure for
organic carbonates. For example, an Ir catalyst used for the
asymmetric hydrogenation of nonfunctionalized olefins was
successfully recycled 6 times using a 3:1 mixture of n-hexane
and toluene.!'®

Temperature-dependent multicomponent solvent (TMS)
systems offer efficient catalyst recycling and product separa-
tion from cyclic organic carbonates.?’> The methodology is
based on solvents with different polarities (Figure 39). The
polar solvent (e.g., PC) is used to retain the catalyst in the
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Figure 39. Principle of catalyst recycling using a TMS system.
The workup is based on a TMS system with a closed miscibility
gap (type 1, dark gray) and an open miscibility gap (type 2, light
gray); the star symbolizes the operating point.

reaction phase, while the product is dissolved in a second
solvent with low polarity (e.g., hydrocarbons like n-dode-
cane). A crucial additive is the mediator which acts as a third
solvent. Its polarity should be between the polar and the
nonpolar solvent. At elevated temperature the miscibility gap
between the three solvents is small, which leads to a
homogeneous solution. These principles are explained by the
Hansen model of solubility parameters,?’® which in turn is
derived from the theory from Hildebrand and Scott.””” The
TMS system type 1 (dark gray) in Figure 39 is a classical
system with a closed miscibility gap, which means that the
catalyst layer as well as the product layer consists of all three
solvents in different ratios.’”® Accordingly, the catalyst is
not completely immobilized and can be found in the product
layer as well as in the organic carbonate layer. Superior
results could be obtained in a TMS system with an open
miscibility gap (Figure 39, type 2, bright gray).?”

In contrast to type 1, the product layer contains exclusively
the extracting solvent and the mediator whereby only
negligible amounts of the catalyst or the ligand can be found
in the product phase. With proper polarity, the starting
material can also act as a mediator. Behr and co-workers
recently published a simplified type 3 TMS system which
contained only two solvents.? Until now it has only been
tested in DMF or N-methyl pyrrolidone with a nonpolar
solvent.

Alternative methods can be used for catalyst recycling if
the catalyst is robust enough. For instance, direct distillation
(Figure 36D) gives the pure product without the assistance
of any other solvent. However, this approach is only
applicable for high-boiling cyclic carbonates in combination
with low-boiling products like lactic acid esters.!> In order
to obtain complete separation, a temperature difference
between 60 and 70 °C is necessary for the use of a slite

tube column under industrially relevant temperature and
pressure (7.5 mbar, 92 °C). For catalysis at elevated
temperature with more combust catalysts (e.g., hydroformy-
lations) it should be possible to recycle the catalyst.

Due to the incomplete solubility of supercritical carbon
dioxide in propylene carbonate, it can be used as an
extraction solvent (Figure 36F). The advantage of using PC
in this process is in the more selective dissolving of the
natural compound artemisinin than with the more frequently
used hydrocarbons. To obtain the isolated compound, extrac-
tions with scCO, or liquid—liquid extractions have been
applied.?®!

If silica gel chromatography is required for product
separation, use of organic carbonates is less efficient (Figure
36E). Due to their high polarity, cyclic carbonates are
retained on silica columns if an eluent mixture with a ratio
higher than 9:1 (cyclohexane:ethyl acetate) is chosen.??

In all cases it might be necessary to purify the used organic
carbonate prior to reuse in another catalytic reaction.
Nageshwer et al. published a procedure to remove water and
high-boiling waste materials from organic carbonates without
saponification.”®? Furthermore, specialized membranes (mix-
tures of poly(acrylic acid) and poly(vinyl)alcohol) could be
employed for the separation of dimethyl carbonate from
methanol by pervaporation (purification of liquid mixtures)
or extractive distillation.?®* A problem with methanol is the
formation of azeotropic mixtures. This can be used as a
purification method, where DMC is subsequently crystallized
out at —70 °C.*%

6.2. Catalysis in Organic Carbonates
6.2.1. Homogeneous Catalysis

Two organic carbonates have been well established as
viable solvents for homogeneous catalysis. For low-temper-
ature processes dimethyl carbonate is commonly used.
However, it possesses a lower polarity than the cyclic
carbonates, and some catalysts (especially rhodium hydro-
genation catalysts) show only low solubility in this solvent.
In contrast, the second-generation Grubbs and Hoveyda
catalysts are soluble in DMC and have been successfully
used for ring closing and cross metathesis (Figure 40).2% In
the ring-closing metathesis yields up to 98% were reported
in dimethyl carbonate and 99% in methylene chloride.

Enlarged Ru catalysts could be used in a similar metathesis
reaction with up to 5 cycles in DMC (Figure 41). However,
the reaction time increased with every cycle from 10 to 384
min.

Recently, the same group used diethyl carbonate as an
alternative solvent for Ru-catalyzed sp>~C—H bond func-
tionalization. The products were obtained with yields up to
97% based on [RuCly(p-cymene)], as a catalyst.?’

Oxidations of olefins were investigated with oxone, NalO,,
and bleach as oxidants.?®® Furthermore, several aromatic
compounds and phenols have been oxidized by hydrogen
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Figure 41. Enlarged Ru catalyst for ring-closing metathesis and
subsequent cross-flow nanofiltration.
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Figure 42. Pd-catalyzed cyclocarbonylatlons in dimethyl carbonate.

peroxide methyltrioxorhenium (H,O,/CH3ReOs3) in DMC
(98% yield).?® Vasapollo et al. investigated the Pd-catalyzed
cyclocarbonylation in DMC (Figure 42). Allylphenols were
converted into a mixture of different lactones.?”® Under
normal conditions (100 °C, 24 h) formation of the oxepinone
is preferred. After prolonged reaction times or higher
temperatures (120 °C, 48 h), allyl alcohols did not react to
the corresponding lactone but furnished noncyclic carboxylic
acids.

A sophisticated, Pd-catalyzed phosgene-free process has
been developed for the oxidative carbonylation of bisphenol
A to provide polycarbonate (Figure 43).°! As ligands for
the homogeneous Pd -catalysts, 2,2'-bipyridines or 2,2'-
bithienyl structures were employed. The polycarbonate was
precipitated from the reaction mixture by adding an excess
of methanol.
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Figure 43. Pd-catalyzed phosgene-free synthesis of polycarbonates
in propylene carbonate.
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Figure 44. Copper-free Sonogashira reaction of chloro-thiophenes
and hexyl acetylenes.
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Figure 45. Pd-catalyzed 2-arylation of benzoxazole.

Since it is known that some chemico-physical properties
of propylene carbonate are similar to those of acetonitrile,
this solvent has been successfully substituted in the copper-
free Sonogashira reaction (Figure 44).%> With an imidazole-
based ligand, which was originally used in Pd-catalyzed
hydroxylation reactions,?®* the coupling product was carried
out in PC to give yields up to 76%.

When diethyl carbonate was used for Pd-catalyzed 2-ary-
lation of oxazole derivatives, less byproduct was produced
in organic carbonates compared to DMF.?** Next to diethyl
carbonate, propylene carbonate was an efficient solvent for
reaction of benzoxazole with aryl bromides (Figure 45; DEC
= 91% vs PC = 78%).

Moreover, stereoselective palladium-catalyzed reactions
like the asymmetric allylic alkylation can be accomplished
in organic carbonates. Besides propylene and butylene
carbonate, also aliphatic carbonates like diethyl carbonate
could be used. Due to their lower polarities, dialkyl carbon-
ates are not suitable for reactions with highly charged metal
catalysts (e.g., cationic Rh hydrogenation catalysts are only
partly soluble in noncyclic carbonates). Schiffner et al. tested
several chiral ligands in the Pd-catalyzed asymmetric alky-
lation with rac-1,3-diphenylallyl acetate and observed enan-
tioselectivities up to 93% in PC (Figure 46).2%? In addition,
new chiral monophosphites from easily available building
blocks were tested in methylene chloride as well as in
propylene carbonate.?”> Unfortunately, PC was not neces-
sarily the best solvent choice. In addition, enantiopure
propylene carbonate was also used instead of the racemic
solvent; however, no stereodifferentiation was observed.?®?
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Figure 46. Asymmetric allylic substitution with rac-1,3-diphe-
nylallyl acetate.
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Figure 47. Tin-catalyzed reaction of formaldehyde with oleic acid.
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Figure 48. Synthesis of high-boiling carbonates from glycerol
carbonate.

This result is in contrast to the use of enantiopure ionic
liquids (ILs), which probably establish stronger interactions
with the catalyst and substrate.?%

The use of TMS systems is especially suitable for nonpolar
compounds like hydrocarbons, fatty acids, or aldehydes. Behr
et al. used PC as the solvent in the reaction of formaldehyde
with unsaturated fatty acid esters in the presence of SnCly
and other Lewis acids as catalysts (Figure 47).2” The use of
PC reduced the sublimation of p-formaldehyde significantly
and increased the yield from 52% in 1,4-dioxane to 74%.
As products methyl 9-formyloctadecanoate, isomers and
byproduct were obtained.

Propylene carbonate was especially suitable for reactions
using long-chain fatty acids. Platinum-catalyzed hydrosily-
lations of unsaturated fatty acids gave the silylated products
with yields by up to 88% within 4 h reaction time.*

High-boiling carbonates are useful solvents for reactions
under fine vacuum conditions at elevated temperature. They
are available from glycerol carbonate with carboxylic acid
chlorides (Figure 48).2” Similar to glycerol, these high-
boiling carbonates are very viscous at room temperature.

These particular solvents were applied in the telomerization
of butadiene with carbon dioxide to form J-lactones, which
are valuable intermediates for a large variety of reactions
(Figure 49).3% The possible impact of this particular reaction
for more atom-efficient chemistry was presented by Trost.>!
The reaction control toward the desired lactones is difficult
due to several side reactions: dimerization to octa-1,3,7-
triene, acid formation, and formation of esters.** In cyclic
carbonates like ethylene, propylene and butylene carbonate
O-lactones were formed in good yields and selectivities (in
BC with selectivities up to 70%). However, the boiling points
of these carbonates are too low for use in a continuous
reactor. Thus, the use of glycerol carbonate esters has been
developed. Unfortunately, glycerol carbonate butyrate (with
R = Pr) furnished only low conversion of 46% and yielded
the O-lactones in 23% yield with a selectivity of 49%. Yet,
the use of high-boiling carbonates could be attractive on a
semitechnical scale, where d-lactones can be removed by
distillation.

Application of temperature-dependent multicomponent
solvent systems (TMS) (Figure 39) based on propylene

Schaffner et al.
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Figure 49. Telomerization of butadiene with carbon dioxide in

organic carbonates.
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Figure 50. Rhodium-catalyzed hydroaminomethylations of

1-octene.

carbonate was pioneered by Behr for several Rh-catalyzed
reactions.® Thus, very low catalyst leaching was noted in
the hydroaminomethylation (Figure 50).3** A suitable ternary
mixture for this reaction was found with a ratio of PC/n-
hexane/dioxane = 1/0.55/1.3. In these conditions l-octene
was converted to the targeted amines with a selectivity of
96% and a ratio of 1.4/1. In the Rh-catalyzed hydroformy-
lation reaction the best results were obtained at an operating
point of 22.5 wt % PC, 19.5 wt % dodecane, and 58 wt %
p-xylene.’® PC has been identified as a promoter to obtain
better selectivities toward linear aldehydes.’®® Excellent
catalytic activities with high turnover frequencies (TOF) were
obtained in the isomerizing hydroformylation with rhodium
phosphite complexes.’’” The TOF increased from 4064 h™!
in toluene to 6750 h™! in propylene carbonate. A similar
effect is known for other polar solvents.?%

Next to the use of solvatochromic dyes, the use of self-
assembling ligands is a good method to investigate the
character of a solvent. Formation of a pseudo-bidentate ligand
(Figure 51, right down) is only possible in aprotic solvents
with low hydrogen-bond acceptor properties (5) (Figure
20).309

Unfortunately, the high selectivity of self-assembling
ligands is accompanied by low catalytic activities if they are
used with benchmark substrates in the Rh-catalyzed hydro-
genation (Figure 52). High reactivities but low ee’s were
only achieved in the protic solvent methanol. Nevertheless,
it could be shown by the group of Borner that hydrogenations
in propylene carbonate combine the high enantioselectivity
of aprotic solvents with the increased reactivity of the
rhodium complex in methanol.>'

To evaluate the ability of organic carbonates to serve as
aprotic, highly dipolar solvents (AHD), several experiments
with various AHD solvents were investigated with standard
benchmark substrates in Rh-catalyzed hydrogenations using
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Figure 51. Solvent-dependent self-assembling Rh catalysts for
asymmetric hydrogenations.
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Figure 52. Asymmetric hydrogenation with benchmark substrates.

Hz
. . Hz . solvent
di-olefin __—_,  mono-olefin - Solvent + alkane
complex K, complex complex

2
+ 2 solvent

solvent 4 mono-olefin
complex

Figure 53. Formation of the solvent complex from a diolefin
complex.

commercially available ligands (Figure 52).3!1312 In DMSO,
hydrogenation products were obtained with low stereose-
lectivity. Better results were observed with DMF. Propylene
and butylene carbonate provided excellent results in this
hydrogenation, and interestingly, BC provided higher enan-
tioselectivities while PC provided faster reaction rates.’!®
Previously, investigations have been published where the
transformation of Rh precatalysts into active solvent com-
plexes were studied in PC (Figure 53).3!* The rates in PC
were comparable to those determined for typical hydrogena-
tion solvents like methanol, THF, or methylene chloride.

Furthermore, the advantage of a biphasic workup for
asymmetric hydrogenations was shown in an isomerization/
hydrogenation network approach. Methylene-1,2,3,4-tetrahy-
dronaphthalene isomerizes quickly to the internal olefin in
standard hydrogenation solvents like methylene chloride
(Figure 54).""® Nevertheless, isomerization was slowed down
in PC and resulted in higher enantioselectivities due to the
favored formation of the (R)-enantiomer instead of (§)-
enantiomer. In contrast to methylene chloride, where the
highest ee was 26% (S) with the dicyclohexyl phosphine
ligand and 17% (R) with the diphenyl phosphine ligand,
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Figure 55. Chiral ligand for the Ir-catalyzed hydrogenation of
nonfunctionalized olefins.
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Figure 56. Ir-catalyzed hydrogenation of nonfunctionalized olefins
in PC.
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Figure 57. Cyclobutanol oxidation in EC using a PdCl,/NaOAc
system.

enantioselectivities increased in PC to 82% (S) with the
diphenyl phosphine ligand. The best results were obtained
at hydrogen pressures of 50 and 100 bar. Finally, recycling
experiments using n-hexane for extraction of the product
showed that 6 cycles could be accomplished without losing
reactivity or stereoselectivity.

By analogy to these results, Pamies and Diéguez achieved
87% ee with an Ir catalyst based on the ligand depicted in
Figure 55 in propylene carbonate at 99% conversion after
10 h at 40 °C.*'3 In accordance to the accelerating effect of
the solvent for this hydrogenation the same experiment in
methylene chloride gave only 25% ee.

Subsequent recycling experiments with several substrates
were performed in PC.3'* Nearly constant enantioselectivities
were observed with the nonfunctionalized substrates 22, 23,
and 24, while the activities decreased with progressing cycle
numbers (Figures 56 and 57).

Alcohol oxidations using a catalytic system of PdCl,/
NaOAc have been conducted in ethylene carbonate at 38
°C.3!® Noteworthy, compound cyclobutanone was also ac-
cessible with this procedure (Figure 56). After addition of
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Figure 60. Heck reaction with PC-stabilized Pd clusters.

30% acetone the reaction could also be accomplished at room
temperature.

The asymmetric cyanohydrine synthesis in propylene
carbonate as solvent was accomplished by the group of North
(Figure 58).3!'7 Similar results were obtained using dichlo-
romethane as the solvent. With chiral vanadium or titanium
salen catalysts enantioselectivities could be obtained up to
93%. However, isolation of the cyanohydrines from PC was
difficult to achieve due to their low stability during the
chromatographic purification. Therefore, the products were
directly converted into the desired mandelic acid using
concentrated hydrochloric acid. The acid could be isolated
through crystallization from ether/hexane.

In mixtures with water, in propylene and ethylene carbon-
ate excellent results for the (S)-proline-catalyzed aldol
reaction were obtained by North et al. (Figure 59).3'8

Colloids, Heterogeneous, and Biocatalysis

Propylene carbonate is a suitable solvent for colloid-based-
catalyzed reactions. It displays good phase-separating proper-
ties and donor abilities and may therefore stabilize colloids.
In addition to propylene carbonate, DMF is known to assist
in the formation of nanostructures. Electrochemically gener-
ated Pd clusters were successfully stabilized by PC and used
for the Heck reaction with aryl halides and styrene (Figure
60).319

Furthermore, dienes, alkynes, and diolefinic fatty acids
have been selectively hydrogenated in propylene carbonate
with a Pd—colloid catalyst. The selective hydrogenation has
been accomplished at room temperature and ambient hy-
drogen pressure.*? The Pd catalyst is stabilized by propylene
carbonate. This stabilizing effect is illustrated in Figure 61.

Schaffner et al.
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Figure 61. Reaction of the Pd—solvent catalyst with hydrogen.
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Figure 62. Lipase-catalyzed kinetic resolution in propylene
carbonate.

In the experiments, the highest catalyst activities were
observed with cyclic carbonates, while noncyclic carbonates
were less effective.’?! As with homogeneous catalysts,
propylene carbonate could be used for heterogeneous Pd-
catalyzed carbonylations to form polycarbonates of bisphenol
A 3?2 Furthermore, with the combination of Co(OAc),*H,0O
as an oxidative cocatalyst and a polymer-supported Pd
catalyst, a recyclable carbonylation catalyst was obtained.??*
A study on the kinetics of hetereogeneous, enantioselective
hydrogenations with platinum on alumina (Pt/Al,O3) and a
chiral dihydrocinchonidine was conducted by Gamez et al.**
The rates of the reactions were compared by running the
transformations in nonpolar (toluene), polar protic (EtOH),
and polar, aprotic solvents (PC).

To date, biocatalysis has not been extensively investigated
in organic carbonates. Many enzymes need a mixture of
water with an organic solvent in which the pH value can be
easily adjusted. Thus, hydrolysis of cyclic carbonates may
occur during enzymatic reactions. Recently, the group of Xia
presented a lipase-catalyzed kinetic resolution of several
chiral alcohols with vinyl acetate in propylene carbonate
(Figure 62).%%

A combination of electrochemical chemistry and catalysis
has been used for the electrochemical reduction of halogen
alkanes at silver plates.*?® Similarly, hydroformylations were
electrochemically performed with a PtCl, catalyst in PC.*’

7. Other Applications as Solvent or Agent
7.1. Organic Synthesis

Classical organic transitions in organic carbonates as
solvent are not well established. One rare example for organic
synthesis in organic carbonates is the bromination of toluene
and derivatives with N-bromosuccinimide in propylene
carbonate.’?® Furthermore, the quaternizations of pyridine and
4-picoline were investigated in propylene carbonate.’?’
Formation of cation—ligand complexes with N(Bu);H" and
several carbonates were studied by Gilkerson and co-
worker.* It was assumed that PC does not strongly interact
with ions in comparison to other strongly polar solvents.!
Indeed, it was shown that solvation is similar to that found
in acetone, keeping in mind that PC possesses a 3-fold higher
dielectric constant. Organic carbonates could also be used
in the synthesis of acyloxy—boron compounds®** and in the
synthesis of trialkoxy—stannates.?*?
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Figure 63. Formation of 1,3-dimethyl imidazolium-4-carboxylate
from DMC and 1-methyl imidazol.

7.2. Synthesis of lonic Liquids

Carbonate-based syntheses of ionic liquids (CBILS) can
be used as a convenient method for various molten salts.
The problem of acidic or salt waste production during the
synthesis of ILs can be avoided with dimethyl carbonate as
reagent. Formation of quaternary carbonate salts with DMC
has been published by Jansen,*** Ue,** and Takehara.**® The
CBILS proceeds via a carboxylate intermediate (Figure 63),
which could be subsequently converted into the final IL under
release of carbon dioxide.*” Nevertheless, organic carbonates
have been chosen as solvents to dissolve organic salts like
sulfonium salts.>*

7.3. Cosmetic Applications

In many cosmetic applications organic carbonates (espe-
cially PC) are allowed to act as a cosolvent or solubilizer**’
with up to 20 mass %. The use of PC is regulated by the
cosmetic ingredient review (CIR); PC was introduced in
1987.340 Despite increasingly strict regulations during the last
two decades, PC was again granted as a cosolvent for
cosmetics in 2004 in a new cosmetic ingredient review. It is
used to regulate the viscosity of mixtures.**! Furthermore,
propylene and ethylene carbonate have been added to nail
polish to obtain high flexibilities during the drying process
combined with their low toxicity.**?

7.4. Cleaning Cosolvents

Due to their low toxicity, organic carbonates have been
turned out to be excellent cosolvents for cleaning and
depainting products. For cleaning of carpets, rugs, and fabrics
PC can be used as a sequestering agent.>® It has been added
as cosolvent up to 5%. PC can also be applied in higher
concentrations (up to 25%) as solvent for cleaning processes
which involve human contact.>** With its softening and
swelling effect on paint, PC turned out to be an appropriate
solvent in aqueous mixtures for the removal of paints from
skin. In this application it has been added as cosolvent in up
to 40%.3% In addition, the U.S. Environmental Protection
Agency evaluated the use of PC as solvent in depainting
operations in air logistics centers.**® Furthermore, alkylene
carbonates can be used to reduce the odor of amine-
containing compounds like urine. An advantage is the high
biodegradability of organic carbonates. Therefore, odor-
reducing agents containing ethylene, propylene, or butylene
carbonate can be applied in environmental open places like
zoos, wool plants, and fish canneries.>*’ The reduction of
odor is achieved by reaction of the respective carbonate with
the amine. Furthermore, carbonates like glycerol carbonate
are starting materials to synthesize nonionic tensides which
can be used in cleaning products.’*®

7.5. Oil Processing Industry

The FLUOR process is one of the oldest industrial
applications of organic carbonates (especially propylene
carbonate). This process was invented by the FLUOR
Company in 1960 for the removal of carbon dioxide from
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natural gas streams.** To act as a physical absorption solvent
PC has an equilibrium capacity for absorbing carbon dioxide
several times higher than water and does not absorb high
amounts of natural gas and hydrogen. With its low viscosity,
low vapor pressure, and noncorrosive behavior it is an
excellent choice as an absorbing solvent.*® The operating
conditions with propylene carbonate in the modern FLUOR
process have been adjusted at 3.1—6.9 MPa and run below
ambient temperature. Today the process is especially used
on drilling platforms but is in general not limited to carbon
dioxide removal from natural gas. A general scheme of the
process is given in Figure 64.

Another example for the use of organic carbonates in the
oil-processing industry is given by Huntsman Petrochemical
Corp.®! Organic carbonates can be utilized in combination
with carbon dioxide to recover oil from maturing reservoirs.
In contrast to other known methods (e.g., the application of
toluene) the use of organic carbonates is environmentally
friendly and highly efficient. Furthermore, it offers a simple
recovery method for asphaltenes from the reservoirs.

7.6. Lacquer Applications

Organic carbonates can be used for nonaqueous liquid
pigment dispersions without safety problems due to their high
boiling and flash points.**> Many coloring processes use toxic
or flammable organic solvents like toluene or cresol. Thus,
large amounts of organic waste are produced during this
process. In detail, 50—75 mass % of the chemicals in the
lacquer wire-coating process are organic solvents. In par-
ticular, thin wires need a high amount of organic solvents.
In 1999 82.506 t of lacquer-isolated wires and 5200 t of
organic waste solvents were produced in Germany.*? During
the lacquering process the solvent is evaporated and the
solvent containing air is burned. However, in many cases
the contaminated air is leaked partly to the production area.
Recently, BASF replaced cresol by propylene carbonate after
comparison of the complete life cycle of both solvents
including production, application, and waste removal in the
copper wire-coating process.>* It could be shown that both
ecological and economical aims are maximized to obtain the
best results for the production process of coated copper wires.
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7.7. Others

The development of liquid crystal devices has received
increased attention in the past decade in order to produce
light and long-living electronics. With its polarity, propylene
carbonate is suitable to act as a solvent in the formation
process of alignment films. Furthermore, it is necessary that
the solvent can be modified by a second solvent to control
the surface tension during the process.®>® It turned out that
PC can be used in both functions. However, best results were
obtained in combination with glycol ethers.

8. Summary

Since the 1960s applications of organic carbonates as
solvents have spread to nearly every field of chemistry. In
particular, the use in lithium batteries and other electro-
chemical applications like the electropolymerization are well
established. The high solubility of ions, dielectric constants,
and dipole moments are basic properties for the success of
organic carbonates in these research areas. Furthermore, the
low toxicities and environmentally benign properties make
them acceptable alternatives for standard organic solvents
and valuable candidates to substitute NMP, DMF, and other
polar, aprotic solvents.

Not mentioned in this review is the extensive use of organic
carbonates as environmentally friendly building blocks for
classical organic transformations, where they can be used as
methylation agents or in methoxycarbonylations.>** 3% Fur-
thermore, it has to be noted that synthesis and application
of organic carbonates is often connected with the synthesis
of polycarbonates.* These processes are already highlighted
in separate reviews with regard to the special properties of
various polycarbonates.3%%4

The synthesis of organic carbonates is still the bottleneck
in their use as real “green” solvents. Today numerous
applications have been published with these polar solvents
especially in research of homogeneous catalysis. However,
due to the high boiling point, from an ecological point of
view an advantage, product separation will be the major
challenge for the future. An alternative for this could be the
use of noncyclic carbonates, which can be evaporated more
easily. The results of carbonylations, metathesis reactions,
and hydrogenations show clearly that organic carbonates are
not magic solvents which are able to replace every other
solvent. However, their use should always be taken into
consideration in a solvent screen for new reactions and
catalysts. In particular, the weak interactions between
catalysts and the organic carbonates could be of interest to
stabilize nanocluster or even homogeneous catalysts in order
to develop more efficient recycling processes. The numerous
publications on the synthesis and use of organic carbonates
each year reveal that this field is of major interest to the
chemical community, and the authors hope that this review
will stimulate further work.

9. List of Abbreviations

AHD aprotic highly dipolar (solvent)

AN acetonitrile

B hydrogen-bond acceptor/basicity

BC butylene carbonate

bp boiling point

CBILS carbonate-based ionic liquid synthesis
d density

DEC diethyl carbonate

Schaffner et al.

DMC dimethyl carbonate

DMF N,N-dimethyl formamide

DN donor number

EC ethylene carbonate

ENr Reichardt’s solvent polarity values
GAV group-additivity values

ECsg effective concentration (50)

EHS Environmental Health and Safety
GPE gel polymer electrolyte

GyC glycerol carbonate

IL ionic liquid

1Csg inhibitory concentration (50)
LCA life cycle assessment

LC lethal concentration (50)

LDsg lethal dose (50)

LLE liquid—liquid equilibria

oC organic carbonate

PC propylene carbonate

PPy polypyrrole

PT polythiophene

sc supercritical

SEI solid electrolyte interphase

SEM single-electron microscope

SLE solid—liquid equilibria

SPE solid polymer electrolyte

T™MS temperature-dependent multicomponent solvent
VLE vapor—liquid equilibria

vVOC volatile organic compound
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