
Green Chemistry

PAPER

Cite this: DOI: 10.1039/c9gc01180c

Received 10th April 2019,
Accepted 11th June 2019

DOI: 10.1039/c9gc01180c

rsc.li/greenchem

Synthesis of amides from acid chlorides and
amines in the bio-based solvent Cyrene™†

Thomas W. Bousfield,a Katharine P. R. Pearce,a Simbarashe B. Nyamini,a

Athanasios Angelis-Dimakis a and Jason E. Camp *a,b

Cyrene™ as a bio-alternative dipolar aprotic solvent: a waste minimizing and molar efficient protocol for

the synthesis of amides from acid chlorides and primary amines in the bio-available solvent Cyrene™ is

disclosed. This protocol removed the use of toxic solvents, such as dimethylformamide and dichloro-

methane. A simple aqueous work-up procedure for the removal of the high boiling solvent Cyrene™

resulted in up to a 55-fold increase in molar efficiency (Mol E.%) versus standard operating procedures. In

order to rapidly compare the molar efficiency of this process against other methodologies an Excel based

Mol. E% calculator was developed that automates many of the calculations. An investigation into the

hydration of Cyrene™ found that it readily hydrates to form a geminal diol in the presence of water and

that this process is exothermic.

Introduction

Amides are an important class of compound that have been
exploited in a number of fields, such as the pharmaceutical,
agrochemical and material sciences. Amides have had a pro-
found impact on the pharmaceutical industry as highlighted
by the large number of drugs that contain an amide moiety as
well as the significant percentage of reactions performed by
medicinal chemists to form amide linkages.1 Most of the top-
15 best selling drugs in 2017 contained an amide,2 with amide
drugs traditionally being some of the highest grossing of all
time (Fig. 1).3 Furthermore, amides themselves are increas-
ingly exploited as catalysts, ligands, reagents, solvents and sub-
strates for a multitude of synthetic transformations.4

Due to their importance, novel methods for the synthesis of
amides are constantly being developed.5 One of the most
efficient and highly utilized methods for the synthesis of
amides is the reaction of acid chlorides and amines. For
example a series of acid chlorides were reacted with anilines to
give amides, which were screened as positive allosteric modu-
lators of metabotropic glutamate receptor 4 with CNS exposure
in rats (Scheme 1, eqn (1)).6 In this typical example, a variety of
amides were synthesized in good yields using the solvent di-
methylformamide (DMF), but extensive work-up and purifi-
cation protocols were required, including aqueous washing

and column chromatography. Amides can be synthesized in a
variety of different reaction media, though the majority of reac-
tions have been performed in DMF, N-methyl-2-pyrrolidone
(NMP), dichloromethane (CH2Cl2) or tetrahydrofuran (THF).7

There has been increased regulatory constraints placed on
toxic, petroleum-based solvents that are the mainstay of indus-
trial synthesis. The development of safer solvents is one of the

Fig. 1 Important amide pharmaceuticals.

Scheme 1 Synthesis of amides in DMF and Cyrene™ (1).
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core tenets of the twelve principles of Green Chemistry.8 One
reason behind the inclusion of solvents in this key list is that
between 75–80% of waste associated with the synthesis of phar-
maceuticals comes from solvents.9 In order to combat the cost
of solvents, in terms of time, expense and to the environment, a
variety of solvent selection guides were put forward.10 One key
class of solvent that currently does not have a direct replace-
ment are dipolar aprotic, such as N,N-dimethylformamide
(DMF) and N-methyl-2-pyrrolidone (NMP).11 Both of these com-
pounds were recently added to the REACH restricted substances
list, which severely limits their ability to be used as industrial
solvents.12 Thus, academic researcher and industry have put
significant efforts into developing sustainable chemical
processes that do not rely on high risk solvents.13,14

A possible alternative dipolar aprotic solvent15 is the bio-
available compound Cyrene™ (1), dihydrolevoglucosenone,
which can be synthesized in two-step processes from waste
cellulose.16 Cyrene™ (1) has similar properties to other dipolar
aprotic solvents, such as DMF, and it has been put forward as
a bio-based alternative for this class of solvent (Fig. 2). Since
being proposed by Clark and co-workers in 2014 as a potential
bioavailable solvent, Cyrene™ (1) has been utilized in a
number of applications.17 For example, Cyrene™ (1) was
shown to be useful in the processing of graphene18 as well as in
MOF19 synthesis, membrane synthesis20 and resin swelling
applications.21 Traditional organic reactions, such as SN2,
SNAr

14 and acyl substitution processes22 have also been accom-
plished in Cyrene™ (1). In addition, palladium-catalyzed cross
coupling reactions, such as the Sonogashira, Cacchi type annu-
lations23 and Suzuki–Miyaura reactions24 were conducted using
Cyrene™ (1) as a solvent. Interestingly, a number of processes
were not compatible with Cyrene™ (1) as a solvent, including
bio-catalysis applications25 and situations where it could act as
an electrophile.26 During the course of our study, Watson and
co-workers reported the use of Cyrene™ (1) as a solvent in the
HATU mediated synthesis of amides from carboxylic acid and
amines in the presence of excess base (Scheme 1, eqn (2)).27

Herein, we report the use of the bio-available solvent Cyrene™
(1) for the synthesis of amides from the reaction of amines and
acid chlorides (Scheme 1, eqn (3)). Molar efficiency calculations,
conducted on a semi-automated Excel based calculator, were
used to guide the development of a work-up, isolation and puri-
fication protocol that minimized the amount of waste that was
produced. In addition, a study into the hydration of Cyrene™
(1) showed the facile nature of its conversions to a geminal diol
as well as the exothermic nature of this process.

Experimental section
General procedure

To a stirred solution of an acid chloride (0.5 mmol, 1.0 equiv.)
in Cyrene™ (1, 0.5 mL, 1 M) at 0 °C were added triethylamine
(0.55 mmol, 1.1 equiv.) and a primary amine (0.5 mmol, 1.0
equiv.). The resultant mixture was allowed to warm to rt over
1 h. Water (5 mL) was added and the mixture was stirred until
the product precipitated. The precipitate was filtered and
washed with water to give the pure amide. For the preparation
of NMR samples, the solid was dissolved in ethyl acetate, dried
over sodium sulphate, filtered and the solvent was removed
under reduced pressure.

Results and discussion

To begin the study into the use of Cyrene™ (1) as a solvent for
the synthesis of amides the reaction of 4-fluorobenzoyl chlor-
ide (2a) and a variety of amines 3 was investigated (Table 1).
Thus, the reaction of the acid chloride 2a with pyrrolidine (3a),
aniline (3b) and benzylamine (3c) in the presence of triethyl-
amine afforded the desired amides 4–6 in good yields. Whilst
the optimization of the reaction was straightforward, the iso-
lation of the pure amides required further investigation. Three
different work-up procedures were investigated and their
molar efficiency values28,29 were calculated using a semi-auto-
mated Excel based calculator (vide infra).30 An aqueous work-
up followed by column chromatography afforded (4-fluorophe-
nyl)(pyrrolidine-1-yl)methanone 4a in excellent isolated yield
(Table 1, entry 1). In contrast to our work on the synthesis of
pyrrolidine-derived ureas,18 amide 4a did not precipitate upon
the addition of ten equivalents of water. The crude reaction
mixture was also loaded directly onto a silica gel column for
purification, which gave the desired amide 4a in good yield.
The removal of the aqueous work-up step resulted in a 1.4-fold
increase in molar efficiency (Table 1, entry 1 vs. 2). Switching
to the use of primary amines, aniline (3b) and benzylamine
(3c), allow for the direct precipitation of the product amides 5a
and 6a, respectively, which did not require any additional iso-
lation or purification. Safety note: Addition of water to neat
Cyrene™ (1) is an exothermic process (vide infra). By removing
the requirement for both an aqueous work-up and column

Fig. 2 Comparison of the physical properties of DMF and Cyrene™ (1).

Table 1 Optimization of the synthesis of amides 4–6 in Cyrene™
(1) using molar efficiency calculations

Entry Amine Work-up
Yield
(%)

Relative
Mol. E%

1 Pyrrolidine Aqueous; then column 91 4a 1
2 Pyrrolidine Column 75 4a 1.4
3 Aniline Precipitate 72 5a 24
4 Benzylamine Precipitate 81 6a 28
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chromatography, up to a 28-fold increase in molar efficiency
was achieved (Table 1, entry 1 vs. 4). Thus, one of the key chal-
lenges in the use of high boiling dipolar aprotic solvents, their
separation from the product, was overcome by using this
improved isolation procedure. Importantly, only bio-derived
solvents, water and Cyrene™ (1), were required for the syn-
thesis of amides from acid chlorides and primary amines.

With the optimized reaction and isolations procedure in
hand, the reaction of aniline (3b) and benzylamine (3c) with
acid chlorides 2 was investigated (Scheme 2). Fluoro- and bro-
minated benzoyl chlorides gave the desired amides 5a–d/6a–d
in good yield. For example, the reaction of 2-fluorobenzoyl
chloride with either aniline or benzylamine, gave amides 5c/6c
in greater than 70% isolated yield. Interestingly, in some cases
an increased yield was obtained by stirring the aqueous
mixture for 24 h, but this was not always the case, cf. amide 5a
vs. 5c. Electron-rich acid chloride, 3,4-dimethoxybenzoyl chlor-
ide afforded amides 5e/6e in high yield. The synthesis of
amide 6e could be run on a 5.0 mmol scale without a signifi-
cant decrease in yield. It is possible that the electron rich
nature of the system slows down the addition of water to the
acid chloride leading to higher yields. Reactions between
heterocyclic benzoyl chlorides, such as pyridine, thiophene,
furan and benzothiophene with aniline (3b) gave amides 5f–5i
in moderate yields. Slightly higher yields for acid chloride-con-
taining heterocycles were observed when benzylamine (3c) was
used as the nucleophile to form amides 6g–6i. Finally, ali-
phatic acid chlorides reacted with aniline (3b) or benzylamine
(3c) to give amides 5j,k/6j,k in moderate yields. The reaction of
acid chlorides that contained long alkyl chains did not give

product amides that precipitated upon the addition of 10
equivalents of water. Based on in situ 19F NMR experiments
(vide infra), amide formation is nearly quantitative, with the
rest of the starting material being converted to the carboxylic
acid. The majority of the water necessary for the hydrolysis of
the acid chloride is introduced into the system via the use of
reagent grade Cyrene™ that has not been dried. The fluctu-
ation in isolated yields is most likely a reflection of the solubi-
lity of the products in a 10 : 1 mixture of water to Cyrene™ (1).
Alternative work-up procedures including sonication, varying
the amount of water added and the addition of salts did not
have a beneficial effect on the isolated yield of the products.

Next, the addition of a secondary amine to a variety of acid
chlorides was investigated. Pyrrolidine (3a) was reacted with
electron-deficient, electron-rich, heterocyclic and alkyl acid
chlorides under the standard conditions used for the primary
amines (Scheme 3). As stated previously, the resultant amides
did not precipitate from the solution upon the addition of
water, but rather oiled out to form a non-separable emulsion.
In order to increase molar efficiency, a direct chromatography
method was employed to isolate and purify the amides. This is
despite the fact that a traditional work-up/purification protocol
resulted in an increased isolated yield of the tertiary amide.
For comparison, an aqueous work-up followed by column
chromatography for amide 4a gave a 91% yield, whilst direct
chromatography (i.e. loading the crude reaction directly onto
the silica gel) of the solution afforded amide 4a in 75% yield.
Electron rich and heterocyclic acid chlorides afforded the
desired amides 4e and 4h, respectively, in slightly higher
yields than their halogenated counterparts, 4a, 4b and 4d.

Scheme 2 Synthesis of amides from acid chlorides and primary amines in Cyrene (1). aAqueous work-up. b24 h stir in water. c5.0 mmol scale.
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Finally, the reaction of pyrrolidine (3a) with cyclopropanecar-
bonyl chloride afforded the desired amide 4j in moderate
yield. Based on the substrate scope study it was found that
amides derived from primary aliphatic or benzylic amines can
be precipitated directly from Cyrene™ (1) whereas the pro-
ducts from the reaction of secondary amines required purifi-
cation by column chromatography.

The rate of the formation of amides from acid chlorides
and amines in Cyrene™ (1) versus the industrial standard sol-
vents DMF, NMP and acetonitrile were examined using in situ
19F NMR with hexafluorobenzene as an internal standard.
Monitoring the reaction of 3-fluorobenzoyl chloride and
aniline (3b) in the presence of triethylamine at room tempera-
ture showed complete conversion to amide 5b in less than
5 minutes for the four solvents that were investigated.

Investigation into the hydration of cyrene™ (1)

A study into the hydration of Cyrene™ (1) was undertaken in
order to better understand why it could be separated from the
product amide via the addition of water. Whilst the hydrate of
Cyrene 7 31 as well as related 6,8-dioxabicyclo[3.2.1]octanone
ring systems in which there is a substituent at the β-position
are reported,32,33 at the start of our study there is was no NMR
data available for the hydrate or information on the effect of
water concentration on the equilibrium. Very recently,
De bruyn et al. reported on the hydration of Cyrene™ (1) and
the ability of the solutions to solvate simple organic com-
pounds.34 In contrast to this work, mixtures of varying concen-
trations of D2O and Cyrene™ (1) were subjected to NMR ana-
lysis to provide insights into the equilibrium process (Fig. 3).
Safety note: Addition of water to neat Cyrene™ (1) is an
exothermic process. It was found that the addition of 2.5 mL
of water to 2.5 mL of Cyrene™ (1) resulted in an increase in
temperature of over 14 °C (cf. Fig. S12†).26 Initially, it was
found that in the presence of 10 equivalents of D2O, 96% of
Cyrene™ (1) was hydrated to geminal diol 7. No ring opening
of the cyclic acetal of Cyrene™ (1) was observed in this study.
Importantly, the structure of geminal diol 7 was confirmed by

2D NMR experiments with nOe observed in the HMBC spectra
between the proton adjacent to the cyclic acetal (circled in red)
and the carbons next to the ethers as well as alpha to the
geminal diol, highlighted in green, yellow and blue, respect-
ively. Furthermore, as the percent of D2O increased from 1% to
99% the equilibrium shifted from ketone 1 to geminal diol 7.
At a ratio of 1 : 1 of D2O to Cyrene™ (1), over 80% of the
ketone was hydrated. These results are in stark contrast to a
simple ketone, such as acetone, which exists predominately as
the carbonyl in aqueous solution.35 The facile hydration of
Cyrene™ (1) and the subsequent change in its solvating ability
helps to explain why amides 5 and 6 precipitated upon the
addition of water. Interestingly, when 1 M solutions of a
1 : 1 mixture of Cyrene™ (1) to D2O in DMSO-d6, MeCN-d3 or
acetone-d6 over the same concentration range were analyzed by
1H NMR, only the non-hydrated keto form of Cyrene™ (1) was
observed. These results suggest that in the presence of an
excess of organic solvent that the keto form is highly favored
and that Cyrene™ (1) will behave like a dipolar aprotic solvent.
Control over the hydration of Cyrene™ (1) should allow for its
facile recycling and lead to novel applications.

Molar efficiency calculator and calculations

In order to compare the efficiency of our method to existing
protocols, molar efficiency calculations were undertaken using
the method of Watson and co-workers24,25 in which:

Molar efficiency ðMol:E% Þ

¼ moles product
moles starting materialþ additivesþ catalystsþ solvents

� �

� 100

Molar efficiency calculations are a useful way to calculate
reaction efficiency in discovery medicinal chemistry as they
enable comparisons of the multitude of transformations that

Scheme 3 Synthesis of amides 4 from acid chlorides and primary
amines in Cyrene™ (1). aAqueous work-up. bSolution directly purified by
column chromatography.

Fig. 3 Hydration of Cyrene™ (1) to form geminal diol 7 as the amount
of D2O is changed. Solid lines between points are visual aids.
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are used at this phase of research. Also, this green metric
allows for the cross-comparison of the subtleties within a par-
ticular reaction and it is this ability to rapidly quantify differ-
ence that has been used in this research. In order to quickly
access the molar efficiency of the reported method and
compare it to existing literature a semi-automated Excel based
Mol. E% calculator was developed.26 The calculator automates
many of the efficiency calculations and converts solvents from
mL to mmol. In order to evaluate all of the relevant papers a
number of assumptions needed to be made about standard
work-up procedures for which no detailed information is gen-
erally provided. The following standards were used:

1. Chromatography: 100 g SiO2 per 1.0 mmol (up to
10 mmol): 50 g SiO2 per 1.0 mmol (up to 10 mmol) using an
automated purification system,

2. Chromatography: 1.0 L solvent for first 1.0 mmol and
then 500 mL solvent for each mmol thereafter (up to
10 mmol): 0.5 L solvent and then 250 mL solvent for each
mmol thereafter (up to 10 mmol) when using an automated
purification system,

3. Silica gel plug: 10.0 g silica gel (up to 10 mmol),
4. Recrystallization: 5.0 mL per 1.0 mmol (up to 10 mmol),
5. Drying agent: (MgSO4 or Na2SO4) 2.0 g per 1 mmol (up to

10 mmol).
With the calculator in hand, the Mol. E% of the optimized

protocol for the synthesis of amides was compared with stan-
dard reaction methods in the problematic solvents DMF and
CH2Cl2 as well as the commonly used solvent THF (Table 2
and ESI†). As stated previously, it was found that changing
from an aqueous work-up/chromatography to a precipitate
protocol in our study resulted in up to a 28-fold increase in
Mol. E% (Table 2, entries 1–4). Similar amidation reactions in
DMF were found to be significantly less efficient, with the pre-
cipitate protocol showing up to a 55-fold improvement
(Table 2, entries 2, 3 vs. 5, 6). Methods that used the haloge-
nated solvent CH2Cl2 were found to be approximately 14-fold

less efficient (Table 2, entries 2, 3 vs. 7, 8). Finally, a similar
amidation method employing THF as the solvent was found to
be one of the least efficient protocols of those investigated
(Table 2, entry 9). Thus, the newly developed Excel based calcu-
lator allowed for the rapid calculation of the Mol. E% values
for various solvent systems and demonstrated that the precipi-
tation method is up to 55-fold better than standard industrial
processes. In addition, the process mass intensity (PMI),36

which is defined as the ratio of the total mass of materials to
the mass of the isolated products, of each of the nine protocols
was calculated. Satisfyingly, the same trend was observed with
the precipitation methods showing a significant improvement
on existing protocols (Table 2, entries 3 and 4 vs. 5–9).

Conclusion

In conclusion, a molar efficient protocol for the synthesis of
amides from acid chlorides and amines has been developed.
The substrate scope of this green and mild method has been
investigated with respect to acid chlorides and primary
amines. This method provides an important alternative
approach to the current industrial use of halogenated solvents
and dimethylformamide. Importantly, the work-up procedure
eliminates the need for the use of any non-bioderived organic
solvents from the process. The simple addition of water allows
for complete removal of the Cyrene™ (1) without the need for
extensive isolation and purification protocols, which are
required using existing technologies. In order to rapidly
compare this method with those previously reported an Excel
based Mol. E% calculator was developed. Mol. E% calculations
showed that the Cyrene™ (1) precipitation method is signifi-
cantly more efficient than the previously reported protocols
using more toxic solvents, such as DMF and dichloromethane.
This protocol allows for the rapid synthesis of amides under
mild, more sustainable conditions.

Table 2 Comparison of Mol. E% of amide forming reactions

Entry Acid chloride 1 Amine 2 Solvent Work-upa
Mol.
E%

Relative
Mol. E%

PMI
(kg kg−1)

1 4-Fluorobenzyl chloride Pyrrolidine Cyrene A 0.0053 2.0 6119
2 4-Fluorobenzyl chloride Pyrrolidine Cyrene B 0.0070 2.7 6109
3 4-Fluorobenzyl chloride Aniline Cyrene C 0.123 47 75
4 4-Fluorobenzyl chloride Benzylamine Cyrene C 0.143 55 63
537 Chloroformate 2-Phenylethylamine DMF A 0.0111 4.3 3582
638 4-Fluoro-3-(trifluoromethyl)

benzoyl chloride
1-Benzyl-2,3-dihydro-1H-pyrrolo
[2,3-b]quinolin-4-ylamine

DMF A 0.0026 1 7807

739 4-Fluorobenzyl chloride N-(2-Aminophenyl)-acetamide CH2Cl2 A 0.0073 2.8 10 630
840 4-Fluorobenzyl chloride 2-Bromoaniline CH2Cl2 A 0.0115 4.4 3154
941 3-Fluorobenzyl chloride 5,7-Dichloroquinolin-8-amine THF A & D 0.0026 1 1777

aWork-up conditions: (A) aqueous work-up followed by column chromatography (B) column chromatography (C) precipitation (D)
recrystallization.
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Associated content

Experimental procedures, 1H/13C{1H}/19F NMR data for all
compounds, molar efficiency calculations and Excel based
Mol. E% calculator.
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