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Multicomponent Synthesis of Sulfonamides from
Triarylbismuthines, Nitro Compounds and Sodium Metabisulfite
in Deep Eutectic Solvents

Xavier Marset,? Javier Torregrosa-Crespo,® Rosa M. Martinez-Espinosa,® Gabriela Guillena,*? Diego
J. Ramdn*?

A sustainable synthesis of sulfonamides using a copper-catalysed process starting from triarylbismuthines, Na,S,05 and
nitro compounds is described, in a Deep Eutectic Solvent (DES) as reaction medium. Thus, triarylbismuthines are used as
reagents for the incorporation of SO, into organic motifs. The bismuth salts formed as by-product can be easily removed
from the crude reaction mixture by precipitation with water, while the use of volatile organic compounds (VOCs) as
solvents can be avoided in the entire process. The eutectic mixture employed as solvent is fully characterised, with the
preliminary results proving its low toxicity. The designed DES also allows for a novel multicomponent reaction which saves

time, reduces

Introduction

The manufacturing of active pharmaceutical ingredients
(APIs) generates more waste than any other process within the
existing chemical industries.! The sulfonamide functional group
is widely present in pharmacologically active compounds,?
which include those related to new research3 on anticancer
active molecules.* Despite its undeniable interest, traditional
methods for its synthesis are still prevailing.> For more than a
century, sulfonamides have been mostly prepared from
amines and activated sulfonyl derivatives,® usually sulfonyl
chlorides. This method is efficient but relies entirely on the use
of stoichiometric sulfonyl chlorides, which are not stable or
commercially affordable and generate stoichiometric amounts
of corrosive HCI. For this reason, new methodologies avoiding
the use of unstable and toxic reagents, harsh reaction
conditions or dry volatile organic compounds (VOCs) as
solvents are demanded.

Multicomponent methods’ have also been explored using
SO, surrogates under transition metal catalysis.® Recently, we
reported the efficient multicomponent synthesis of sulfones
from aryl boronic acids, sodium metabisulfite (a food additive)
and electrophiles as alkylating reagents catalysed by Pd
nanoparticles.? The use of sodium metabisulfite possess some
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purification steps,

energy and cost.

advantages, since it is an inexpensive reagent used in food
industry. It is known to yield SO, under heating or in the
presence of water,1° generating only Na,SO; as waste, thus
avoiding the generation of toxic organic by-products. In this
case, a DES was used as green reaction medium to carry out
the sulfone synthesis, benefitting from the enhanced SO,
solubility in this type of medium.!

DESs are solvents formed by combining a hydrogen-bond
donor and an acceptor, affording a mixture with strong
interactions. As a consequence, a depression of the melting
point of the mixture is observed.? Since its discovery,
hundreds of mixtures have been found to form a eutectic
phase, with more than ten million low-transition-temperature
mixtures being available.’> Changing one of the DES
components can modify dramatically its properties. Thus, DESs
can be designed for each reaction by choosing carefully the
eutectic components. In addition, most of the components are
naturally-occurring, bio-renewable, biodegradable or can be
bio-assimilated, which makes these solvents an interesting
alternative to traditional hazardous organic solvents.'*

Despite the obvious sustainable advantages of DESs as
reaction media, there is still controversy about their potential
toxicity; several reports support the theory that DESs are non-
toxic, eco-friendly, biodegradable and benign solvents, whilst
other similar studies demonstrate exactly the opposite.*> For
this reason, a rigorous analysis of the real toxicity of each new
mixture must be performed.

In this study, a new multicomponent reaction using tri-
arylbismuth reagents as starting materials to generate
sulfonamides was planned. Triarylbismuthines are non-toxic,®
and unlike other organometallic reagents (such as boron or tin
derivatives) can react with 3 equivalents of an electrophilic
reagent (in this case SO,), increasing the atom economy of the
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process. As the Bi-C bond energy is quite low, the reactivity
displayed by these reagents would be enhanced.'” The
reaction of triarylbismuth reagents with Na,S,05 as SO, source,
would provide aryl sulfinates that could react in situ with nitro
compounds.’® The Na,SO; by-product formed during the first
sulfonylation step, reacts with hydrogen donor compounds
giving NaHSO;, a potential reductant.’® The corresponding
reaction intermediate would afford, after reduction, a
sulfonamide as product. This strategy reduces the by-product
formation, meeting the Green Chemistry criteria.?®

Results and discussion

The study was started by optimising the reaction conditions
to yield N-phenylbenzenesulfonamide (4a), using
triphenylbismuthine (1a), Na,S,0s5 (2), and nitrobenzene (3a)
as the model reaction (Table S1). Using choline chloride
(ChCl):acetamide (1:2) as solvent, different copper sources
were analysed. The use of just 1 mol% of CuCl yielded the
desired product in 43% yield without the need of any external
ligand or base. Next, different DESs and conventional organic
solvents were tested. However, none of them afforded better
results. The reaction did not take place in organic solvents or
water. Although the reaction did not proceed in ChCl:Urea
(1:2) or chlorocholine chloride (CIChCl):Urea (1:2), yields
around 50% were obtained both, in ChCl:Acetamide (1:2) and
acetyl choline chloride (AcChCl):Urea (1:2). Therefore a new
mixture, AcChCl:Acetamide (1:2), was deemed the most
suitable reaction medium. These components were found to
form a eutectic mixture in a 1:2 molar ratio (according to DSC
analysis, Fig. 1). To the best of our knowledge, this mixture has
not been described previously in the literature.

By using this novel DES as medium, 99% yield was obtained,
proving that both components of the DES mixture have an
important effect in the reaction course (Fig 2).
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Figure 1. Phase diagram of the mixture acetylcholine chloride:Acetamide.
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Figure 2. Solvent optimisation.

With these optimised conditions in hand, the scope of nitro

compounds was evaluated (Chart 1). No effect on the
electronic properties of the substituents of the nitro arene was
observed.
Good to excellent yields were obtained for nitro arenes
bearing neutral, electron-donating or electron-withdrawing
groups. The reaction was chemoselective, as no Suzuki-type
by-product was observed.?! This transformation was also
compatible with nitro alkanes, although the product was
obtained in lower yield (4m). The reaction could also take
place twice in the same substrate by using 1,3-dinitrobenzene
as starting material (4i).

Then, the scope of Ar;Bi was evaluated (Table 1). The
reaction exhibited good to excellent yields for triarylbismuth
reagents bearing neutral or electron donating groups (5a-5e)
and lower yields were obtained with electron-withdrawing
groups (5f-5i). The use of more complex structures and
functional groups is also compatible, making the synthesis of
biologically active compounds in a single step possible
(Scheme 1).22

)OL .0
N+ .
O/\/Cr\ : )J\NHZ
' (12)0.4M Q
PhsBi + NayS,05 + ArNO, Ph—S-NH
CuCl (1 mol%) o Ar
80°C, 24 h
1a 2 3 4
o) o]
Ph.g” 4a X =H,98% Ph g
G NH  4bX=Me84% & NH 4hX=Cl,72%
4¢ X = MeO, 69% 4i X = PhSO,NH, 64%
4d X = NH,, 87%
4e X=0H.71%
4f X =Cl, 77% X
X 4g X = Ac, 74%
Ph\sno
Ph\s’p g N Ph.g
ah Y/ a7
g NH 4jX=Cl85% ‘ A.79%  §TNH

i X 4k X =Br, 72% ‘

Chart 1. Scope of nitro compounds. Reaction conditions: Ph3Bi (0.2 mmol), Na,S,0s
(1.32 mmol, 251 mg), CuCl (0.59 mg, 1 mol%) and ArNO, (1.2 mmol) in 1.5 mL of DES
were stirred at 80 °C for 24 h. Isolated yields are based on the consumption of the
three phenyl groups attached to Bi.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Scope of triarylbismuthines.?

, CuCl (1 mol %) Q
ArgBi  +  NagS,05 + PANO, ——— Ar—S—-NH
AcChCl:Acetamide (‘5 Ph
(1:2) 0.4 M
1 2 3a 80°C,24h 5
Entry Ar Product Yield®

1 4-MeCgH, 5a 82%
2 1-naphtyl 5b 75%
3 4-MeOCgH, 5c 71%
4 3,4,5-MeOCeH, 5d 72%
5 4-Me,NCgH, 5e 78%
6 4-FCeH, 5f 49%
7 4-BrCgH, 5g 62%
8 2-CF3CgH4 5h 28%
9 3-CF3CgH, 5i 48%

a Reaction conditions: Ar3Bi (0.2 mmol), Na,S,05 (1.32 mmol, 251 mg), CuCl (0.59
mg, 1 mol%) and PhNO; (1.2 mmol, 123 puL) in 1.5 mL of DES were stirred at 80 °C
for 24 h. ® Isolated yields based on the consumption of the three aryl groups
attached to Bi.

N02 AcChCl: Acetamlde O
(1:2) 0.4 M
o '/ "NH O
. N328205 . CuCI 1 mol %)
80 "C 24 h
1b 2 3j 5§, 72%

Scheme 1. Synthesis of anti-leprosy compound 5j.

The recycling of the DES and catalyst was attempted by the
extraction of the product using immiscible organic solvents,
and subsequent addition of fresh reagents to perform a new
reaction cycle.?> However, the use of 2-MeTHF as extraction
solvent for this purpose was unsuccessful, since the reaction
yield dropped from 98% to 27% in the second cycle. This was
probably due to the salts formed during the process affecting
the DES structure and therefore limiting its recyclability.
Alternatively, in order to avoid the use of VOC solvents in the
process, a gram-scale reaction was performed. At the end of
the reaction process, a solution of HCl (0.5 M) was added in
order to remove the bismuth-waste, obtaining product 4a as a
precipitate which was filtered and rinsed with water. In this
case, the use of VOC solvents was completely avoided during
the whole process, obtaining 1.19 g of compound 4a with high
purity (85% vyield, see Fig S1 for 'H NMR). A similar result was
obtained through VOC extraction using EtOAc as solvent
(Scheme 2). When the reaction was quenched with only water
and the organic products were extracted with EtOAc, the
formation of a precipitate containing bismuth salts was
observed. After removal of the precipitate, an ICP-mass
analyses of both, the organic and aqueous layer, showed only
a presence of 0.02% and 2.3% of bismuth, respectively.

To have some insights in the reaction mechanism, several
control experiments were performed (see supporting
information).
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Scheme 2. Gram-scale reaction without using VOC solvents.

In view of the obtained results, a possible mechanism has
been proposed. The first step involved the disaggregation of
Na,S,0s5 through a homolytic cleavage of the S-S bond. This
step includes the formation of radical intermediates,?* in
accordance with our radical-trapping experiments. Running
the reaction in the presence of TEMPO (2,2,6,6-
etramethylpiperidine 1-oxyl) completely inhibits the product
formation. However, when TEMPO was added to the pre-
formed sodium sulfinate, CuCl, nitrobenzene and NaHSO;, the
reaction proceeded, although with lower yields. These radical
intermediates suffer a disproportionation to afford
electrophilic SO, and the by-product Na,SO;. Next, SO,
undergoes insertion between C-Bi bond.?> Given that a large
excess of chloride anions is present in the medium, BiClz; may
be released, alongside the corresponding sulfinate. Finally, the
sulfinate reacts with the nitro arene, being reduced by
NaHS0;3!%¢ (generated from Na,SO; and moisture) to vyield
sulfonamide, in a process catalysed by copper (Scheme 3).

DES physicochemical characterisation.

Since the eutectic mixture employed in this study has not
been described previously, a complete physicochemical
characterisation was performed. First, the density was
measured employing a 50 mL pycnometer (equation 1).

Mp;

PDES = = Pwater = 1.09 g/mL (28°C)

Myater

Equation 1. Density of DES.

The pH value is a very important parameter to be
measured for a new solvent. It can be crucial for the corrosion,
catalytic or dissolution properties of the solvent, limiting its
industrial applicability. In non-aqueous solutions, pH depends
on temperature and on the chemical potential of hydrogen.

Na,S,05 ArSO,NHAr
\ NaHSO0,
NaHSO0,
[0.$ $05] 2Na Q oH
Ar—”—N
l o Ar
Hz0 Cu*
SO, + Na,SO; I NaHSOg NaSO,
ArsBi \ NaOH  ArNO,
3AcChCI CuX (1) Gu
o oo
(ArSOy)3Bi 1 AcCH R 9
aSo Ar—§~N-0
BICly AcChX Ar

Scheme 3. Plausible reaction mechanism.
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The chemical potential depends on the presence of ions
and hydrogen-bonding with other species.?® It was observed
that the pH value decreased linearly with the acetamide molar
fraction (Fig. 3); meaning that the more hydrogen bonds
available, the lower the chemical potential of hydrogen was
and the lower pH value was obtained. The phase diagram (Fig
1) was plotted using the individual differential scanning
calorimetry analyses of several mixtures containing different
proportions of the two DES components (Fig S4).

Finally, the potential toxicity of this novel eutectic mixture
was studied. Preliminary studies carried out with strains of
mesophilic bacteria showed that the DES is non-toxic for
concentrations below 300 mM. Nevertheless, further studies
will be carried out in order to completely assess the DES
toxicity.

Experimental

General

Melting points were obtained with a Reichert Thermovar
apparatus. NMR spectra were recorded on a Bruker AC-300
(300 MHz for *H and 75 MHz for 13C) using CDCl; as a solvent
and TMS as internal standard for 'H and 3C; chemical shifts
are given in 6 (parts per million) and coupling constants (J) in
Hertz. FT-IR spectra were obtained on a JASCO 4100LE (Pike
Miracle ATR) spectrophotometer. Mass spectra (El) were
obtained at 70 eV on a Himazdu QP-5000 spectrometer, giving
fragment ions in m/z with relative intensities (%) in
parentheses. The mass spectrometry analyses of high
resolution (HRMS) were performed in the unit of Mass
Spectrometry of the Technical Services Research at the
University of Alicante with a spectrometer Finnigan MAT95-S.
DIP analyses were performed using an Agilent mass
spectrometer, model Network 5973 Mass Selective with direct
sample introduction to the ion source through the SIS
(Scientific Instrument Services) probe Direct Insertion Probe
(73DIP-1).The  chromatographic analyses (GLC) were
determined with a Hewlett Packard HP-5890 instrument
equipped with a flame ionization detector and 12 m HP-1
capillary column (0.2 mm diam, 0.33 mm film thickness, OV-1
stationary phase), using nitrogen (2 mL/min) as a carrier gas,
Tinjector = 275 °C, Tgetector = 300 °C, Teoumn = 60 °C (3 min) and 60-
270 °C (15 °C/min), P = 40 kPa. Thin layer chromatography
(TLC) was carried out on Schleicher&Schuell F1400/LS 254
plates coated with a 0.2 mm layer of silica gel; detection by
UV,s4 light. DSC analysis were carried out on a METTLER
TOLEDO equipment, model TGA/SDTA851e/LF/1600, and EM
analysis on a PFEIFFER VACUUM, model THERMOSTAR
GSD301T. pH measurements were performed using a Mettler
Toledo SevenEasy S20 pH-meter. Reactions carried out under
microwave irradiation were performed on a MW CEM
Discovery 908010 apparatus. Column chromatography was
performed using silica gel 60 of 40-63 mesh. All reagents were
commercially available (Acros, Aldrich, Fluorochem) and were
used as received.
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Figure 3. pH values depending on the acetamide molar fraction.

Synthesis of Ar3Bi.

For commercially available organomagnesium reagents: a

solution of the BiCls in dry THF (1M) was added dropwise over
a solution of ArMgBr in THF or Et,O (1M) under argon
atmosphere with magnetic stirring. Once the addition was
completed, the solution was heated to reflux for 12 h. Then,
the reaction was allowed to reach room temperature and
poured slowly over a cold saturated aqueous solution of
NH,Cl. Product was extracted 3 times with Et,0. The combined
organic phases were dried over MgSO, and the solvent was
removed under reduced pressure.?’
For non-commercially available organomagnesium reagents:
the corresponding aryl iodide (6.2 mmol) was dissolved in dry
THF and cooled to -78 °C in an acetone bath. A n-butyllithium
solution (2.5 M, 6.2 mmol) was added dropwise and the
mixture was stirred at that temperature for 1 h. Then, a
solution of BiCl; (2 mmol) in dry THF was added dropwise and
the mixture was slowly allowed to reach room temperature.
The corresponding mixture was stirred overnight at rt and then
quenched with sat. ag. NaHCOs;. The aqueous layer was
extracted with EtOAc (15 mL x 3) and the combined organic
layers washed with H,0 and brine. The organic layer was dried
over MgS0,, filtered and reduced under reduced pressure.
Ar3Bi were usually purified by recrystallization from hot EtOH
or by flash chromatography using a mixture of EtOAc and
hexanes.3°

Synthesis of sulfonamides.

A solution of Ar;Bi (0.2 mmol), sodium metabisulfite (1.32
mmol), CuCl (0.006 mmol) and the corresponding nitro
compound (1.2 mmol) in 1.5 mL of DES was stirred for 24 h at
80 °C in a reaction vessel opened to air. Once the reaction was
completed, water was added to dissolve the DES phase. A
precipitate containing the bismuth waste was formed. The
bismuth by-product was only soluble in acidic aqueous
solutions. The aqueous suspension was extracted three times
with EtOAc. The sulfonamide product and the excess of nitro
compound were dissolved in EtOAc. The combined organic
layers were dried over MgSO, and concentrated under
reduced pressure. Products were wusually purified by

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 6


https://doi.org/10.1039/c9gc01541h

Page 5 of 6

Published on 03 July 2019. Downloaded by Nottingham Trent University on 7/3/2019 9:58:10 AM.

chromatography on silica gel (hexane/ethyl acetate) and/or
distillation to give the corresponding products 4/5.
Alternatively, product could be isolated by quenching the
reaction mixture with HCI (0.5 M) and filtering the suspension.
The filtrate was rinsed with distilled water to afford products
4/5 in high purity, although with lower yields than in the
previous method due to the slight solubility of sulfonamides in
water. Isolated vyields are based on the consumption of the
three aryl groups attached to Bi.

Conclusions

In summary, an efficient one-pot, one-step synthesis of
sulfonamides is described in this study; starting from
unactivated reagents such as nitro compounds and
triarylbismuthines, with Na,S,05 as SO, source and reductant.
This process, catalysed by copper chloride in a ligand-free
fashion has been demonstrated to be chemoselective, simple,
and air and moisture insensitive. In addition, in this study non-
toxic reagents are used, and the excess of by-product
formation is reduced, following most of the Green Chemistry
principles. The resulting bismuth salts are easily removed from
the reaction crude mixture by precipitation with water. The
eutectic mixture here described has been characterised, with
preliminary analyses showing low toxicity.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the University of Alicante
(VIGROB-173 and VIGROB-309) and the Spanish Ministerio de
Economia, Industria y Competitividad (CTQ2015-66624-P and
PGC2018-096616-B-100). X.M. and J.T.C. thank Generalitat
Valenciana (ACIF/2016/057 and ACIF/2016/077) for their
fellowships. We gratefully acknowledge the polishing of our
English by Mrs. Oriana C. Townley.

Notes and references

1. M. C. Bryan, P. J. Dunn D. Entwistle, F. Gallou, S. G.
Koenig, J. D. Hayler, M. R. Hickey, S. Hughes, M. E.
Kopach, G. Moine, P. Richardson, F. Roschangar, A. Steven
and F. J. Weiberth, Green Chem., 2018, 20, 5082-5103.

2. J. Engel, A. Kleemann, B. Kutscher and D. Reichert,
Pharmaceutical Substances, Thieme, Stuttgart, 5th edn.,
2014.

3. M. Feng, B. Tang, S. H. Liang and X. Jiang, Curr. Top. Med.
Chem., 2016, 16, 1200-1216.

4. K. P. Rakesh, S.-M. Wang, J. Leng, L. Ravindar, A. M. Asiri,

H. M. Marwani and H.-L. Qin, Anti-Cancer Agents Med.
Chem., 2018, 18, 488-505.

5. K. Hofman, N.-W. Liu and G. Manolikakes, Chem. Eur. J.,
2018, 24, 11852-11863.

This journal is © The Royal Society of Chemistry 20xx

Green Chemistry

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

(a) K. K. Anderson, Comprehensive Organjic, Chemistry,
Pergamon Press, Oxford, 1979; (bp$)ICaddick, toD Mitden
and D. B. Judd, J. Am. Chem. Soc., 2004, 126, 1024-1025;
(c) J. Jiang, S. Zeng, D. Chen, C. Cheng, W. Deng and J.
Xiang, Org. Biomol. Chem., 2018, 16, 5016-5020.

(a) T. J. J. Mdller, Multicomponent Reactions, Science of
Synthesis, Stuttgart, 2014; (b) H. Eckert, Molecules, 2017,
22, 349.

(a) A. Shavnya, S. B. Coffey, A. C. Smith and V. Mascitti,
Org. Lett., 2013, 15, 6226-6229; (b) M. W. Johnson, S. W.
Bagley, N. P. Mankad, R. G. Bergman, V. Mascitti and F. D.
Toste, Angew. Chem., Int. Ed., 2014, 53, 4404-4407; (c)
Smith, Angew. Chem., Int. Ed., 2015, 54, 13571-13575; (d)
E. F. Flegeau, J. M. Harrison and M. C. Willis, Synlett, 2016,
27, 101-105. (e) H. Konishi, H. Tanaka and K. Manabe,
Org. Lett., 2017, 19, 1578-1581; (f) M. Wang, Q. Fan and
X. Jiang, Green Chem., 2018, 20, 5469-5473; (g) Y. Chen, P.
R. D. Murray, A. T. Davies and M. C. Willis, J. Am. Chem.
Soc., 2018, 140, 8781-8787; (h) D. Yang, P. Sun, W. Wei, F.
Liu, H. Zhang and H. Wang, Chem. Eur. J., 2018, 24, 4423-
4427,

(i) M. Wang, J. Zhao and X. Jiang, ChemSusChem, 2019,
DOI: 10.1002/cssc.201802919, Ahead of Print.

X. Marset, G. Guillena and D. J. Ramén, Chem. Eur. J.,
2017, 23, 10522-10526.

H. Zhu, Y. Shen, Q. Deng, J. Chen and T. Tu, ACS Catal.,
2017, 7, 4655-4659.

D. Yang, M. Hou, H. Ning, J. Zhang, J. Ma, G. Yang and B.
Han, Green Chem., 2013, 15, 2261-2265.

(a) J. Garcia-Alvarez, Eur. J. Inorg. Chem., 2015, DOI:
10.1002/ejic.201500892, 5147-5157; (b) D. Rengstl, V.
Fischer and W. Kunz, Phys. Chem. Chem. Phys., 2014, 16,
22815-22822.

O. S. Hammond, D. T. Bowron and K. J. Edler, Angew.
Chem., Int. Ed., 2017, 56, 9782-9785.

I. Juneidi, M. Hayyan and M. A. Hashim, RSC Adv., 2015, 5,
83636-83647.

(a) K. Radosevi¢, M. Cvjetko Bubalo, V. Gaurina Srcek, D.
Grgas, T. Landeka Dragicevi¢ and |. Radojci¢ Redovnikovi¢,
Ecotoxicol. Environ. Saf., 2015, 112, 46-53; (b) M. Hayyan,
C. Y. Looi, A. Hayyan, W. F. Wong and M. A. Hashim, PLoS
One, 2015, 10, e0117934/0117931-e0117934/0117918.

Y. M. Hitomi Suzuki, Organobismuth Chemistry, ELSEVIER,
Amsterdam, 2001.

B. D. Jadhav and S. K. Pardeshi, Appl. Organomet. Chem.,
2017, 31, e3591.

(a) H. Tian, A. Cao, L. Qiao, A. Yu, J. Chang and Y. Wu,
Tetrahedron, 2014, 70, 9107-9112; (b) B. Yang, C. Lian, G.
Yue, D. Liu, L. Wei, Y. Ding, X. Zheng, K. Lu, D. Qiu and X.
Zhao, Org. Biomol. Chem., 2018, 16, 8150-8154; (c) N. Eid,
|. Karame and B. Andrioletti, Eur. J. Org. Chem., 2018,
5016-5022.

(a) W. Zhang, J. Xie, B. Rao and M. Luo, J. Org. Chem.,
2015, 80, 3504-3511; (b) ™. Abbasi, M. R.
Mohammadizadeh and Z. Moradi, Tetrahedron Lett.,
2015, 56, 6610-6613; (c) H. Gao, B. Hu, W. Dong, X. Gao,
L. Jiang, X. Xie and Z. Zhang, ACS Omega, 2017, 2, 3168-
3174; (d) Z.-H. Guan, Z.-Y. Zhang, Z.-H. Ren, Y.-Y. Wang
and X. Zhang, J. Org. Chem., 2011, 76, 339-341.

P. T. Anastas and J. C. Warner, Green chemistry : theory
and practice, Oxford University Press, Oxford, 1998.

J. Name., 2013, 00, 1-3 | 5


https://doi.org/10.1039/c9gc01541h

=55 Green Chemistry = f 20

ARTICLE Journal Name

21. (a) M. Hebert, P. Petiot, E. Benoit, J. Dansereau, T. Ahmad, View Article Online
A. Le Roch, X. Ottenwaelder and A. Gagnon, J. Org. Chem., DOI: 10.1039/C9GC01541H
2016, 81, 5401-5416; (b) M. L. N. Rao, O. Yamazaki, S.
Shimada, T. Tanaka, Y. Suzuki and M. Tanaka, Org. Lett.,
2001, 3, 4103-4105.

22. M. M. V. Ramana, R. S. Lokhande, U. J. Joshi, G. V. Gadre
and A. J. Joshi, Int. J. Pharm. Sci. Rev. Res., 2014, 26, 134-
139, 136.

23. F. Messa, S. Perrone, M. Capua, F. Tolomeo, L. Troisi, V.
Capriati and A. Salomone, Chem. Commun., 2018, 54,
8100-8103.

24, E. G. Janzen, J. Phys. Chem., 1972, 76, 157-162.

25. B. C. Smith and C. B. Waller, J. Organometal. Chem., 1971,
32, C11-C12.

26. B. Jibril, F. Mjalli, J. Naser and Z. Gano, J. Mol. Lig., 2014,
199, 462-469.

27. H. El Ghaoui, M. Raihane, B. Rhouta, N. Bitinis, A.

Carlmark, M. Arroyo, R. Verdejo, M. A. Lopez-Manchado
and M. Lahcini, Polym. Int., 2014, 63, 709-717.

28. (a) J. Luan, L. Zhang and Z. Hu, Molecules, 2011, 16, 4191-
4230; (b) J.-Q. Liu, J.-J. Yang, J.-F. Li, K. Li, X.-D. Xiao, Y.-L.
Bai and J.-W. Wang, Mol. Catal., 2017, 443, 125-130.

Published on 03 July 2019. Downloaded by Nottingham Trent University on 7/3/2019 9:58:10 AM.

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



https://doi.org/10.1039/c9gc01541h

