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Silver triflate-catalysed synthesis of y-lactones from
fatty acids

Lukas J. GoofBlen,* Dominik M. Ohlmann and
Markus Dierker

An efficient catalytic tandem isomerization—lactonization protocol
allows the direct preparation of y-lactones from unsaturated fatty acids.
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Synthesis of a novel multi -SO3;H functionalized ionic
liquid and its catalytic activities for biodiesel synthesis

Xuezheng Liang* and Jianguo Yang

A novel multi —-SO;H functionalized strong Brensted acidic ionic liquid
has been prepared for the synthesis of biodiesel from rapeseed oil and
methanol.
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A green process for the oxidative lactonization of
1,2-benzenedimethanol by tungstic acid with aqueous H,O;

Quan-Jing Zhu, Wei-Lin Dai* and Kang-Nian Fan

A new economic and green route to synthesize phthalide with high
purity and good yield from 1,2-benzenedimethanol with a H,O,—tungstic
acid catalytic system under organic solvent-free conditions is presented.

H,0,,WO0;-H,0 |
water

209

Making kinetic and thermodynamic enolates via
solvent-free high speed ball milling

Daniel C. Waddell, Indre Thiel, Tammara D. Clark,
S. Tyler Marcum and James Mack*

An investigation of the ability to selectively form products arising from a
kinetic or a thermodynamic enolate under solvent-free high speed ball
milling conditions.
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Platinum-nanoparticle-loaded bismuth oxide: an efficient sines| Bio a]
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Employing a commercial semiconductor with a positive conduction m’(i )
band level, we investigated a new plasmonic photocatalyst, Pt/Bi,Os, CO,, Hy0 o 4t}
with high photocatalytic activity for decomposition of environmental 3
organic pollutants under visible light. ~————vB
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216
Synthesis of tetraketones in water and under o) R

catalyst-free conditions

Jian-Jun Yu, Li-Min Wang,* Jin-Qian Liu, Feng-Lou Guo,
Ying Liu and Ning Jiao

A greener improvement to the synthesis of tetraketones by the
Knoevenagel condensation and Michael addition between aldehydes
and cyclic-1,3-diketones was achieved using water as the solvent without
catalyst.
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220

Synthesis of platinum nanoparticles using cellulosic
reducing agents

Karima Benaissi, Lee Johnson, Darren A. Walsh and
Wim Thielemans*

The synthesis of platinum nanoparticle/cellulose nanocomposites using
nanocrystalline cellulose from cotton in a water/supercritical carbon
dioxide biphasic solvent system is described.
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223

Dual-bed catalyst system for C—C coupling of
biomass-derived oxygenated hydrocarbons to fuel-grade
compounds

Elif I. Giirbiiz, Edward L. Kunkes and James A. Dumesic*

Biomass-derived carbohydrates can be converted in a cascade system to
fuel-grade alkanes having minimal branching, desirable for Diesel fuel.

The overall process is streamlined by implementing a dual-bed catalyst

system integrating two C—C coupling processes (ketonization and aldol
condensation/hydrogenation) to upgrade light mono-functional species
to higher molecular weight ketones.

PAPERS

228

Highly selective hydrogenation of aromatic chloronitro
compounds to aromatic chloroamines with ionic-liquid-like
copolymer stabilized platinum nanocatalysts in ionic liquids

Xiao Yuan, Ning Yan, Chaoxian Xiao, Changning Li,
Zhaofu Fei, Zhipeng Cai, Yuan Kou* and Paul J. Dyson*

The hydrogenation of 2,4-dichloro-3-nitrophenol to 4-dichloro-3-
aminophenol may be achieved without the formation of dehalogenation
by-products, using a Pt-based nanoparticle catalyst immobilized in a
functionalized ionic liquid; the system can be recycled without
depreciation in activity or selectivity.
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234

Access to a primary aminosporopollenin solid support from
plant spores

Sylvain Barrier, Andreas Lobbert, Alia J. Boasman,
Andrew N. Boa, Mark Lorch, Stephen L. Atkin and
Grahame Mackenzie*

Sporopollenin was converted into a primary amine form via a primary
amide form, and the amine groups were further reacted.
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241

Screening of new solvents for artemisinin extraction process
using ab initio methodology

Alexei A. Lapkin,* Martina Peters, Lasse Greiner,
Smain Chemat, Kai Leonhard, Marcel A. Liauw and
Walter Leitner

A calibrated COSMO-RS method gives much improved correlation with
experimental data. A number of new solvents were identified for
bio-extraction processes.

- 0 *o
252
Environmentally benign metal-free decarboxylative aldol o o I o XH
! ’ R',R22H O HNRs| arch=x
and Mannich reactions — R2 |[——
EtO OH _ EtO o Ar
S . ;. R R2 NR3 -CO; [EtO” -
Jérome Baudoux, Pierre Lefebvre, Rémi Legay, R R -
Marie-Claire Lasne and Jacques Rouden* R', R?2=H 11 NEt, synand anti
. . . . ® X=0,NTs
Malonic acid half esters were used as the equivalent of ester carbanions HNEts o] XH
for the practical one-step synthesis of B-hydroxy and f-amino esters o o . |eo " -co, o XH
from aryl aldehydes and arylimines via decarboxylative aldol and M ArCH=X — )J\)\
Mannich type reactions. Two mechanisms were unveiled depending on EtO 6] o OGH ﬁEt EtO Ar
1 1 3
the substitution of the malonyl substrate. syn and anti
260
Liquid phase oxidation of p-xylene to terephthalic acid at Gt FOOH  gHO s
medium-high temperatures: multiple benefits of .
CO;-expanded liquids + O + + +CO + CO, +others
Xiaobin Zuo, Fenghui Niu, Kirk Snavely, 120:470°C
Bala Subramaniam* and Daryle H. Busch* CHs COOH COOH  COOH

Compared with conventional Mid-Century process conditions, p-xylene
oxidation in a CO,-expanded reaction medium affords not only higher
yield and purity of terephthalic acid, but also significantly less
destructive conversion of solvent and product into CO and CO,.

268

Effects of anionic structure and lithium salts addition on the
dissolution of cellulose in 1-butyl-3-methylimidazolium-
based ionic liquid solvent systems

Airong Xu, Jianji Wang* and Huiyong Wang

The anion structure of ILs and lithium salts added to the
[C,mim][CH;COQ] are found to significantly affect the solubility of the
cellulose.

6 [C,mim][CH,COQ)

144 [C,mim][HSCH,COQ] 5
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276

Ligand-free iron/copper cocatalyzed N-arylations of aryl R Fe,0; /Cu(acac), R

halides with amines under microwave irradiation Ar—X + HN Ar—N
R2 R2

Diliang Guo, He Huang, Yu Zhou, Jinyi Xu,
Hualiang Jiang, Kaixian Chen and Hong Liu* Vi, 30 min

Ligand-free iron/copper cocatalyzed cross-coupling reactions of aryl X= 1, Br; Ry or Ry= H, alkyl, aryl
halides with amines were carried out efficiently, which display broad

substrate scope, and are convenient, rapid, low-cost and environmentally

friendly.

282

Direct synthesis of hydrogen peroxide in methanol and
water using scCO;, and N as diluents

Teresa Moreno, Juan Garcia-Serna* and Maria José Cocero

Hydrogen peroxide, H,0,, can be produced by direct synthesis over a
commercial Pd/C catalyst using H,O as solvent and CO, or N, as
diluents. This is a breakthrough in H,O, synthesis as it avoids the use of
organic solvents.

290

Hydrogenolysis of glycerol over a highly active CuO/ZnO Ho o H, OH

catalyst prepared by an oxalate gel method: influence of —_— )\/OH + W0
solvent and reaction temperature on catalyst deactivation OH CuO/Zn0

. . x
Arne Bienholz, Frederick Schwab and Peter Claus STY = 9.8 &, 5 propaecio/(Ecu h)

A CuO/ZnO catalyst prepared by the oxalate gel method reveals a much
higher activity in the hydrogenolysis of pure glycerol to 1,2-propanediol
compared to a CuO/ZnO catalyst derived from a conventional
coprecipitation method.

296

Hierarchical macroporous—mesoporous SBA-15 sulfonic
acid catalysts for biodiesel synthesis

Jérémy Dhainaut, Jean-Philippe Dacquin, Adam F. Lee*
and Karen Wilson*

Hierarchical macroporous—-mesoporous SBA-15 sulfonic acid silicas
have been synthesised via dual-templating routes employing liquid
crystalline surfactants and polystyrene beads.
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304
Fischer indole synthesis in water: simple, efficient N ; Y
preparation of naltrindole, naltriben and analogs OH [N OH
Romain A. Duval and John R. Lever* — > Y
L. 1. aqueous media, reflux -
HO o o HO O X

Mildly acidic aqueous conditions proved suitable for Fischer syntheses 2. cool, filter, dry

of naltriben, naltrindole and naltrindole analogs. Products were
obtained by simple filtration in good to excellent yields and with high
purities in the majority of cases.

Naltrexone

Naltrindole (X = NH)
M '-Methylnaltrindole (X =NMe)
Naltriben (X = 0)

93 - 97% yields, > 98% HPLC purities

310

Continuous heterogeneous catalytic oxidation of primary
and secondary alcohols in scCO,

Adrian O. Chapman, Geoffrey R. Akien,
Nicholas J. Arrowsmith, Peter Licence and
Martyn Poliakoff*

Several secondary alcohols and 1-octanol were oxidised selectively with
0, in continuous flow in supercritical CO, with, for the first time, the

mass balance data for different reactor configurations.
Product

Catalyst

316

Moringa stenopetala seed oil as a potential feedstock for
biodiesel production in Ethiopia

Andinet Ejigu, Araya Asfaw, Nigist Asfaw and
Peter Licence*

Oil recovered from the crushed seeds of the tree Moringa stenopetala are
evaluated as a sustainable feedstock for biodiesel production in Ethiopia.

321
Direct conversion of glucose to 5-(hydroxymethyl)furfural A - . ?
in ionic liquids with lanthanide catalysts A e e
. o . - H OH \—/
Tim Stdhlberg, Mathilde Grau Serensen and g .
Anders Riisager* E 20+ - °
The conversion of glucose to 5-(hydroxymethyl)furfural (HMF) in <
alkylimidazolium-based ionic liquids together with lanthanide catalysts E 104
is speeded up by the higher hydrophobicity of the imidazolium cation. ®
0 : ; : :
c2 c4 cé cs

Chain length in R-group
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A straightforward synthesis of unsymmetrical secondary
phosphine boranes

Christelle Petit, Alain Favre-Réguillon,* Gérard Mignani
and Marc Lemaire*

An efficient and versatile one-pot synthesis of unsymmetrical secondary
phosphine oxides has been developed using protic ionic liquids. The
latter could be quantitatively reduced under mild conditions.
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One-pot reaction using
protic ILs
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Reduction under
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Microreactor with mesoporous silica support layer for
lipase catalyzed enantioselective transesterification

Sho Kataoka, Yasutaka Takeuchi, Atsuhiro Harada,
Mitsuhiko Yamada and Akira Endo*

Lipase PS was immobilized in mesoporous silica thin films inside a
microreactor for use in the enantioselective transesterification of vinyl
acetate with (£)-1-phenylethanol.
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Ionic liquid tolerant hyperthermophilic cellulases for
biomass pretreatment and hydrolysis

Supratim Datta, Bradley Holmes, Joshua I. Park,
Zhiwei Chen, Dean C. Dibble, Masood Hadi,
Harvey W. Blanch, Blake A. Simmons and Rajat Sapra*

Cellulases from hyperthermophilic bacteria (black filled) and archaea
(horizontal red line) show significant tolerance to 15% (v/v) ionic liquid,
[C2mim][OAc] (where [C2mim] = 1-ethyl-3-methylimidazolium),
compared to 7. viride cellulase (cross).
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Ionic liquids based on imidazolium tetrafluoroborate for the
removal of aromatic sulfur-containing compounds from
hydrocarbon mixtures

Marya Nefedieva, Olga Lebedeva,* Dmitry Kultin,

Leonid Kustov, Svetlana Borisenkova and
Vladimir Krasovskiy

The redox reactions of BT and DBT to form new products led to
decrease in concetration of these substances in ILs.

O — OO
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Silver triflate-catalysed synthesis of y-lactones from fatty acidsT
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A silver(1)-based catalytic system was found to efficiently
promote the double-bond isomerization of unsaturated
fatty acids and at the same time to mediate the intramolec-
ular addition of the carboxylate group to the isomerized
double bond under selective formation of five-ring lactones.
The resulting one-step isomerization—y-lactonization pro-
cess allows the direct conversion of unsaturated fatty acids
into the corresponding y-lactones in good yields.

Aliphatic y-lactones are widely present in plants, vegetables and
fruits.! Due to their pleasant odor, they are also industrially
important as ingredients in perfumes and as food additives.?
Usually, y-lactones are synthesized in multi-step sequences, e.g.
via y-hydroxycarboxylates, or from aldehydes and acrylates by
reductive coupling using superstoichiometric amounts of SmlI,.?
In a particularly expedient approach, aliphatic aldehydes are
reacted with malonic acid in a special variant of the Knoevenagel
condensation that leads to the formation of the 3-alkenoic
acids instead of the expected o,B-unsaturated isomers.* The 3-
alkenoic acids are then cyclized to the corresponding lactones
(Scheme 1).1¢ A variety of mediators for such intramolecular
S-exo-trig additions of carboxylate groups to C—C double bonds
are known, among them iodine,” salts of silver,® thallium,® and
palladium,' Brensted acids,'* and solid acid catalysts.'

0 COH  N(C,H,OH), o

oy - o
m H CO,H m
lCat.
Mn(ll) \(\/&
—>» R [o)
o)

Scheme 1 Traditional and new synthesis of y-lactones.

“Fachbereich Chemie, Technische Universitit Kaiserslautern,
Erwin-Schrédinger-Strafie 54, 67663 Kaiserslautern, Germany.

E-mail: goossen@chemie.uni-kl.de; Fax: +49-631-3921

*Care Chemicals Technology, Cognis GmbH, HenkelstrafSe 67, 40551
Diisseldorf, Germany

+ Electronic supplementary information (ESI) available: Synthetic meth-
ods. See DOI: 10.1039/b916853b

This and related strategies are useful for the synthesis of short-
chain lactones, where the aldehydes are readily available in large
quantities. However, those aldehydes required to access longer-
chain derivatives such as y-stearolactone are rare and expensive.
For the Cs-lactone, an expedient synthesis from 1-hexadecene
derived from petrochemical sources by a free radical reaction
mechanism has been described by Burger et al.®* Unfortunately,
this process involves superstoichiometric amounts of the heavy
metal manganese.

Arguably the most sustainable synthetic entry to aliphatic
v-lactones would instead start from long-chain unsaturated
carboxylic acids derived directly from renewable fats and oils,
which have the complete carbon skeleton in place as well as the
correct oxidation state.

As shown in Scheme 2, one can imagine the possibility
of shifting the double bond of such compounds toward the
carboxylate group by several consecutive catalytic double-bond
migration steps.

_ ’ -
b peon | O con
m n+2 R m + n+2
H M
1 L 1 J
Ho it 12H [ ]
R M) shift H o+
CO.H R/{/W/C(%H
m+1 ! el 2 : ] n+2
1}
n - -
[ i
R
\(\N‘)"'\/(’\)\COQH p—— RWO
m+1 H
n+1 m+n
\" v
M

) 0 protonolysis men \\_/

0 M] 5-exo-trig
men cyclization
vt %
o]
Scheme 2 Proposed mechanism of the tandem isomerization—
lactonization.

This should take place via a Lewis or Bronsted acid-promoted
carbocation formation (I),** followed by a series of 1,2-H-shifts
(TII-TID)."® The 4-alkenoic acid isomer (V), activated by catalyst
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Green Chem., 2010, 12, 197-200 | 197


http://dx.doi.org/10.1039/B916853B

Downloaded by Lomonosov Moscow State University on 30 October 2010
Published on 16 December 2009 on http://pubs.rsc.org | doi:10.1039/B916853B

View Online

Table 1 Optimization of catalyst and reaction conditions®

o]

catalyst
3 OH solvent or neat 3 O

1b 2b
Entry Catalyst Mol% Solvent T(°C) Yield (%)®
1 TsOH 5 — 160 0
2 (PPh,),H,(CO)Ru 5 — 160 0
3 (PPh,),(H)(C)Ru ¢ 5 Toluene 110 0
4 AuCl, 5 — 160 0
5 AgBF, 5 — 160 0
6 PdCl, 5 — 160 0
7 Pd(dba), 5 — 160 0
8 Bi(OTf), 5 — 160 4
9 Cu(OTY), 5 — 160 11
10 LiOTf 5 — 160 0
11 In(OTY), 5 — 160 21
12 Cu,(OTf),-CsH, 2.5 — 160 34
13 AgOTf 5 — 160 50
14 AgOTf 5 NMP 160 0
15 AgOTf 5 DMSO 160 0
16 AgOTf 5 Tetraglyme 160 0
17 AgOTf 5 1,2-Dichloroethane 85 0
18 AgOTf 5 Dowtherm A 160 50
19 AgOTf 5 PhCl 130 50
20 AgOTf 10 PhCl 130 80 (71)

@ Reaction conditions: 1.0 mmol of acid 1b, 2 mL of solvent (if used), 24 h. ® Determined by GC using n-tetradecane as internal standard. ¢ Generated

in situ from (PPh;);RuCl, and excess NaBH,. “ Isolated yield.

coordination to the C—C double bond (VI), would be removed
from the resulting dynamic equilibrium of isomers by a fast
in situ 5-exo-trig cyclization of the carboxylate group, giving
the stable lactone ring of product 2. Ideally, the overall process
would lead to a quantitative formation of the desired y-lactone
in one step.

However, it has not been possible so far to selectively achieve
isomerizing lactonizations in the absence of stoichiometric
mediators: Previous attempts were plagued by side reactions,
mainly di- and oligomerizations at the double bonds, or
intermolecular additions of carboxylate groups to double bonds.
Angelici et al. reported that when using Amberlyst-15 resin,
these side reactions predominate for substrates that need to
undergo a double-bond shift over five or more carbon atoms."
Isomerizing lactonizations of 9- or 10-alkenoic acids would
require an even larger number of double-bond migration steps
along the alkyl chain before the desired cyclization can take
place, with the potential for side reactions over the entire
course of the isomerization process. As a result, most known
protocols starting from fatty acids involve the use of large
quantities of corrosive and hazardous mediators, and their
yields are low. For example, superstoichiometric amounts of
sulfuric,” methanesulfonic'® or even explosive perchloric acid"’
are required to achieve the isomerizing cyclization of oleic
acid (1a) to the y-lactone 2a. While only perchloric acid gave
satisfactory yields, the use of this unstable, strongly oxidizing
material at high temperatures on large scales represents a major
health and safety hazard, precluding its application in chemical
manufacturing.

We became interested in this transformation in the context
of our research on the use of carboxylic acids as substrates
in sustainable catalytic transformations."® In order to establish

tandem isomerization—lactonization as a modern synthetic tool,
a new process is vital in which only catalytic quantities of a non-
toxic and easy-to-handle mediators are necessary. Our strategy
to develop such a process was to focus the catalyst search
on Lewis-acidic metal cations that have a marked affinity for
carbon-carbon double bonds and a strong potential to effect
isomerizations of olefinic carboxylic acid substrates, and at the
same time to promote the addition of nucleophiles to multiple
bonds. This way, we hoped to establish a rapid equilibration
between all possible positional isomers, so that the selective
trapping of one species by ring closure would lead selectively
to a single product.

We chose the terminally unsaturated 10-undecenoic acid (1b)
as a first model substrate and performed some preliminary
experiments with neat reaction mixtures at 160 °C. We screened
a broad range of Lewis and Brensted acids as well as metal
hydrides, with a focus on easily handled, commercially avail-
able catalyst precursors. Selected results are summarized in
Table 1.

As expected, simple Brensted acids (TsOH, HBF,,
F;CCOOH) were inactive when only used in catalytic amounts
(entry 1). Known isomerization catalysts, i.e. either preformed
(entry 2) or in situ-generated ruthenium hydride complexes
(entry 3), were similarly disappointing. Furthermore, the results
obtained with simple Lewis acids (AuCl;, Aul, CuF,, AgBF,,
FeCl,, FeCl;) (entries 4 and 5) or Pd catalysts® (entries 6
and 7) were unsatisfactory. In contrast, several metal triflates
immediately afforded visible catalytic turnover in the absence of
solvent (entries 8-13). Amongst them, the soft silver(1) triflate
proved to be most effective and gave almost full conversion.
However, only 50% yield was obtained due to oligomerization
reactions.

198 | Green Chem., 2010, 12, 197-200
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Table 2 Substrate scope for the catalytic isomerization—lactonization*
o)
H __ cat. AgOTf o
m n OH PhCI x O
1a-d 2a-d

Entry Acid m n Mol% cat. y-Lactone X Yield (%)
1 la 8 7 10 2a 12 51

2 1b 0 9 15 2b 5 72

3 1c 6 7 15 2c 10 57

4 1d 6 3 15 2d 6 66

“ Reaction conditions: 1.0 mmol of acid 1, given amount of AgOTf, 2 mL of PhCl, 130 °C, 24 h. * Isolated yields. Products were characterized by

means of 'H-NMR and *C-NMR.

In order to drive back these intermolecular processes in favor
of the desired intramolecular lactonization, we sought for a
suitable solvent (entries 14-19). Moderate yields were achieved
when using the non-chlorinated solvent Dowtherm A at 160 °C
(entry 18), but the best chemoselectivity was achieved with
chlorobenzene at the lower temperature of 130 °C (its boiling
point). Under these conditions and when stopping the reaction
at incomplete conversion, the formation of unwanted and hard-
to-separate oligomers was suppressed (entry 19).

The best results (80% yield determined by GC, entry 20) were
finally obtained with a catalyst loading of 10 mol%, and -
lactone 2b was isolated in 71% yield after column chromatogra-
phy (Table 2, entry 2). In contrast to other known procedures,'*®
the catalytic process was highly regioselective: We never observed
more than trace amounts of the thermodynamically only slightly
disfavored™ six-ring lactone.

After having thus developed an effective protocol that allowed
a double-bond isomerization over five chain positions, we
next approached the even more challenging transformation of
oleic acid (la) to vy-stearolactone (2a). With its 33 possible
double-bond isomers, this substrate can be seen as an ulti-
mate benchmark for tandem isomerization—functionalization
processes.*Under the optimized conditions we directly obtained
2a in 33% yield. With a slightly higher catalyst loading of 15
mol%, 2a was isolated in a remarkable 51% yield after column
chromatography (Table 2, entry 1). Again, only traces of the six-
ring lactone were detected, and the main side products resulted
from oligomerization.

The product samples of this non-commercial long-chain
lactone obtained with this protocol displayed interesting prop-
erties for applications in cosmetics. For the preparation of
larger quantities of the y-stearolactone required for further
testing, we reduced the catalyst loading to 10% and increased
the temperature to 160 °C by working at reflux in a 1:6
mixture of chlorobenzene and 1,2-dichlorobenzene. Moreover,
we attempted to substitute the chromatographic purification by
a more scalable process. Distillation proved not to be feasible
as the lactone underwent thermal oligomerization. Instead, we
found that the product could be obtained in high purity by
fractional crystallization from ethanol (see ESIt). This way, we
obtained y-stearolactone on 180 g scale in a yield of 51%.

Using the same procedure, commercially available palmitoleic
acid (1c) and cis-5-dodecenoic acid (1d) were also smoothly
converted into the corresponding long-chain y-lactones in

yields of 57% and 66%, respectively (Table 2, entries 3
and 4).

With such a viable synthetic entry into y-stearolactone in
place, we are currently exploring the properties of the material
itself along with its use as a synthetic intermediate. Scheme 3
details successful derivatization reactions, giving access e.g. to
long-chain y-hydroxycarboxylates (A, B),?"* y-hydroxyalcohols
(C),® or y-hydroxyamides (D) useful as detergents,* as well
as sphingolipid-like structures.”® Saponification of 2a with
potassium hydroxide led to the formation of y-hydroxystearic
acid (3a) in nearly quantitative yield. The y-hydroxyester 3b was
obtained in 69% yield from a transesterification with n-butanol.
Reduction of 2a with ZnCl,/NaBH, furnished the long-chain
1,4-diol 3c in 84% yield, and the stearamide 3d was isolated in
71% yield after treating 2a with ethanolamine.

H
KOH,, ?
— e OH A
100 °C, 30 min 13
97% 3 O
OH
"BuOH, H* o
Y 120 °C, 16 h 13 ~cH, B
0,
0 _| 69% 3b 0
13 NaBH,, ZnCl, OH
PhNMe.
2a L OH c
THF, 65°C, 8 h 13
84% 3c
OH H
HN
2 \/\OH ’!l o
80 °C, 15 min 13 ~"oH
0,
71% 3d O
Scheme 3 Derivatization reactions of y-stearolactone (2a).
Conclusions
Overall, an efficient catalytic tandem isomerization—

lactonization protocol has been developed for the preparation
of y-lactones from renewable fatty acids. The products were
obtained in good yields even in the rather extreme test cases
of oleic and palmitoleic acid, where only one of the numerous
possible double bond isomers could give rise to the desired
v-lactone. The products were shown to be useful starting points
for further derivatizations.
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A novel multi —SO;H functionalized strong Brensted acidic
ionic liquid has been prepared for the synthesis of biodiesel
from rapeseed oil and methanol. The results showed that
the novel catalyst was very efficient for the reaction, with
excellent water and acid resistant ability. The catalyst could
smoothly transform both the rapeseed oil and free fat acid
to the biodiesel. Also the novel ionic liquid was insoluble in
the organic phase, which made the recycling of the catalyst
very convenient. Operational simplicity, low cost of catalyst
used, high yields, wide applicability and reusability are
the key features of this methodology. The novel catalyst
therefore has great potential for use in green processes.

1. Introduction

Tonic liquids have received widespread attention as mediums for
a variety of reactions because of their properties such as very low
or practically no vapor pressure, remarkable solubility behavior
and the possibility of varying their structure to manipulate
parameters like density, solubility ezc.'** Recently, alkane sul-
fonic acid group functionalized ionic liquids have been reported
offering a new possibility for developing environmentally-
friendly acidic catalysts due to a combination of the advantages
of liquid acids and solid acids, e.g. uniform acid sites, stability
in water and air, easy separation and reusability.* In 2002,
Cole et al? first published an article about sulfonic acid group
functionalized ionic liquids with strong Brensted acidity. The
research and application of various —SO; H functionalized strong
Brensted acidic ionic liquids have received much attention for
their potential application in replacing conventional homoge-
neous/heterogeneous acidic catalysts because they are flexible,
nonvolatile, non-corrosive and immiscible with many organic
solvents and could be used as dual solvents and catalysts.*" For
example, —SO; H functionalized ionic liquids were applied to the
esterification of aliphatic acids with olefins,'* oligomerization
of olefins,' selective alkylation of m-cresol with fert-butanol,**
alkylation of p-cresol with fert-butanol’ and good results were
achieved. Liu et al. investigated the structures of the —-SO;H
functionalized acidic ionic liquid 1-(3-sulfonic acid) propyl-
3-methylimidazolium hydrogen sulfate ([C;SO;H-mim]HSO,),
and the results showed that when the cation and the anion
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interacted near the functional group by double O-H---O
hydrogen bonds, the ionic liquid was inclined to exist in a
form of the zwitterion and H,SO,."* Here, we present a novel
strong Brensted acidic ionic liquid with four —-SO;H groups.
The ionic liquid was synthesized from hexamethylenetetramine
and 1,4-butane sulfonate (Scheme 1). Biodiesel is a well-known
renewable fuel’” as a replacement for the traditional mineral
diesel fuel.’® Biodiesel is characterized by excellent properties
as diesel engine fuels and thus can be used in compression-
ignition (diesel) engines with little or no modifications.” The
novel ionic liquid was applied to the catalytic synthesis of
biodiesel. The results showed that the catalyst was very efficient
for the reaction with a yield over 98%. The novel ionic liquid
had four SO;H groups, which made the acidity of the catalyst
extremely high. The high acidity resulted in a high activity for
biodiesel synthesis. Also, the ionic liquid had high polarity with
four positive charges, which made the recycling of the catalyst
very convenient.
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Scheme 1 The synthetic route to the novel catalyst.

2. Experimental

All organic reagents were commercial products of the highest
purity available (>98%) and used for the reaction without fur-
ther purification. Rapeseed oil was obtained from the Shanghai
Oil Plant without further purification. The average molecular
weight is 850.

2.1 Spynthesis of the catalyst

2.1.1 Preparation of zwitterion. Hexamethylenetetramine
and 4 M 1,4-butane sulfonate were mixed together without
solvent and stirred magnetically for 72 h at room temperature
(25 °C). Then, a white solid zwitterion was formed and the
solid was washed repeatedly with ethyl ether. After being dried
in vacuum (110 °C, 0.01 Torr), the white solid zwitterion was
obtained in a good yield (>90%) and sufficient purity as assessed
by a Varian DRX-400 NMR spectrometer. '"H NMR (400 MHz,
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D,0, TMS): § 1.423 (m, 2H), 1.584 (m, 2H), 2.593 (t, / = 7.6 Hz,
2H),3.964 (t, J = 7.6 Hz, 2H), 8.463 (s, 2H). *CNMR (100 MHz,
D,0, TMS): § 21.180, 21.879, 50.368, 52.193, 79.999.

2.1.2 Preparation of —SO;H-functionalized ionic liquid.
4 M sulfuric acid was added to the above obtained zwitterion and
the mixture was stirred for 6 h at 80 °C to form the ionic liquid.
The IL phase was then washed repeatedly with toluene and ether
to remove non-ionic residues, and dried in vacuum (110 °C, 0.01
Torr). The product was formed quantitatively and in high purity
as assessed by mass balance and '"H NMR spectroscopies. 'H
NMR (400 MHz, D,O, TMS): 6 1.323 (m, 2H), 1.483 (m, 2H),
2.503 (t, J = 7.6 Hz, 2H), 3.874 (t, J = 7.6 Hz, 2H), 8.263 (s,
2H).

2.2 The procedure for the synthesis of biodiesel

Typical procedure for the synthesis of biodiesel: rapeseed oil
(5 g), methanol and the catalyst were mixed together in a
three necked round bottomed flask equipped with a magnetic
stirrer and a thermometer. The mixture was heated at 70 °C
for the specified period. The process of the reaction was
monitored by GC analysis of the small aliquots withdrawn at
half an hour intervals. Here the ionic liquid had high polarity
and was very easily separated from the organic phase. On
completion, the reaction mixture formed two phases when
switching off the magnetic stirrer for a while and the ionic liquid
was recycled by centrifugation first. Because the presence of
methanol made centrifugation of biodiesel and glycerol difficult,
the excess methanol was distilled off under vacuum. After the
reaction mixture was allowed to settle for >4 h, it formed
two phases: the upper layer was biodiesel and the lower layer
was glycerol. The biodiesel was collected for chromatographic
analysis. Quantitative analysis of the extract solution was carried
out on a temperature-programmed Shimadzu (GC-14B) gas
chromatograph according to the method provide by Alcantara
et al® Here, other analysis methods such as NMR, glycerol
titration and hydroxyl value were also used for the analysis,
and the results showed that the GC analysis fits well with
other methods with a difference within 1%. Furthermore, pure
biodiesel was obtained under the optimal reaction conditions
and the isolated yield also fits well with the GC analysis with a
difference within 1%.

3. Results and discussion
3.1 The effect of the methanol amount on the reaction

The molar ratio of the rapeseed oil and methanol was investi-
gated first (Table 1). The results showed that the yield increased
with the amount of methanol and the peak value was achieved
with methanol amount of 2.33 g. Increasing the amount of
methanol is very useful for the reaction because it increases
the collision probability of the reactants. However, too much
methanol could cause a dilution effect and is not useful for the
reaction for the yield changes little. So the optimal methanol
amount was chosen as 2.33 g with a molar ratio of 12:1
(methanol to rapeseed oil).

Table 1 The effect of the methanol amount on the reaction

Methanol amount/g Yield/%"*
1.12 89.4
1.56 94.5
2.33 98.2
3.15 98.3
4.66 98.1

“The reaction conditions: rapeseed oil 5 g, catalyst 2 mmol, 70 °C, 7 h.
® The yield was calculated on a GC using an internal standard.

3.2 The effect of the reaction time on the reaction

Reaction time had a key effect on the reactions, so the effect
of reaction time on the yield was investigated (Fig. 1). It can
be seen from Fig. 1 that the catalyst was very efficient for the
reaction with a yield over 98% after 7 h. For the traditional acid-
catalyzed transesterification, a very long reaction time (>10 h)
was needed to complete the reaction.”! The reaction took place
quickly at first, and gradually reached equilibrium after 7 h. The
yield changed little after 7 h, so 7 h was chosen as the optimal
reaction time.
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Fig. 1 The effect of reaction time on the yield. Reaction conditions:
rapeseed oil 5 g, methanol 2.33 g, catalyst 2 mmol, 70 °C. The yield was
calculated on a GC using an internal standard.

3.3 The effect of the catalyst amount on the reaction

The catalyst amount was also very important for the reaction
(Table 2). There were not enough active sites for the reaction
when the catalyst amount was low. The yields increased with
the catalyst amount and the yield remained constant when the
catalyst amount was 2 mmol. Increasing the catalyst amount
further seemed to be meaningless for the yields improved little.
Moreover, the reverse reaction could also be catalyzed by the
catalyst because when too much catalyst was employed, the yield
decreased slightly. So the optimal catalyst amount was chosen
as 2 mmol.

3.4 The effect of water content in the rapeseed oil on the
reaction

The water content in the oil affected the reaction greatly, so
the effect of water content in the rapeseed oil on the reaction
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Table 2 The effect of the catalyst amount on the reaction

Table S A comparison of different catalysts

The catalyst amount/mmol Yield/%™*
1.0 89.7
1.5 95.1
2.0 98.2
2.5 98.3
3.0 97.9

“The reaction conditions: rapeseed oil 5 g, methanol 2.33 g, 70 °C, 7 h.
® The yield was calculated on a GC using an internal standard.

Table 3 The effect of the water content on the reaction

‘Water content/% Yield/%*®
0.3 98.3
0.5 98.2
0.7 97.8
0.9 96.9
1.2 96.0
2.0 95.3

“The reaction conditions: rapeseed oil 5 g, methanol 2.33 g, catalyst
2 mmol, 70 °C, 7 h. ® The yield was calculated on a GC using an internal
standard.

Table 4 The effect of the acidity on the reaction

Acidity/mgKOH g Yield/%™*

98.2
97.4
97.3
97.5
98.3

o N N BN

“The reaction conditions: rapeseed oil 5 g, methanol 2.33 g, catalyst
2 mmol, 70 °C, 7 h. ® The yield was calculated on a GC using an internal
standard.

was investigated (Table 3). The results showed that the novel
ionic liquid has good water resistant ability. The yields decreased
slowly with increasing water content. According to research by
Liu et al.,' the ionic liquid should consist of a zwitterion and
H,SO,. The H,SO, has good water absorption ability, which
causes the catalyst to have good water resistant ability. On the
other hand, there were very little free zwitterion and H,SO, in
the ionic liquid, so the activity also decreased when the water
content increased. The results indicate that the catalyst is a good
choice for raw oil with a high water content; the catalyst could
efficiently catalyze raw oil with a water content of 0.9%.

3.5 The effect of the acidity of the raw oil on the reaction

The effect of the acidity of the raw oil on the reaction was
also investigated (Table 4). Acidic catalysts are good choices
for raw oils with high acidity. The results showed that the novel
catalyst was very efficient for rapeseed oil with high acidity. Both
the rapeseed oil and the free fat acid could be transformed to
biodiesel under these conditions. The catalyst had high activities
not only for the transesterification of the rapeseed oil but also
for the esterification of the free fat acid. The yields decreased
little with the acidity and the transformation of the free fat acid

Catalyst
Catalyst amount/mmol Reaction time/h Yield/%"*
Novel catalyst 2 7 98.2
[Et;NH]CI-AICI, 5 9 98.5
[SO;H-Bmim][HSO,] 3 9 96.5
H,SO, 4 9 97.8
H,PO, 4 12 88.7
Amberlyst-15 500 mg 18 87.5

“ The reaction conditions: rapeseed oil 5 g, methanol 2.33 g, 70 °C. * The
yield was calculated on a GC using an internal standard.

to the corresponding product accounted for an increase in the
yield when the acidity was §.

3.6 Comparative study on the catalytic activities of different
catalysts

A comparative study on the catalytic activities of the novel
catalyst with other catalysts was carried out (Table 5). From
this study it can be concluded that the novel catalyst had much
higher activity than the others. For the Lewis acid ionic liquid
in our previous work,? the catalytic amount was greater and
a longer reaction time was needed. Furthermore, the catalyst
was sensitive to water, which limited its application. As for
the traditional single —SO;H functionalized strong Brensted
acidic ionic liquid [SO;H-Bmim][HSO,], the catalyst was slightly
soluble in the reaction mixture, which made purification of
the product more difficult. After reaction, it was difficult to
totally separate the ionic liquid from the reaction mixture.
It was not only the glycerol phase, but also the biodiesel
phase, that contained the catalyst, and the weight loss of the
catalyst during the catalytic procedure was more than 8%. The
novel ionic liquid had strong polarity, which made the catalyst
insoluble in the organic phase. After reaction, the catalyst
was easily separated from the organic phase without having
to distil the excess methanol. Then, both the biodiesel and
glycerol phases were analyzed by ICP. The results showed that no
catalyst was dissolved in the biodiesel phase and little catalyst
was dissolved in the glycerol phases. The weight loss of the
novel catalyst during the catalytic procedure was below 0.2%.
Traditional homogeneous catalysts such as H,SO, and H;PO,
had relatively low activities. Also, traditional ionic exchange
resins (Amberlyst-15, acidity 0.8 mmol g') had much lower
activity. The results showed that the novel catalyst should be
one of the best choices for operational simplicity, being a user-
friendly catalyst for scaling-up purposes.

3.7 The reuse of the catalyst

One property of the catalyst is reusability. After reactions, the
catalyst was recovered by centrifugation and used without any
disposal. The recovered activities of the novel ionic liquid were
investigated carefully (Fig. 2). The yields remained unchanged
even after the catalyst had been recycled ten times. Also the
insolubility of the catalyst during the catalytic procedure made
the workup process much easier.
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Table 6 The quality of the refined biodiesel

Entry Value
Density (15 °C) 0.88 gcm™
Viscosity (40 °C) 3.9 mm?s™!
Flash point 138 °C
Sulfur content 3 mgkg™!
Water content 200 mg kg
Neutralization value 0.4 (KOH) mg g™
Methanol content 0.05 %
Biodiesel content >99.1 %
Monoglycerides content 0.4 %
Diglycerides content 0.2%
Triglycerides content 0.1%
Glycerol content 0.02 %

1 2 3 4 5 6
Run times

Fig.2 The reuse of the catalyst.

3.8 The quality of the refined product

After reactions, the biodiesel was collected and dried in vacuum
for 5h (110 °C, 0.01 Torr). The quality of the refined products
was investigated carefully (Table 6). The results showed that the
quality of the refined biodiesel achieved the standard of EN
14214, which further confirmed that the novel catalyst would be
one of the best choices for the reaction.

4. Conclusion

In conclusion, a novel multi —-SO;H functionalized strong
Bronsted acidic ionic liquid has been found to be highly efficient
for the synthesis of biodiesel. Operational simplicity, excellent
water and acid resistant ability, low cost of the catalyst used, high
yields, insolubility in the organic phase, short reaction time, and
applicability to large-scale reactions are the key features of this
methodology. The novel catalyst therefore has great potential
for green processes.
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A new economic and green route to synthesize phthalide
from 1,2-benzenedimethanol using aqueous hydrogen per-
oxide as the oxidant and tungstic acid as the catalyst under
organic solvent-free conditions is presented. This process
proceeds with advantages from the viewpoint of green
chemistry, in which the only by-product of H,O, is water
and the catalyst can also be easily recovered. The desired
product with high purity and good yield can be conveniently
obtained when cooled after reaction.

At present, the development of environmentally friendly tech-
niques in the field of oxidation of organic compounds has
attracted much attention because the reagents used in stoichio-
metric amounts in these reactions are sometimes wasteful and
toxic. Therefore, there is an urgent need to replace the classic
oxidants with “clean” oxygen donors, such as H,0O,. It is known
that the oxidation of organic substrates using hydrogen peroxide
as an oxidant has long been studied. Many useful reactions
carried out with H,O, have been developed, such as the oxidation
of sulfides to sulfoxides and sulfones,' epoxidation of olefins and
allylic alcohols? and the oxidative cleavage of carbon—carbon
double bonds to aldehydes® and acids.* To date, the oxidation of
diols to lactones with H,0O, has been rarely reported.

Lactones and their derivatives are ubiquitous in nature.’
Many substances containing the lactone ring show interesting
biological activity.® Lactones can also be used in the production
of a variety of polymers.” Although oxidation of alcohols has
been widely used for the synthesis of lots of chemicals, the
oxidation of diols to lactones usually requires fierce reaction
conditions and specific oxidants. The reaction can be carried
out under mild conditions in the presence of organic cooxidants
which are not green oxidants, such as o,3-unsaturated ketones,?
PhBr,” N-methylmorpholine N-oxide, or acetone. Mitsudome
et al. recently obtained a high yield of lactones (99%) from
diols using molecular oxygen as the oxidant and supported
gold nanoparticles as the catalyst under mild conditions.”
However, the catalyst is expensive and cannot be easily syn-
thesized. Among the diol oxidations to lactones, the oxidative
lactonization of 1,2-benzenedimethanol to phthalide can be
taken into account as a probe reaction, since phthalide and
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its derivatives are commonly used in the manufacturing of dyes,
pharmaceuticals," bactericides and other useful products. The
oxidation of 1,2-benzenedimethanol with aqueous H,O, is an
effective green process for the synthesis of phthalide, owing to
the avoidance of waste or pollutant.

Phthalide is traditionally synthesized by reaction of phthalic
anhydride, zinc and hydrochloric acid; reaction of phthal-
imide and sodium hydroxide; or hydrogenation of phthalic
anhydride.”” During these processes, serious environmental
pollution is generated, a low yield of phthalide is obtained, or a
high reaction temperature is required, which consumes a large
amount of energy.

In the present work, the optimal reaction conditions are
investigated in detail by using WO;-H,O as the catalyst and fert-
butanol as the solvent, bearing in mind that the zert-butanol-
H,0, system is stable and has been used in a large number
of oxidation reactions.”® In addition, analysis by GC is very
convenient in the tert-butanol-H,O, system. Then, under the
optimized conditions, a green and novel approach to produce
phthalide from 1,2-benzenedimethanol by catalytic oxidation
with aqueous H,O, without using organic solvents is presented
because the reaction conditions are similar. In particular,
aqueous hydrogen peroxide as an oxidant is environmentally
clean, easy to handle and tungstic acid is an inexpensive catalyst.
In this study, the catalyst can be easily removed by simple
filtration after reaction because little H,O, remains after reaction
and it can be decomposed when heated at 90 °C, which leads
to the deposit of WO;-H,O. The desired product phthalide can
be easily obtained through cooling the reaction system because
phthalide undergoes thermally reversible changes between the
water-soluble and water-insoluble states from hot water to warm
water at room temperature.

The activity test was performed at a set temperature for a
given time with magnetic stirring in a closed 25 ml regular
glass reactor using 50% aqueous H,0, as the oxygen-donor and
t-BuOH as the solvent. In a typical experiment, 0.0135 g of
WO;-H,0 (0.054 mmol) and 0.67 ml of 50 wt% aqueous H,0,
(11.1 mmol) were introduced into the regular glass reactor at
40 °C with vigorous stirring. Then, the reaction was started
after the addition of 10 ml of +BuOH and 0.690 g of 1,2-
benzenedimethanol (5 mmol) into the mixture, which was left
for 24 h or more. The conversion of H,0O, was measured
by a standard iodimetric titration method. The quantitative
analysis of the reaction products was performed by using a
GC method and the identification of different products in the
reaction mixture was determined by means of GC-MS on HP
6890GC/5973 MS, and "H NMR on DMX 500.
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According to the GC-MS analysis, the products of the
catalytic oxidation of 1,2-benzenedimethanol, as shown in
Scheme 1, comprise the main product phthalide and small
amounts of by-product involving phthalaldehyde, phthalic
acid and 1,3-dihydroisobenzofuran. Phthalaldehyde could be
oxidized to phthalic acid. The catalytic performance and the
optimization of the reaction conditions are based on the yield
of phthalide.

O g
on WOy H0 - N0 | OH | :
CH H,0, i 207 OH'
o)

Scheme 1 The oxidation products of 1,2-benzenedimethanol by H,O,.

To elucidate the reaction process, the course of the conversion
of 1,2-benzenedimethanol over time is tested, as shown in Fig. 1.
It is suggested that the reaction proceeds rapidly at the first
6 h and then the reaction rate decreases slowly, which can be
explained by the fact that the concentration of H,O, and 1,2-
benzenedimethanol decreases over time. Complete consumption
of 1,2-benzenedimethanol is achieved when the reaction time
reaches 12 h, whereas the yield of phthalide is only 72%. It
is interesting to find that the yield of phthalide ascends with
the prolonging of the reaction time. This phenomenon may be
due to the mechanism of the oxidative lactonization of diols.™*
The formation of phthalide proceeds via two steps: the initial
chemoselective oxidation to 2-(hydroxymethyl)benzaldehyde,
which is in equilibrium with 1,3-dihydroisobenzofuran-1-ol,
and then the oxidation of 1,3-dihydroisobenzofuran-1-ol to
phthalide. The phthalide would not be hydrolyzed upon con-
tinuing to elongate the reaction time under the present reaction
conditions.

¥ T T T
1,2-Benzenedimethanol L o0
H.0,
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Fig. 1 Conversion of 1,2-benzenedimethanol and H,0, and the yield
of phthalide. (Reaction conditions: reaction temperature 80 °C, 1,2-
benzenedimethanol 5 mmol, H,O, 11.1 mmol, WO;-H,O catalyst
0.054 mmol.)

The reaction rate and the yield of products are dependant on
the amount of H,O,. Table 1 shows the catalytic performance
of the oxidation of 1,2-benzenedimethanol with various molar
ratios of H,0, to 1,2-benzenedimethanol. As can be seen, the
conversion of 1,2-benzenedimethanol ascends with an increase
in the molar ratio of H,O, to 1,2-benzenedimethanol when
the ratio is lower than 2.2:1. Complete consumption of 1,2-
benzenedimethanol and a 90% yield of phthalide can be achieved

Table 1 Catalytic performance of the oxidation of 1,2-benzene-
dimethanol with various molar ratios of H,O, to substrate®

Conversion (%)

CC H,0,

H,0,:substrate Yield (%)
1.5:1 79 98 57
2:1 94 98 85
2.2:1 100 97 90
3:1 100 86 84
4:1 100 87 86

“Reaction conditions: reaction temperature 80 °C, 1,2-benzene-
dimethanol 5 mmol, WO;-H,O catalyst 0.054 mmol, reaction time 24 h,
t+-BuOH 10 ml.

Table 2 Catalytic performance of the oxidation of 1,2-benzene-
dimethanol over various temperatures®

Conversion (%)

CC H,0,

Entry T/°C Yield (%)
1 50 67 53 26
2 60 77 66 46
3 70 98 88 74
4 80 100 97 90

“Reaction conditions: 1,2-benzenedimethanol 5 mmol, H,O,
11.1 mmol, WO;-H,O catalyst 0.054 mmol, reaction time 24 h, +-BuOH
10 ml.

when the ratio of H,O, to 1,2-benzenedimethanol reaches 2.2 : 1.
Although 100% 1,2-benzenedimethanol conversion could still
be retained with further increasing the molar ratio, the yield
of phthalide would decrease because of the over-oxidation,
which may be a result of the further oxidation of the phthalide
to phthalide acid. Considering both catalytic performance
and H,O, utility, the 2.2:1 molar ratio of the H,O, to 1,2-
benzenedimethanol is needed and is used in the following
investigations.

It is known that the reaction temperature is essential to every
reaction. As shown in Table 2, a higher temperature benefits
the conversion of 1,2-benzenedimethanol and the formation of
phthalide. Complete consumption cannot be achieved when
the temperature is lower than 80 °C. Therefore, 80 °C was
chosen as the optimal reaction temperature because H,O, would
decompose at temperatures higher than 80 °C.

Independent experiments were carried out to obtain an insight
into the effect of the amounts of catalysts on this reaction (see
Table 3). As can be seen, there is a strong dependence of the
conversion of 1,2-benzenedimethanol and the yield of phthalide
on the dosage of the catalysts. The importance of the use of
WO;-H,0 was evident because the reactions gave much lower
conversion of 1,2-benzenedimethanol and H,O,, and lower yield
of phthalide without any catalysts (Entry 1). In addition, it can
be seen that the conversion of 1,2-benzenedimethanol increases
with increasing catalyst dosage, the amounts of which range
from 0 to 0.0135 g (0.054 mmol). The amount of catalyst
influences the reaction rate and selectivity to the phthalide.
However, when the amount is higher than 0.0135 g, the
conversion of 1,2-benzenedimethanol and the yield of phthalide
descends with an increase in the amount of catalyst. This is likely
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Table 3 The effect of the amount of catalyst on the reaction”

Table 5 The effect of different solvents on the reaction®

Conversion (%)

Amount of on
Entry catalyst/g  Catalyst:substrate ©:°“ H,0, Yield (%)
1 0 0 31 64 7
2 0.0051 0.004 94 98 65
3 0.0135 0.011 100 97 90
4 0.0249 0.020 96 98 71
5 0.1001 0.080 93 98 46

“Reaction conditions: reaction temperature 80 °C, 1,2-benzene-
dimethanol 5 mmol, H,O, 11.1 mmol, reaction time 24 h, --BuOH 10 ml.

Table 4 The effect of volumes of -BuOH on the oxidation of 1,2-
benzenedimethanol”

Conversion (%)

Volumes of o

t+-BuOH/ml @C“H H,O0, Yield (%)
2 100 98 87

5 100 99 88

10 100 97 90

15 100 96 77

20 99 90 72

“Reaction conditions: reaction temperature 80 °C, reaction time 24 h,
1,2-benzenedimethanol 5 mmol, H,O, 11.1 mmol, WO;-H,O catalyst
0.054 mmol.

related to the consumption of H,0O, by the excess WO;-H,O,
which decreases the utility of H,O,.

The reaction results as a function of the volumes of -BuOH
were also studied (see Table 4). It is obvious that there is an
optimum volume of fert-butanol at which a maximum yield of
phthalide is formed. The yield of phthalide increases from 72 to
90% with a decrease in the volume of +-BuOH from 20 to 10 ml.
Such a phenomenon is not surprising when considering the fact
that the concentration of active oxidizing species that depends
on the concentration of H,O, is required for the formation of
phthalide. When the dosage of --BuOH is lower than 10 ml, there
is a negligible decrease in the yield of phthalide.

Solvent also has a crucial impact on the production of
fine chemicals over homogeneous catalysts, and thus it was
decided to study the solvent effect. Table 5 indicates that the
maximum yield of phthalide is formed when the solvent is tert-
butanol or water. Lower conversion of 1,2-benzenedimethanol
was obtained in n-butanol and 2-propanol, as well as a lower
yield of phthalide. It is interesting to find that the selectivity
of phthalide in acetonitrile as a solvent was much lower than
that in fert-butanol and water, although the conversion of 1,2-
benzenedimethanol was a little lower than that in fert-butanol
and water. The mechanism of the catalytic oxidation in these
solvents is still under investigation.

Since the yield of phthalide in water is similar to that in
t-BuOH (see Table 5), a novel process to separate phthalide
from the reaction mixture was explored in water. As we know,
phthalide is soluble in water when the oxidation is carried out at
80 °C but insoluble in water at room temperature. The catalyst
can be easily removed when the excess H,O, is decomposed at

Conversion (%)

OH
OH

Solvents H,0, Yield (%)
n-Butanol 86 99 26
2-Propanol 27 100 7
tert-Butanol 100 98 90

Water 100 96 89
Acetonitrile 93 100 18

“Reaction conditions: reaction temperature 80 °C, reaction time 24 h,
1,2-benzenedimethanol 5 mmol, H,O, 11.1 mmol, solvent 10 ml.

90 °C after the reaction. The product was separated out when
the filtrate was cooled to room temperature and a 77.4% yield of
the separated phthalide was obtained. The melting point of the
powder obtained by this route was 70.0 to 73.8 °C (Sinopharm
Chemical Reagent Co., Ltd, 71.0 to 75.0 °C). The GC purity of
the as-prepared phthalide was higher than 99.5%, and it can be
used directly in many fields. In addition, "H NMR spectroscopy
and the XRD pattern of the product confirmed that the structure
of the powder was that of phthalide (see Figure S1 and Figure
S2, ESIY).

In summary, a new, economic and efficient route for
the production of phthalide by catalytic oxidation of 1,2-
benzenedimethanol with aqueous H,O, has been developed
using tungstic acid as a catalyst under organic solvent-free
conditions. This process can be easily commercialized based on
the following considerations. Firstly, the molar ratio of H,0O,
to 1,2-benzenedimethanol is only 2.2:1, which is only 10%
molar excess, thus the utilization efficiency of H,O, is very high
and this process is very economical. Secondly, the tungstic acid
catalyst can be easily filtrated after reaction and the phthalide
product can be removed from the reaction system after cooling
the reaction mixture to room temperature. The used tungstic
acid catalyst can be reused more than 6 times, thus leading to its
great economical efficiency. Thirdly, the concentration of H,0,
is low due to the presence of water, therefore, it is safe to handle
in industry. Finally, there is no need to use organic solvent in this
transformation, so it is environmentally benign and low-cost. A
further investigation of the present H,O,—tungstic acid catalytic
system in many other significant transformations from o, w-diols
to lactones is currently under way.
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We investigated the ability to selectively form products
arising from a kinetic or a thermodynamic enolate under
solvent-free high speed ball milling conditions. Using 2-
methylcyclohexanone as the substrate and sodium hy-
droxide or lithium hexamethyldisilazide as the base, we
were able to trap the thermodynamic or kinetic enolate in
high selectivity. Although all the reagents were ball milled
simultaneously, we observed no products resulting from
aldol condensation.

Environmental concerns about solvent-based chemistry have
stimulated a renewed interest in the study of chemical reac-
tions under solvent-free conditions.!”* Traditionally, solvent-free
reactions has been performed using a mortar and pestle, but
recently high speed ball milling (HSBM) has shown to be a
more attractive option. In the HSBM method, a ball bearing
is placed inside a vessel that is shaken at high speeds. The
high speed attained by the ball bearing has enough force to
make an amorphous mixture of the reagents, subsequently
facilitating a chemical reaction.*¢ The use of commercial ball
mills have allowed these reactions to be scaled up to industrial
levels, therefore understanding organic reactions using this
methodology can significantly reduce solvent waste.”'¢

We have recently become interested in studying various
organic reactions using this novel method. In addition to our
work, ' various reports have shown solvent-free ball milling is a
more environmentally benign alternative to traditional solution-
based chemistry.**® Here, we report on our investigation of the
formation of kinetic and thermodynamic enolates using high
speed ball milling.

Enolates are one of the most important intermediates used for
forming carbon—carbon bonds. The stereo- and regio-control of
the products formed from enolates are an important aspect of
organic synthesis. In solution, these reactions are conducted
in a stepwise fashion whereby the base and ketone are first
mixed together followed by addition of the electrophile. This
is converse to the way most ball milled reactions are conducted.
Typically, ball milled reactions are conducted in a sealed vessel
in which all of the starting materials are added simultaneously.
Creating enolates in this manner brings about the possibility
of generating a complex mixture; most notably large amounts
of aldol condensation products.”? We started our study of
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1 Electronic supplementary information (ESI) available: Experimental
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the formation of enolates under ball milling conditions using
cyclohexanone and 2-methylcyclohexanone as the substrate,
p-bromobenzyl bromide as the electrophile, and potassium
hydroxide or lithium hexamethyldisilazide as the base.

Using a custom made 1/2” x 2” stainless steel vial, we added
cyclohexanone, p-bromobenzyl bromide, potassium hydroxide
and a 1/8” stainless steel ball bearing. The reaction was ball
milled for an optimized time of 17 h in a Spex Certiprep
Mixer/Mill 8000M. The reaction gave the monoalkylation
product in 29%, the 2,6 dialkylated product in 9% (roughly
14 : 1 cis : trans ratio) and di-p-bromobenzyl ether in 11%
yield. Under these conditions, we saw no evidence of the
aldol condensation product nor did we observe the 2,2-di-p-
bromobenzylcyclohexanone (Scheme 1).

o] ]

O —2 - U0, 00
D/\ Br Br Br Br
Br 29%

1%

9%

Ball milling
17 hours

Scheme 1 Formation of cyclohexanone enolate vie HSBM using
potassium hydroxide as base.

We next studied the formation of the cyclohexanone enolate
using lithium hexamethyldisilazide (LiHMDS), a strong bulky
base. We added cyclohexanone, LIHMDS and p-bromobenzyl
bromide to a stainless steel vial with a 1/8” stainless steel ball
and ball milled as above.*® After isolation , we observed 64%
of the monoaddition product, and 15% of the 2,6-dibenzylated
product (roughly 2 : 3 cis : trans ratio). Under these conditions we
did not observe p-bromobenzyl(hexamethyldisilyl)amine which
would result from nucleophilic addition of LIHMDS with p-
bromobenzylbromide (Scheme 2). It is important to note here
that we observed a switch in stereochemistry for the disubstituted
product when we changed the base from KOH to LIHMDS. We

[o] [0]
.\\\
* RO
[e} Br Br Br
ij 64% 9%
(0]
Br II ll II Br

6%

Ball milling
17 hours

Scheme 2 Formation of cyclohexanone enolate vie HSBM using
lithium hexamethyldisilazide as base.
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are currently investigating the nature of this sterecochemical
change.

One principle of green chemistry is to use safer chemicals when
possible.*’ Wang showed that bases are more reactive under
solvent-free ball milling conditions than they are solution.*
To this end, we substituted a more benign base, potassium
carbonate, for LIHMDS. However, upon milling for 17 h we
recovered unreacted starting materials. We added 18-crown-6 to
see if that could increase the basicity; while we achieved 11%
of the monoalkylation product, p-bromobenzyl carbonate was
the major product formed in 45% yield (Scheme 3). Surpris-
ingly, we did not observe any products resulting from aldol
condensation regardless of the base that was used. However, if
p-bromobenzylbromide is not added to the reaction mixture we
form the aldol product in moderate yield; this demonstrates the
preference of enolate attack towards p-bromobenzylbromide.

0 1%

é K2C03, 18-Cr-6 +
/©/\Br
Br Q

Ball milling OJ\O
17 hours

Br Br

45%
Scheme 3 Formation of cyclohexanone enolate vie HSBM using
potassium carbonate as base in the presence of 18-crown-6.

Because we obtain products resulting from formation of an
enolate, we explored the possibility of preferentially forming
the kinetic or thermodynamic enolate. In solution, the kinetic
enolate is usually generated using low temperatures and a strong,
bulky base. Conversely, the thermodynamic enolate is generated
through the use of higher temperatures and a weaker base.
House et al. showed that using lithium diisopropyl amide (LDA)
with 2-methylcyclohexanone at =50 °C in 1,2-dimethoxyethane
makes the kinetic enolate and upon addition of benzylbromide
reacts to make 2-methyl-6-benzylcyclohexanone.®** 2-Methyl-
2-benzylcyclohexanone, which is made from the thermodynamic
enolate, can be synthesized under similar conditions using less
than 1 equivalent of LDA. Additionally, the thermodynamic
enolate can be achieved by using a less hindered, equilibrating
base. Artuad et al. showed that using potassium hydroxide
in 1,2-dimethoxyethane gives the thermodynamic enolate and
provides 2-methyl-2-benzyl cyclohexanone as the major product
upon addition of benzyl bromide.** To further explore enolate
chemistry in the ball mill we chose to examine the process when
2-methylcyclohexanone is used as the substrate.

In a stainless steel vial, 2-methylcyclohexanone, potassium
hydroxide and p-bromobenzyl bromide were ball milled with a
1/8” stainless steel ball for 17 h. In this process the thermody-
namically favoured 2-methyl-2-p-bromobenzyl cyclohexanone
was the major product but only formed in 24% yield. The
product from the formation of the kinetic enolate was isolated
in a 5% yield with the rest being unreacted starting material.
We previously reported that the cation of the base and leaving

Table 1 The formation of the thermodynamic enolate as a function of
the type of hydroxide used

(0] o o
Base Brw Br” :
NaOH 76% 1.8% 0%
CsF/LiOH 50% 9% 9%
KOH 29% 5% 8%
KOH* 9% 1% 90%
LiOH 0% 0% 0%

“ ball milled in the presence of 18-crown-6.

group plays an important role in the effectiveness of the
reaction under ball milling conditions.’” Thus, we decided to
explore the reaction using sodium hydroxide, lithium hydroxide
and caesium hydroxide (prepared by ball milling a mixture
of caesium fluoride and lithium hydroxide) (Table 1). Using
lithium hydroxide as a base, we observed no reaction—only
recovering unreacted starting materials. However, when we
employed sodium hydroxide as the base, we were able to obtain
the product resulting from formation of the thermodynamic
enolate in a 76% yield. The product resulting from formation of
the kinetic enolate was formed in less than 2% yield, with the rest
of the mass accounted for as unreacted starting materials. We
observed no dialkylation or products that resulted from aldol
condensation in either of these reactions.

It has been postulated that ball milled reactions are high
energy reactions such that thermodynamics should govern the
system. If this is the case, the high energetics of the process
along with the high concentrations of the reagents should favour
thermodynamic enolate formation. To test this theory, we ball
milled 2-methylcyclohexanone, LIHMDS and p-bromobenzyl
bromide for 17 h to determine if under ball milling conditions we
would be able to obtain the product which comes from formation
of the kinetic enolate. At the conclusion of the reaction, we
were able to isolate 2-methyl-6-p-bromobenzyl cyclohexanone
in a 45% yield and isolated the 2-methyl-2-p-bromobenzyl
cyclohexanone in a 10% yield with the rest recovered as
unreacted starting materials (Scheme 4). This suggests that high
speed ball milling conditions can provide products that are
kinetically controlled. Additionally, when less than 1 equivalent
of LIHMDS or sodium hydride was used, the thermodynamic
product is formed preferentially. This shows that when less than
one equivalent of a strong base is used equilibration of the 2-
methylcyclohexanone and resulting enolate is fast compared to
nucleophilic addition into p-bromobenzyl bromide. However,
when one equivalent of LiIHMDS is used the equilibration

(o]

[e] (o]
S ¢ o s WREN e b
_— - +
Br Br Br
45% 10%
Br

Ball milling
17 hours

Scheme 4 Generation of the kinetic enolate via HSBM conditions.
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pathway is not available and nucleophilic addition occurs at
the kinetic site. Surprisingly, when 1 equivalent of a strong
base such as sodium amide or sodium hydride is used we
observe a preference for formation of the thermodynamic
enolate.

We wanted to determine if milling time played a large role in
the selectivity that we observe. When the reactions were carried
out for 15 min, 2 h and 4 h the overall yields were lower but the
ratio of products were unchanged.

In conclusion, we report the first analysis of enolate chemistry
under high speed ball milling conditions. We demonstrated that
although ball milling is theoretically an extremely high energy
process, ball milled reactions can be selective and can be driven
by kinetics. We are currently investigating the stereochemical
nature of the process to determine if chiral auxiliaries will add
stereoselectivity under these novel reaction conditions. We have
also studied other ketones such as acetophenone and pinacolone
(3,3-dimethyl-2-butanone) with p-bromobenzylbromide and ob-
served similar results to using cyclohexanone as the substrate.
In addition, we reacted 2-methylcyclohexanone with benzyl
chloride and benzyl bromide and observed the enolate product
similarly to what is observed when p-bromobenzylbromide is
used as the electrophile. We are currently undergoing a more
complete substrate scope to examine the fundamental rules of
the process. In addition to our more complete substrate scope we
are in the process of developing a greener procedure for product
isolation. Ball milling can be an excellent asset for the reduction
of solvent waste and the generation of more environmentally
benign reactions. However, in order to achieve these goals we
must first understand the nuances of this process.
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Employing a commercial semiconductor with a positive
conduction band level, we investigated a new plasmonic
photocatalyst, Pt/Bi,O;, with high photocatalytic activity
for decomposition of environmental organic pollutants
under visible light.

Introduction

Heterogeneous photocatalysis has always been an urgent issue
with regard to the important technological and societal benefits
resulting from the removal of toxic organic pollutants in wastew-
ater and in the purification of drinking water.! Not being able
to use visible light, however, hinders the practical applications
of most photocatalysts.? Modified photocatalysts, such as N-,
C-, and S-doped TiO,,* have been much studied in order to
extend the absorption edge into the visible light region, but
such photocatalysts often suffer serious problems, for instance,
their low quantum yields. In recent research, nano-sized Ag
was employed, allowing the development of highly efficient and
stable plasmonic photocatalysts due to its plasmon resonance
(PR) in the visible region.* Importantly, Huang et al. pointed
out that the dipolar character of the surface plasmon state of
Agnanoparticles (NPs) was critical for enhancing the separation
of plasmon-induced electron-hole pairs.* In addition to Ag NPs,
Au NPs can also be photoexcited under visible light illumination
due to their PR. Tian et al. indicated that the photoexcitation of
electrons from the Au NPs to the TiO, conduction band (CB),
and the simultaneous transfer of compensatory electrons from
the solution-phase electron mediator (Fe**/**) to the Au NPs,
resulted in the achievement of spatial charge separation in the
Au/TiO, system.’ With regard to this, it should be noted that the
potential of the Fe?*/** mediator is more positive (Fe** + ¢ —
Fe**, +0.77 V vs. NHE) than that of the TiO, CB (0.3 V vs.
NHE) and that of the O, reduction potentials (single-electron
reduction process: O, + ¢ — O,7; =0.56 V vs. NHE; or multi-
electron reduction process: O, + 2H,O + 4 — 40H™; +0.40 V

“Key Laboratory of Advanced Textile Materials and Manufacturing
Technology, Ministry of Education of P. R. China, Zhejiang Sci-Tech
University, Hangzhou, 310018, P. R. China. E-mail: wxchen@
zstu.edu.cn; Fax: +86 571 86843251; Tel: +86 571 86843251
®Department of Chemistry and Materials Technology, Kyoto Institute of
Technology, Matsugasaki, Sakyo-ku, Kyoto, 606-8585, Japan. E-mail:
kobayashi@chem.kit.ac.jp

1 Electronic supplementary information (ESI) available: FE-SEM and
TEM images; XRD data; XPS data; electron density contour map for
Bi,0;. See DOI: 10.1039/b917233¢

vs. NHE), so that Fe**/** pairs (rather than the CB level of TiO,)
give out electrons to the Au NPs.

Unlike Au or Ag, platinum is an important catalytic metal but
usually shows no plasmonic activity. However, recent literature
has demonstrated that Pt NPs can also be plasmon-excited by
choosing an appropriate excitation wavelength.® If this is true,
after plasmon excitation, the holes generated on the surface of Pt
NPs can be used for decomposing organic molecules so long as
the electrons can be transferred successfully. Accordingly, with
the aim of synthesizing a plasmonic photocatalyst active under
visible light, we wanted to use a metal oxide with a positive CB
level, where the transfer of plasmon-induced electrons can be
achieved. Bismuth oxide (Bi,0;) is of this type.” In the present
study, density functional theory (DFT) calculations, together
with the literature,”® show that Bi,O; can serve as an electron
carrier owing to its positive CB level (+0.4 V vs. NHE), which
lies exactly in the potential range of the multi-electron reduction
of O, (O, + 2H,0 + 4¢- — 40H"; +0.40 V vs. NHE).

The above discussions so far led us to prepare a plas-
monic photocatalyst by dispersing metallic Pt NPs onto Bi,O;
substrates. In addition, considering that home-made supports
synthesized using various methods could lead to different
particle sizes, crystal phases, morphologies, and thus different
catalytic performance, the use of commercially available Bi,0; is
strongly desired for initial screening; catalyst optimization will
be the subject of further research.

Results and discussion

Bi,0; loaded with Pt NPs (denoted as Pt/Bi,0;) was prepared
via a simple photoreduction method.” The morphology of
Pt/Bi,0; was examined by TEM (JEM-2010, Fig. S11) and
FE-SEM (MIRA II-LMH, Fig. S1), its crystal structure by
XRD (Rigaku D/Max-2550pc, Fig. S2), its surface area by BET
(Micromeritics TriStar IT) and its chemical composition by XPS
(KRATOS AXIS ULTRA-DLD, Fig. S3). The photoactivity
of Pt/Bi,0; was initially evaluated by oxidative decomposition
of aqueous acetaldehyde (AcH) under visible light illumination
from a mercury lamp (4 > 400 nm).t In this case, Bi,O; alone
exhibits limited photoactivity. Intriguingly, its photoactivity
increased significantly with increasing Pt content to a maximum
at ca. 3.0 wt%, with the activity dropping gradually at higher
Pt content. Fig. 1 illustrates that the rate of CO, evolution
over Pt/Bi,O; (10.37 umol h™') was ca. 10-fold and 4-fold
higher than that of bare Bi,O; (1.01 umol h™") and N-TiO, NPs
(2.58 umol h™") at room temperature (ca. 20 °C), respectively. To
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Fig. 1 Decomposition curves of acetaldehyde solution over Pt/Bi,0;,
N-TiO, and Bi,O; under visible light irradiation (4 > 400 nm) in the air.

clarify that the decomposition of AcH over Pt/Bi,O; was not
caused by regular photolysis or catalysis, we also carried out
the experiments under visible light irradiation without catalysts
(photolysis) and in the dark with the catalysts (catalysis). In
the former experiment, no CO, evolution was detected, while
the latter showed that a tiny quantity of CO, over Pt/Bi,O;
was generated within 20 min, with no further change during the
subsequent period in the dark. These results fully confirmed that
Pt/Bi,0; acts as an active photocatalyst for the decomposition
of AcH under visible light illumination.

The most notable application of the present photocatalyst
is the photodecomposition of formaldehyde (FAD), another
typical indoor air pollutant. As shown in Fig. 2, it is worth
noting that the decomposition of FAD over Pt/Bi,O; under
visible light illumination proceeded with a rate (151.8 umol h™")
comparable to that of TiO, NPs (Degussa P25) driven by UV
light (189.4 umol h™), and was 34.4-fold higher than that of
visible-light-irradiated N-TiO, (4.41 umol h™). The oxidative
ability of Pt/Bi,0; is extremely high when we consider this is a
visible-light-driven photocatalytic system.

300
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S 250 —8— PUBI,0, (A > 400 nm)
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~ 200
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Fig.2 Decomposition curves of formaldehyde solution over Pt/Bi,0s,
P25 and N-TiO, under light irradiation in the air.

In addition to Pt/Bi,O;, Pt-loaded TiO, (Pt/TiO,) and
Pt-loaded CdS (Pt/CdS) were also prepared by photoreduction
for comparison. As indicated in Fig. 3, when methanol was

100

—s—P/Bi,0,
8- —e—PYTIO,
—A— PYCdS

CO, evolution /umol

0 1 1 L 1 1 1
60 80 100 120

Time /min

Fig. 3 Decomposition curves of methanol solution over Pt/Bi,0;,
Pt/TiO, and Pt/CdS under visible light irradiation (4 > 400 nm) in
the air.

selected as the target organic compound, the visible photoac-
tivity of Pt/Bi,O; was much higher than that of Pt/TiO, and
Pt/CdS. It should be mentioned that although TiO, with a band
gap of 3.2 eV can only be photoexcited by UV light, Pt/TiO,
exhibits appreciable visible photoactivity (even higher than that
of Pt-loaded CdS, whose band gap is only 2.4 eV). In order to
determine the reusability and stability of Pt/Bi,O;, methanol
was also chosen as the target compound, and the life-cycle tests
are shown in Fig. S47.

The band structures of Bi,O; were evaluated through plane-
wave-based DFT calculations. Fig. 4 shows the band structure
and density of states (DOS) for Bi,O;, from which it is
noteworthy that the Bi6p atomic orbitals are separated into two
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Fig.4 Band dispersion and density of states for Bi,Os.
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parts — an occupied part and an unoccupied part. The former
hybridizes with the O2p band and partially contributes to the
valence band (VB), whereas the latter is the main component for
the CB. The presence of Bi6p electrons in the upper valence band
provides p—p repulsion for the VB maximum, which results in a
narrowing of the band gap. The electron density contour maps
of the HOMO and LUMO levels related to photoexcitation are
shown in Fig. S5t. Fig. 5 compares the UV/Vis absorption
spectrum (Lambda 900, Perkin Elmer) of Pt/Bi,0;, Bi,O; and
N-TiO,. N-TiO, exhibits a visible absorption shoulder due
to the nitride at ca. 450 nm.' In contrast to bare Bi,O;, a
distinct feature of the UV/Vis absorption spectrum of Pt/Bi, O,
is its strong absorption in the visible region (up to 700 nm),
comparable to that of the UV region. The spectrum is similar to
that of the adsorption band of Ag NPs, as reported by Huang
et al.* Further, Ikeda et al. stated that nano-sized Pt can also
absorb visible light owing to its PR.® Thus the existence of the
wide absorption band seems to be attributable to the surface
plasmon state of Pt NPs.

(c) PBi,0,

Absorbance /a.u.

(b) Bi,O,

i 1 1 L

300 400 500 600 700
Wavelength /nm

Fig. 5 UV/Vis absorption spectrum of (a) N-TiO,, (b) Bi,O; and
(c) Pt/Bi,0s.

In view of the low surface areas of micron-sized powders,
Bi,0; scarcely has any BET specific surface area (Sger < 0.01
m? g') as compared to P25 (Syer = 48.7 m? g') and N-doped
TiO, (Sger = 113.2 m? g'), which results in a nearly complete
lack of surface active sites where the decomposition of organics
could take place. Moreover, although Bi,O; has a direct band
gap of 2.8 eV, which can be excited by visible light,” the light-
generated charge carriers in micron-sized semiconductor cannot
efficiently transfer to the surface and tend to recombine in the
bulk. As a result, in this work, Pt may play an important role in
decomposition of organic molecules.

Generally, Pt has been recognized as a perfect electron
scavenger that can greatly enhance the photoactivity of semi-
conductors by separating holes and electrons. However, it is
hard to explain the visible photoactivity of Pt/Bi,O; when one
only considers the formation of Pt Schottky barriers on the
surface of Bi,0;, because dyes with complicated conjugated
structures cannot be decomposed by Pt/Bi,O;. For example,
Pt/Bi,0; showed very limited photoactivity for decomposition
of methylene blue into CO, under visible light. If free holes can be
generated in the deep VB level of Bi,O; (3.13 V vs. NHE), their
oxidative power should be strong enough to decompose both

aldehydes and dyes into CO,. However, if holes are generated by
Pt NPs, their oxidative ability (1.2 V vs. NHE) should efficiently
decompose aldehydes but not dyes, because CH and CO are
able to react with surface O atoms to form CO,, with reaction
barriers below 0.7 V (vs. NHE).®

Furthermore, considering that Pt/Bi,O; shows much higher
visible photoactivity than that of Pt/TiO, and Pt/CdS (neither
of which have acceptable photoactivities), Pt must not be a co-
catalyst that serves as a normal electron scavenger. The fact
is, Pt NPs can be plasmon-photoexcited, and therefore the
photoactivity of Pt/Bi,O; and Pt/TiO, is most likely due to the
direct participation of the plasmon-induced holes from Pt NPs.
Since the CB levels of TiO, (-0.3 V vs. NHE) and CdS (-0.52 V
vs. NHE) are much more negative than that of Bi,O;, once
transferred to the negative CB, the plasmon-induced electrons
cannot reduce O, by single-electron process (O, + e — O,7;
—0.56 V vs. NHE), and would reduce O, by a multi-electron
process (O, + 2H,O0 + 4e- — 4OH™; +0.40 V vs. NHE) only with
difficulty. Therefore, the plasmon-induced electrons tend to be
trapped by Pt NPs again; this may be the reason that Pt/TiO,
and Pt/CdS exhibit poor photocatalytic performance.

All of the results mentioned above seem to support the
full picture of the plasmon-induced photocatalytic process —
namely, absorbed photons on Pt NPs are efficiently separated
into electrons and holes; the electrons transfer to the CB level
of Bi,0;,** and the holes diffuse to the surface of Pt NPs, where
the decomposition of organic compounds occurs.* Since the
multi-electron reduction process occurs at a potential of 0.4 V
(O, + 2H,0 + 4e- — 40H") which is the same as that of the CB
level of Bi,0O;, the electrons in the Bi,O; CB level can effectively
transferred to the adsorbed O, rather than recombining with the
holes. Consequently, the charge separation can be achieved by
coupling Pt NPs with Bi,O;.

Conclusion

In summary, we have investigated a plasmonic photocatalyst,
Pt/Bi,0;, which has the advantage of high visible-light photoac-
tivity for decomposing organic pollutants in mild conditions.
The positive CB level of Bi,O;, which is able to transfer plasmon-
induced electrons from the Pt NPs, plays an important role
in the unique catalytic properties of Pt/Bi,O;. Future work
will focus on preparing Au/Bi,O; and Ag/Bi,O; plasmonic
photocatalysts. We consider that these photocatalysts could have
a wide range of practical purposes.

Experimental

Pt/Bi,0; was prepared by a simple photoreduction method.
An aqueous suspension containing commercial Bi,O; powder
(Analytical Grade, Hangzhou Huadong Medicine Group Co.,
Ltd) was sonicated for 2 h, followed by several rinses with Milli-Q
water and ethyl alcohol, and subsequent drying at 80 °C for 12 h.
The resulting powder (200 mg) was added to hexachloroplatinic
acid (H,PtCly-6H,0) solution (0.1 g mL™"', Sigma-Aldrich) and
was then exposed to UV light (4 > 300 nm) from a high pressure
mercury lamp (input power 500 W, light intensity 598 uW cm2,
Nanjing Xujiang, Ltd). After 1 h of irradiation, 10 mL methanol
solution (10 vol%) was added as sacrificial reagent and the
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suspension was exposed to further irradiation for 1.5 h after
bubbling with pure N, for 15 min. The resulting sample was
centrifuged, washed with Milli-Q water and ethyl alcohol to
remove the impurities, and collected as a powder after drying
at 60 °C for 12 h. Pt/TiO, and Pt/CdS were prepared in the
same manner. N-TiO, (TS-S4230) for comparative analysis was
obtained from Sumitomo Chemical (Japan). P25 TiO, powders
were supplied by Degussa Co. Ltd. Other commercial chemicals
were of the highest available grade and were used without further
purification.

Decomposition of organics was carried out with 40 mg of
the powdered catalyst suspended in 10 mL of aqueous organic
solution in a Pyrex test tube (55 mL). Photocatalytic studies of all
samples were carried out in a photochemical reactor (Nanjing
Xujiang, Ltd), which was fitted with a cold quartz tube and
an inner UV lamp. An optical filter (Shanghai Seagull Colored
Optical Glass Co., Ltd) was adopted to provide visible light
with A > 400 nm. For photocatalysis experiments, the rate of
agitation was set at 700 = 10 rpm. Gas chromatography (Agilent
6890 with Agilent column 115-3133) was utilized for quantitative
measurement of gaseous CO, generated as the organic substrate
was oxidized. Gas volumes of 200 uL were extracted from the
test tubes using a microliter syringe at regular intervals.
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A simple, environmentally friendly, tandem Knoevenagel
condensation and Michael addition procedure is reported.
The reactions between cyclic-13-diketones and a variety of
aldehydes were carried out in water to afford tetraketones
(64-99%). In this green synthetic protocol, the solvent water
itself catalysed the reaction by hydrogen bonding, thus
avoiding the use of any other catalysts to make the work
up procedure easier.

Introduction

Tetraketones (I), which have four carbonyl functionalities along
with their tautomeric, that is, keto-enol-forms, have some tyrosi-
nase inhibitory properties and some are even better than both the
standards kojic acid and L-mimosine.! The dimeric intermediate
(D) is a key intermediate for the preparation of heterocyclic three-
ring systems—either xanthendione (II), acridindione (TII),}
or 4H-1-benzopyran (IV) derivatives (Scheme 1).? Acridin-
dione (IIT) derivatives have been used as electron donors and
acceptors* and in the photoinitiated polymerization of acrylates
and methacrylates.’ They are also interesting because they have
similar properties to those of 1,4-dihydropyridines, which are
similar in structure to biologically important compounds such
as NADH and NADPH.® Recently they have been used as a new
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class of laser dyes.® 4H-1-Benzopyrans are an important class of
naturally occurring compounds with biological activities.”®

Tetraketones were synthesized through Knoevenagel conden-
sations and Michael additions of aldehydes with cyclohexane-
1,3-diones, dimedones or other types of 1,3-cyclic diketones.
They were first reported by Merling in 1894 by synthesizing the
cyclohexane-1,3-dione from resorcinol.” Vorlander and Kalkow
reported the practical synthesis of tetraketones in 1899.1° Several
reports of the attempts to carry out an efficient synthesis of
tetraketones have appeared in the literature. Many of these
methods involve the use of NaOH," KOH,? piperidine®!!*!t
and proline™ as catalyst, the use of cetyltrimethyl ammonium
bromide (CTMAB) as surfactant,”” and the use of aqueous
organic solvent as cosolvent.>3!

In modern organic chemistry, the improvement of reaction
efficiency, the avoidance of toxic reagents, the reduction of waste,
and the responsible utilization of our resources have become
critical objectives.!*!* By keeping these ideas in mind, a simple
and green approach for the synthesis of tetraketones (I) has
been developed. Pure water as solvent, catalyst free and room
temperature conditions are enough to afford the tetraketones in
nearly quantitative yields. Most important of all, the purification
procedure is just followed by filtration, washing and drying and
the water can be reused for the next cycle, so the waste can be
reduced effectively.

Results and discussion

First, the reaction conditions were optimized in the reaction
of benzaldehyde and dimedone (Table 1). By comparing the
reaction yields of Entries 1 to 5 in Table 1, it was found that
4 h was enough for this reaction. Room temperature gave
excellent yields. However, the high temperature decreased the
yields (Entries 4, 6 and 7, Table 1). Ethanol and aqueous ethanol
were the solvents used mainly for this reaction, however, it is
exciting to find that water can also afford the product in good
yield even better than ethanol (Entries 4, 8 and 9, Table 1).
This may be because the polarity of water is higher than that
of ethanol and the effect of ethanol in this reaction is just to
increase the solubility of the substrates. Among the various
reaction conditions used in Table 1, those indicated in Entry
4 were the most promising conditions.

With the optimal conditions in hand, the range of the
substrates was checked. First, the Knoevenagel condensation
and Michael addition reaction were carried out by using a
series of different aldehydes with cyclohexane-1,3-dione. The
results are summarized in Table 2 (Entries 1-14). It was
found that both electron-rich and electron-deficient aromatic
aldehydes were suitable for this reaction. For benzaldehydes with
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Table 1 Synthesis of tetraketones under various reaction conditions

O o}
. H20 o]
rt
H (e}
O O
1a 2b 5ab
Entry” Time/h T/°C Solvent Yield (%)?
1 0.5 rt H,O 64
2 1 rt H,O 72
3 2 rt H.O 88
4 4 rt H,O 96
5 6 rt H,O 94
6 4 40 H.O 90
7 4 60 H,O 86
8 4 80 H,O 81
9 4 rt Ethanol 80
10 4 rt Ethanol/H,O=1:1¢ 94

“ Reaction conditions: benzaldehyde (1 mmol), dimedone (2 mmol), and
water (S5mL) at rt. ® Isolated yield. ¢ Aqueous solution of ethanol: ethanol
(2.5 mL) and water (2.5 mL).

electron-donating groups such as 4-(dimethylamino) benzalde-
hyde, 4-methoxybenzaldehyde and piperonal, the desired prod-
ucts could be afforded in good yields (Entries 4, 5, 10, Table 2).
However, all of the electron-deficient aromatic aldehydes inves-
tigated in this way could give excellent yields without obvious
steric hindrance effects (Entries 1-3, 6-8, Table 2). A heterocyclic
aromatic aldehyde such as 2-furaldehyde could also react with
cyclohexane-1,3-dione to afford the tetraketone compound with
a yield up to 98% (Entry 11, Table 2). Just as reported pre-
viously, when the 2-hydroxybenzaldehyde was used as starting
material, the product was totally 2-(1-ox0-2,3,4,9-tetrahydro-
1 H-xanthen-9-yl) cyclohexane-1,3-dione (5’ja) instead of the
tetraketone (5ja) (Scheme 2).

OH O
O oy e, LR TS
O O
5ja

1j 2a 5'ja

Scheme 2 The Knoevenagel condensation, Michael addition and
dehydration reaction of salicylaldehyde and 1,3-cyclohexanedione.

Besides cyclic-1,3-diketones (cyclohexane-1,3-dione and
dimedione), heterocyclo-1,3-diones and cyclopent-1,3-diones
were also investigated in these conditions. 4-Hydroxy-6-
methylpyran-2-one, spirolactone and 2,2-tetramethylene-4,6-
dioxo-1,3-dioxane were used to react with benzaldehyde and
afforded the target products in good yields (Entries 16-18,
Table 2). Cyclopent-1,3-dione was first reported to take part in
this reaction and the yield was excellent (Entry 19, Table 2). More
importantly, 1,3-indandione also gave a good result under these
conditions (Entry 20, Table 2). However, under these conditions,
dimethyl malonate and acetylacetone gave no reaction or just a
Knoevenagel condensation product, respectively (Entry 21, 22
Table 2).

As well as its action as a solvent, water also helps in the
enolization of 1 by making hydrogen bonds with the OH of 1’
and, thus, it increases the nucleophilic character of the methylene
carbon (C-2) of 1. Meanwhile, it also increases the electrophilic
character of the carbonyl carbon of 2 by forming hydrogen bonds
with the carbonyl oxygen of aldehyde 2.'** After the Knoevenagel
condensation reaction, the intermediate 4 is afforded. By the
nucleophilic attacking of 1”, 4 is transformed to the tetraketone
5 (Scheme 3).

N
R
H/O\ 0O, ((I)
o 2\ > OH O

Scheme 3 Plausible mechanism for the Knoevenagel condensation and
Michael addition leading to tetraketones.

The reaction procedure is very simple (Fig. 1). After the
benzaldehyde and 1,3-cyclohexanedione were added to water,
a nearly homogeneous system was formed at the beginning of
the reaction (Fig. 1(a)). After the reaction was completed, the
product precipitated (Fig. 1(b)). The product could be afforded
after filtration, washing and drying.

a b

Fig. 1 The phenomenon of the reaction between benzaldehyde and
1,3-cyclohexanediones. (a) The homogeneous phase at the beginning of
the reaction. (b) The product precipitated after reaction completion.

Conclusions

In summary, we report an effective, green and mild method for
the synthesis of tetraketones. To the best of our knowledge,
it is the first example of using water as a solvent without
catalyst, surfactant or ionic liquid. This process provides an

This journal is © The Royal Society of Chemistry 2010

Green Chem., 2010, 12, 216-219 | 217


http://dx.doi.org/10.1039/B913816A

Downloaded by Lomonosov Moscow State University on 30 October 2010
Published on 09 December 2009 on http://pubs.rsc.org | doi:10.1039/B913816A

View Online

Table 2 The synthesis of tetraketones 5 in water

O, (0]
R—cHo +Y\f O s

W Yo 07 Y
1
Soad oy
XY
2i
Entry” R-CHO (1) l,3—cyc11c diketones (2) Time/h Yield (%)* Mp (lit.)/°C
1 4-Br-C,H, (1b) 2a 4 91 225-227 (240-241)'¢
2 3-Br-C4H, (1¢) 2a 4 96 206-208 (248-249)"
3 2-Br-C¢H, (1d) 2a 4 85 241-243 (199-200)!
4 4-MeO-C¢H, (1e) 2a 4 93 190-191 (199-201)"
5 4-(NMe,)-CsH, (1f) 2a 4 70¢ 142 (150!
6 4-NO,-C¢H, (1g) 2a 1/2 91 210-212 (218)"
7 3-NO,-C¢H, (1h) 2a 1/2 99 204-205 (209-211)!
8 2-NO,-C¢H, (1i) 2a 4 90 204-206 (212-213)!a
9 2-OH- C¢H, (1j) 2a 4 904 228-230 (234)®
10 3,4-OCH,0-C4H; (1k) 2a 4 80 204-206 (212)"a
11 2-Furyl (11) 2a 4 98 142-144 (146)"2
12 H (1m) 2a 4 96 130-132 (134)"2
13 n-Pr (1n) 2a 4 64 97-98 (97-98)!=
14 C.H; (1a) 2a 4 94 207-208 (217-218)"
15 C¢H; (1a) 2b 172 96 194-195 (190-192)*®
16 C¢H; (1a) 2¢ 4 85 167-169 (176)"
17 C¢H; (1a) 2d 4 80 115-117
18 C¢H; (1a) 2e 4 95 157-159
19 C¢H; (1a) 2f 4 85 222-223
20 C¢H; (1a) 2g 4 95 156-158 (162)*
21 C¢H; (1a) 2h 4 trace /
22 CsH; (1a) 2i 4 trace /

“Reaction conditions: benzaldehyde (I mmol), dimedone (2 mmol), and water (5 mL) at rt. ® Isolated yield. ¢ The product was recrystallized from

ethanol. “ The 4 H-benzopyran derivative (5’ja) was afforded.

opportunity to avoid organic solvents and resource consumption
compared to the traditional reaction system. The simplicity
of the methodology, ease of the product isolation and mild
conditions could make this process available on an industrial
scale.

Experimental
General

Melting points were determined with an X-4 apparatus and
were uncorrected. 'H (400 MHz) and “C (100 MHz) NMR
spectra were recorded on a Bruker Avance 400 spectrometer
in CDCI; using TMS as internal reference. Mass (EI) spectra
were recorded on a Micromass GCTTM mass spectrometer. All
chemicals used were reagent grade and were used as received
without further purification.

Experimental procedure for the synthesis of compound Saa

In a 20 mL flask was placed benzaldehyde (1 mmol/106 mg),
cyclohexane-1,3-dione (2 mmol/224 mg) and water (5 mL).
The resulting yellow solution was stirred at room temperature
for 4 h (TLC monitored/R;: 0.6 (CH,Cl,—EtOAc, 4:1), white
precipitate was formed and the resultant precipitates were
filtered, washed by cold water and dried in vacuum affording
2,2’-(phenylmethylene) dicyclohexane-1,3-dione (5aa) as white
solid. 0.294 g, yield: 94%."HNMR (CDCl;, 400 MHz): § 1.99-
2.09 (4H, m, H-5/H-5"), 2.35-2.52 (4H, m, H-4/H-4"), 2.54-
2.70(4H, m, H-6/H-6"), 5.48 (1H, s, H-7), 7.12 2H, d, J =
8.0 Hz, H-2/H-6), 7.18 (1H, t, J = 7.2 Hz, H-4), 7.27 2H, t, J =
7.8 Hz, H-3/H-5), 12.36 (2H, br s, -OH); "CNMR (CDCl;, 100
MHz): § 20.1(C-5/C-5"), 32.9 (C-4/C-4), 33.0 (C-7), 33.5 (C-
6/C-6), 116.4 (C-2/C-2’), 125.8 (C-4), 126.5 (C-2/C-6), 128.1
(C-3/C-5), 137.8 (C-1), 190.7 (-COH), 192.1 (CO); EIMS: m/z
312.1 (M*, 45).
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Experimental procedure for the synthesis of compound Sfa

In a 20 mL flask was placed 4-(dimethylamino) benzaldehyde
(1 mmol/149 mg), cyclohexane-1,3-dione (2 mmol/224 mg)
and water (5 mL). The red solution was stirred at room
temperature for 4 h (TLC monitored/R;: 0.3 (CH,CL,-EtOAc,
4:1), red precipitate was formed and the resultant precipitates
were filtered to afford the raw product. Recrystallization from
ethanol afforded the pure product 2,2’-((4-(dimethylamino)
phenyl)methylene)dicyclohexane-1,3-dione (5fa) 0.246 g. Red
solid; Yield: 94%. '"HNMR (CDCl,, 400 MHz): § 1.98-2.07 (4H,
m, H-5/H-5"), 2.30-2.50 (4H, m, H-4/H-4"), 2.52-2.68 (4H, m,
H- 6/H-6), 2.91(6H, s, -N(CHj;),), 5.42 (1H, s, H-7), 6.67 (2H,
d, J = 8.8 Hz, H-3/H-5),6.96 (2H, d, J = 8.4 Hz, H-2/H-6),
12.38 (2H, br s, -OH); *CNMR (CDCl;, 100 MHz): 6 20.1(C-
5/C-5), 32.0 (C-4/C-4), 33.0 (C-7), 33.5 (C-6/C-6), 40.7
(-N(CHjy),), 112.7 (C-2/C-2"), 116.8 (C-2/C-6), 125.5 (C-3/C-
5), 127.2 (C-1), 148.8(C-4), 190.8 (-COH), 191.9 (CO); EIMS:
m/z 355.2 (M+, 10).

Experimental procedure for the synthesis of compound 5ja’

In a 20 mL flask was placed salicylaldehyde (1 mmol/122 mg),
cyclohexane-1,3-dione (2 mmol/224 mg) and water (5 mL).
The yellow solution was stirred at room temperature for 4 h
(TLC monitored/R;: 0.45 (CH,Cl,-EtOAc, 4:1). A creamy
white solid was formed and the resultant precipitates were
filtered, washed by cold water and dried in vacuum affording
2-(1-0x0-2,3,4,9-tetrahydro-1 H-xanthen-9-yl) cyclohexane-1,3-
dione (5'ja) as creamy white solid. 0.278 g, yield: 90%. '"HNMR
(CDCl;, 400 MHz): 6 1.71-2.82 (12H, m, 6CH,), 4.65 (1H, s,
CH), 7.00-7.05 (3H, m, ArH), 7.13-7.20 (1H, m, ArH), 10.85 (b,
1H, OH); *CNMR (CDCl;, 100 MHz): § 20.7, 20.8, 25.8, 25.9,
27.7,37.1,112.4, 115.7, 124.7, 126.2, 127.3, 128.9, 150.0, 167.1,
196.5; EIMS: m/z 310.2 (M*, 34).
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Platinum nanoparticles were formed by reduction of
H,PtCl, using nanocrystalline cellulose from cotton as the
reducing agent.

Biomass-derived cellulosic materials are currently attracting
a great deal of attention for the development of alternative
energy resources and the production of chemical feedstocks.'
Cellulose-based nanotechnology is also an active area of re-
search; cellulose has a nanofibrillar structure, can be func-
tionalised, and can form stable nanostructured architectures
by self-assembly.** Nanocrystalline cellulose whiskers can be
extracted from native biomass resources using very simple,
green processes and applications of these materials include uses
in nanocomposites,” dialysis membranes,® and electrochemical
devices.” " Cellulose can also be used for the synthesis of metal
nanostructures, as functional groups on the nanocrystalline
surface can reduce metal ions, offering a very simple, green route
to metal nanoparticles.'>!

_

scCO,
71oo° C, 100 bar
B L= @
s @
@ H,0 .

Scheme 1 Schematic of the reaction in which H,PtCly is reduced by
cellulose nanowhiskers in aqueous medium in contact with scCO,.

The synthesis of noble metal nanoparticles is extremely
important for the catalyst industry. Platinum, in particular, is
especially useful for myriad industrial catalytic applications, and
a large number of reports describe the synthesis of platinum
nanoparticles using a wide variety of methods.'*"7 While a
number of researchers have described the synthesis of various
metal nanoparticles using renewable carbohydrate- and
cellulose-based materials,'®?! the synthesis of Pt nanoparticles
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Engineering-Faculty of Engineering, The University of Nottingham,
Nottingham, NG7 2RD, UK.
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using renewable, cellulose-based reducing agents appears
difficult.”?* A small number of reports describe the formation
of platinum/cellulose nanocomposites.”*** However, in those
cases, a chemical reducing agent was added to the system to
reduce the platinum precursor in the presence of the cellulose,
which acted as a structure-directing agent. Therefore, the de-
velopment of methods for synthesising platinum nanoparticles
using renewable reagents remains an important goal with
significant industrial consequences.

In the development of new chemical processes, application
of the 12 principles of green chemistry can impart significant
benefits in terms of environmental impact and cost.”* In
particular, the choice of supercritical fluids (SCFs) as re-
placements for traditional solvents has proven beneficial in a
number of chemical processes.”?* Amongst SCFs, supercritical
carbon dioxide (scCO,) is an especially green alternative to
traditional solvents due to its availability, non-toxicity and non
flammability. Biphasic systems, incorporating scCO, in contact
with a water phase, have also become extremely useful for
chemical processing.* In this communication, we describe the
use of an scCO,/water system for the synthesis of platinum
nanoparticles. H,PtCly, was reduced to Pt in aqueous solution
using suspended crystalline cellulose nanofibrils from cotton as
a reducing agent. In this system, the reactants and products are
present in the aqueous phase and, interestingly, we show that
the reaction only proceeds when the water is in contact with
scCO,. This is the first time that metallic Pt nanoparticles have
been formed by direct reduction of a platinum species with plant
cellulose, and this approach offers a very promising route to Pt
nanoparticles using renewable reducing agents.

Cellulose nanowhiskers were extracted from cotton using the
method previously described by Revol ef al.3' The acid hydrolysis
entails the hydrolysis of the amorphous sections of cellulose
using 64 wt% sulfuric acid at 45 °C for 35 min. The sulfuric
acid can be recycled after removal of hydrolysis products. This
method yields cellulose nanowhiskers with average dimensions
of 6 X 6 x 160 nm containing ca. 10% of sulfate moieties at
the surface. A home-built stainless-steel high pressure batch
autoclave (internal volume 8.5 mL) was equipped with a
magnetic stirrer bar and placed on a magnetic stirring plate.
Five mL of an aqueous cellulose dispersion (1 wt%) and 25 mg
of H,PtCl; were added to the autoclave, and a band heater,
thermocouple, and inlet and outlet tubes were connected. Prior
to use, the autoclave was flushed with CO,, heated to the desired
temperature and CO, was pumped into the reactor using a high
pressure NWA PM-101 Pickel pump until the desired pressure
was achieved.t The reaction mixture was stirred overnight to
ensure completion of the reaction and the system was then
depressurised by placing the autoclave in a dry ice-acetone
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bath. To examine the phase behaviour of the mixture, reactions
were also carried out, at the same reactant concentrations, in a
variable-volume view cell at various temperatures and pressures.
Fig. 1 shows the reaction mixture at ambient temperature
and pressure, and at higher temperatures and pressures. After
one hour at ambient temperature and pressure, the reaction
mixture remained yellow, which is characteristic of H,PtCl in
aqueous solution. After stirring the suspension for less than one
minute at 80 °C and 100 bar, the reaction mixture colour changed
from yellow to black and a black precipitate formed, suggesting
the rapid formation of metallic platinum. Upon increasing the
reaction temperature to 100 °C at 100 bar, the aqueous phase
turned a darker colour, suggesting an increase in the rate of
reaction at the higher temperature. After depressurising the
reaction vessel at room temperature, the resulting residue was
mixed with water (3 mL) and centrifuged for 2 min at 8000 rpm
(4600g). The supernatant was then decanted and the solid was
dried in air at 70 °C for one hour.

Fig. 1 Photographs of the reaction product after 1 hour at (left)
ambient temperature and pressure, (middle) 80 °C and 100 bar, and
(right) 100 °C and 100 bar.

Transmission electron microscopy was used to characterise
the morphology of the reaction product, and Fig. 2 shows a
typical TEM image obtained for the dried solid. Also shown
is a TEM image of the bare cellulose for comparison. After
the reaction, the cellulose nanowhiskers were decorated with
nanoparticles. The majority of the particles were of approx-
imately spherical geometry. Some clustering of the particles
was evident, which made an accurate estimation of the average
particle size difficult. However, the majority of the particles
appear to be in the range 5-30 nm. Control reactions, in which
cellulose nanofibrils and H,PtCl; were mixed in water and
heated at 100 °C under air, were also carried out; the reaction
mixture recovered was yellow, with no black precipitate being
observed, indicating that metallic platinum was formed only
when the scCO, was present. The formation of nanoparticles
by reduction of H,PtCly with nanocrystalline cellulose using
this method is significant because, as described previously, the

i

Fig. 2 TEM images of (A) bare cellulose nanowhiskers and (B)
platinum nanoparticles formed by reduction of H,PtCls with cellulose
nanofibrils. Bare cellulose was stained using 1| mM uranyl acetate to
enhance the image contrast.

reduction of platinum salts by plant cellulose has been shown to
be extremely difficult. For example, Evans reported difficulties
in synthesising Pt nanoparticles using cellulose extracted from
cotton as the reducing agent.”> However, in the same paper, the
authors showed that Pd, Au and Ag metal nanoparticles could
be easily synthesised using microbial cellulose as the reducing
agent and attributed the difference in the reducing power of each
material to structural differences between plant and bacterial
cellulose.

The composition of the reaction product was analysed using
powder X-ray diffraction (PXRD) with a Cu-Ko source (A =
0.154 nm) and by recording reflections (in diffraction mode)
from 0 to 90° at 0.02° increments. Fig. 3 shows a typical diffrac-
togram recorded for the solid recovered from the autoclave after
1 hour at 100 °C and 100 bar. The peaks between 14° and 23° are
due to crystalline cellulose, indicating that the cellulose within
the reaction mixture retains its crystallinity during the reaction.
The peaks at 39.8°, 46.2° and 67.3° are due to the Pt(111),
Pt(200) and Pt(220) planes of pure fcc platinum, respectively.’
This clearly demonstrates the formation of metallic platinum
during the reaction. The average Pt particle size, d, was estimated
using the Scherrer formula (d = 0.94/ Bcos6, where S is the full
width at half-maximum peak height measured at the diffraction
angle 0), which yielded a value of 21 nm. This is consistent with
the size of platinum nanoparticles estimated using TEM.

3000 -
Pt(111)

2
& 2000 -
1000 -

Pt(220)

0

0 10 20 30 40 50 60 70 80

24 (deg)

Fig.3 PXRD diffractogram obtained for the Pt/cellulose product.

Compositional analysis of the product was also carried out
using X-ray photoelectron spectroscopy (XPS). XPS spectra
were recorded using an Al-Ka X-ray source at a pass energy
of 20 eV. Peaks were charge referenced using cellulose Cls at
286.2 eV. Fig. 4A and 4B show typical XPS spectra of H,PtCl,
before the reaction and Pt after the reaction, respectively. Before
the reaction, the Pt4f;,, and Pt4f;,, doublets of H,PtCl, were
visible at 78.5 and 74.8 eV, respectively (Fig. 4A). However,
after the reaction, the Pt4f;,, and Pt4f;,, peaks had shifted to
71.2 eV and 74.4 eV, respectively, demonstrating the reduction
of Pt(IV) to Pt(0).

In conclusion, for the first time we have synthesised plat-
inum nanoparticles from H,PtCl using cellulose nanocrystals
extracted from cotton as reducing agent. The addition of scCO,
to the aqueous cellulose suspension allowed the rapid formation
of Pt nanoparticles with an average size of 21 nm located on
the cellulose nanowhiskers. While it is clear that none of the
reagents enter the scCO, phase during the reaction, it is not
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Fig. 4 XPS spectra of (left) H,PtCl¢ and (right) platinum metal in the
solid product showing the Pt4f regions. Peaks were charge referenced
using cellulose C 1s at 286.2 eV.

clear why an scCO, atmosphere above the reaction mixture is
necessary for reaction to occur. To investigate this process, we
carried out the reaction at pH 1.0 and pH 3.0 and, in each case,
no reaction occurred. Therefore, it is not due to the drop in pH
of the aqueous medium upon dissolution of CO,.

In addition, we carried out the reaction in water in contact
with inert (N, and Ar) atmospheres and no reaction occurred,
so it is not due to the inertness of the gas phase above the
reaction mixture. Therefore, further work is required to establish
the mechanism of platinum formation using our system and
we are currently exploring the use of alternative supercritical
fluids in order to identify whether our process is unique to
scCO,. Nonetheless, our approach is a very useful method
for the formation of platinum nanostructures using renewable,
inexpensive reducing agents. The applications of the Pt/cellulose
nanocomposites formed using this approach are also currently
underway in our group, and we are investigating the applicability
of our system to the synthesis of alternative nanomaterials using
bioderived-reducing agents based on cellulose.
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Mono-functional intermediates produced by catalytic con-
version of sugars and polyols over Pt—Re/C catalysts
(consisting of alcohols, ketones, carboxylic acids, and het-
erocyclic compounds) can be upgraded to fuel-grade com-
pounds using two catalytic reactors operated in a cascade
mode. The first reactor achieves C-C coupling of mono-
functional intermediates using a dual-bed catalyst system,
where the upstream catalyst bed (Ce,Zr;0,) is employed
to carry out ketonization of carboxylic acids, and the
downstream catalyst bed (Pd/ZrQO,) is used to achieve aldol
condensation/hydrogenation of alcohols and ketones. This
second bed is not significantly inhibited by CO, and H,O
produced during ketonization. The high molecular weight
ketones produced by C-C coupling reactions in the dual-
bed catalyst system are subsequently converted to alkanes
by hydrodeoxygenation (i.e., dehydration/hydrogenation)
over a Pt/SiO,-Al,O; catalyst. Using the aforementioned
approach, an aqueous feed containing 60 wt% sorbitol was
converted to a liquid stream of alkanes, 53% of which
consisted of C,, alkanes with minimal branching, desirable
for Diesel fuel.

Utilization of biomass for the chemical industry and transporta-
tion sector is becoming of increasing importance in this era of
diminishing fossil fuel resources and increasing accumulation of
CO, in the atmosphere. Replacing petroleum in the transporta-
tion sector has been a challenge in terms of obtaining biomass-
derived fuels with the requisite physical properties that allow
for efficient storage, distribution and combustion. For instance,
utilization of ethanol, the most common biomass-derived fuel,
requires substantial changes to the internal combustion engine
of a vehicle.! However, our group has recently explored reaction
strategies in which biomass derived sugars and polyols can be
converted to hydrocarbons that are identical to those obtained
from petroleum,? allowing these bio-fuels to be used directly in
current combustion engines. In particular, we showed that sugars
and polyols can be converted first to mono-functional intermedi-
ates such as ketones, alcohols, heterocycles and carboxylic acids
over a Pt-Re bi-metallic catalyst supported on carbon, followed
by catalytic upgrading of these species (containing between

Department of Chemical and Biological Engineering, University of
Wisconsin-Madison, 1415 Engineering Drive, Madison, WI 53706,

USA. E-mail: dumesic@engr.wisc.edu; Fax: 1608 262 5434, Tel: 1 608
262 1095

1 Electronic supplementary information (ESI) available: Catalyst
preparation; reaction kinetics studies; acknowledgements. See DOI:
10.1039/b920369a

4 and 6 carbon atoms) to longer-chain alkanes appropriate
for fuel applications. A similar process has been described by
Blommel et al.® in which the oxygen content of biomass derived
carbohydrates is reduced by the use of H, generated in situ from
aqueous-phase reforming to obtain mono-oxygenates such as
alcohols, ketones and aldehydes.

A promising strategy for catalytic upgrading of mono-
functional intermediates to produce liquid transportation fuels
is to carry out C—C coupling of carboxylic acids by ketonization
processes, forming higher molecular weight linear ketones plus
CO, and H,0,* followed by additional C—C coupling reactions
of ketones and alcohols by aldol condensation/hydrogenation
to produce heavier branched ketones.’ In the recent litera-
ture, aldol condensation has proven to be an effective means
to produce large organic molecules by C-C bond coupling
between carbonyl-containing furan compounds, such as 5-
hydroxymethylfurfural and furfural. These molecules can then
be converted to liquid alkanes by dehydration/hydrogenation
over a bifunctional catalyst containing acid and metal sites.®
The ketonization processing must be carried out up-stream
of aldol-condensation/hydrogenation reactions, because this
latter processing step requires basic catalyst sites, and these
sites are poisoned by carboxylic acids.”® Similar reaction con-
ditions should allow the integration of these two processes in
a single reactor. However, an important issue that must be
addressed is the extent to which the catalyst employed for
aldol-condensation/hydrogenation is inhibited by the CO, and
water, by-products of ketonization reactions. In the present
paper, we show that Pd/ZrO, catalysts are effective for aldol-
condensation/hydrogenation in the presence of CO, and wa-
ter, allowing for the integration of ketonization and aldol-
condensation/hydrogenation processes for achieving C-C cou-
pling of mono-functional intermediates in a single reactor, dual-
bed catalyst system, thereby streamlining the overall catalytic
upgrading process. The novelty of this process lies in the
integration of two separate C-C coupling processes, such that
an alkane stream suitable for Diesel fuel can be obtained in a
two stage process, the latter being a dehydration/hydrogenation
step to convert long-carbon chain ketones to alkanes, starting
from biomass-derived mono-oxygenated streams. This com-
bined process can be used for any oxygenate stream that contains
carboxylic acids, carbonyl and alcohol species, and has potential
for application in the emerging bio-refinery industry.

In our previous work, we studied a Pd/Ce,Zr,O, catalyst
for the aldol condensation of 2-hexanone (a representative
ketone) in the presence of CO, and water. These experiments
showed a decrease by 90% and 40% in catalytic activity with the
introduction into the feed stream of CO, and water, respectively,
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and we concluded that it would be difficult to integrate
ketonization with aldol-condensation in a single reactor.” In a
more recent study, we investigated the extent of CO, inhibition
on aldol condensation over catalysts prepared by depositing
Pd on different compositions of ceria-zirconia mixed oxides
(Ce,Zr,0,), including pure ceria and zirconia, and we found that
Pd/ZrO, showed the best resistance towards CO, inhibition.
In addition to this important feature, Pd/ZrO, also showed
higher activity compared to Pd/Ce,Zr,O, catalyst, as well as
good resistance to water inhibition. The feasibility of a dual-
bed catalyst system was studied using a mixture of a carboxylic
acid and a ketone (20 mol% butanoic acid in 2-hexanone), and
the integrated process showed high activity as well as selectivity
to C-C coupling products.” Following these promising results,
the present study presents a detailed comparison of catalytic
upgrading processes for a mixture of mono-functional inter-
mediates obtained by conversion of an aqueous solution of 60
wt% sorbitol over a Pt-Re/C catalyst. Specifically, we compare
the performance of two separate reactors for ketonization over
Ce,Zr,0, followed by aldol condensation/hydrogenation over
0.25 wt% Pd/Zr0O,, with removal of CO, and water between
reactors, versus the performance of a dual-bed of these two
catalysts in a single reactor.

A liquid stream of mono-functional intermediates was ob-
tained by processing an aqueous solution containing 60 wt%
sorbitol over a 10 wt% Pt—Re/C catalyst at 503 K and 18 bar,
operating at a weight hourly space velocity (WHSV) equal to
0.6 h™" over the course of one month, during which the catalyst
bed remained stable. The catalyst preparation and the exper-
imental setup are described in the Electronic Supplementary
Information,} and detailed characterization results can be found
elsewhere." The carbon distribution among the gaseous phase,
aqueous phase and organic phase (the latter denoted as inter-oil)
is given in Table 1. The gas phase effluent contains about 39%
of the carbon feed and consists of CO, and light alkanes (C,—
C,), and the aqueous phase (10% of the carbon feed) consists of
higher oxygenates such as isosorbide. The carbon distribution in
the inter-oil feed used for subsequent catalytic upgrading studies
is shown in Table 1. (We note that the amount of C,—C, alkanes
in the inter-oil decreased to 1% from 8% due to evaporation
during the time required to produce the inter-oil (e.g., 1 month)
to the time at which the inter-oil was used as a feed for catalytic
upgrading studies.) For the cascade system of two reactors, the
organic liquid product of the ketonization reactor was collected
over a period of time and then used as the feed for the aldol con-
densation/hydrogenation reactor, whereas the inter-oil feed was
supplied continuously to the dual-bed, single-reactor catalyst
system. Preparation of Ce, Zr,O, and Pd/ZrO, catalysts and the
experimental set-up for the cascade and dual-bed systems are
described in the Electronic Supplementary Information, and
detailed characterization results can be found elsewhere.” For
both reactor systems, the effluent stream obtained from the
aldol condensation/hydrogenation step consisted of a mixture
of ketones and alkanes that could not be readily separated in
the GC and GC-MS. Accordingly, these streams were subjected
to dehydration/hydrogenation reaction over a 2 wt% Pt/SiO,—
AlL,O; catalyst (denoted as Pt/SiAl) to obtain a mixture of
linear and branched alkanes only, which are well separated in
the GC.

Table 1 Molar carbon distribution for the conversion of 60 wt%
sorbitol solution over Pt-Re/C at 503 K and 18 bar with WHSV =
0.6h!

Phases Carbon distribution (%)
Organic (Inter-oil) 51
Gaseous 39
Aqueous 10

Species in the organic liquid
(Inter-oil)

Carbon distribution in the organic liquid
(Inter-oil) (%)

Alkanes 1
2-ketones 21
2-butanone 3
2-pentanone 7
2-hexanone 11
3-ketones 10
3-pentanone 3
3-hexanone 7
2°alcohols 15
2-butanol 3
2-pentanol 5
2-hexanol 7
3°alcohols 5
3-pentanol 2
3-hexanol 3
1°alcohols 1
1-butanol 1
Heterocyclics 30
Tetrahydrofuran (THF) 3
2-Methyl-THF 7
Tetrahydropyran (THP) 2
2-Methyl-THP 3
2,5-DiMethyl-THF 9
2-Ethyl-THF 6
Carboxylic Acids 17
Butanoic acid 9
Pentanoic acid 5
Hexanoic acid 3

Fig. 1 shows reaction pathways involved in ketonization, aldol
condensation/hydrogenation and dehydration/hydrogenation
for representative C; species. Acids combine in ketonization
reactions to form linear ketones, CO, and water, whereas ketones
and alcohols combine in aldol condensation/hydrogenation
reactions to form branched ketones and water. Under our
reaction conditions, secondary alcohols are equilibrated with
the corresponding ketones through metal (Pd) catalyzed de-
hydrogenation reactions. The condensation of alcohols is thus
initiated by dehydrogenation to form ketones. Similarly, primary
alcohols can be condensed by the intermediate formation of
aldehydes. When 2-ketones and/or secondary alcohols are
combined, single methyl-branched ketones are obtained. When
a 3-ketone/alcohol combines with a 2-ketone/alcohol, single
ethyl branched ketones can be obtained. Finally, when 3-
ketones or tertiary alcohols undergo self-coupling, multiple
branching in the product ketone takes place. Ring opening
reactions of heterocyclics can also take place over Pd/ZrO,
to form aldehydes or ketones, depending on the structure of
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Fig. 1

Reaction pathways for ketonization, aldol condensation/hydrogenation and dehydration/hydrogenation for representative Cs species. Species

11, and II, are formed by ring-opening through C-O bond cleavages denoted in the figure.

the heterocyclic molecule and the location of C-C cleavage in
the molecule. An aldehyde formed in this manner can couple
with 2-ketones to form other linear ketones. In addition to
coupling reactions, mono-functional species are also converted
into alkanes over Pd/ZrO,. As mentioned earlier, ketones are in
equilibrium with the corresponding alcohols under our reaction
conditions, and alkanes can be formed by o-scission over
Pd sites and/or dehydration/hydrogenation of these alcohols
over acid/metal sites. This latter pathway is important for
Pd/ZrO, in view of the high concentration of acid sites for
this catalyst,” leading to the formation of alkanes especially
at low space velocities. The distributions of carbon in the
effluent streams from various reactors involved in the overall
conversion of sorbitol to hydrocarbons are shown in Fig. 2A
and 2B, starting from the conversion of the sorbitol solution
over Pt-Re/C, followed by upgrading processes in the cascade

A)

60 W% He
sorbitol
Ce,Zr,0,
623K
10 wt.% Pt-Re/C 3 bar
503 K. 18 bar

CO,, Gaseous alkanes
and oxygenates (C-Cy)

7%

17% C,-C,, linear ketones
H, 75% unconverted

H,. CO, mono-functionals
Light alkanes
39% 0.25 wt. % Pd/ZrO,
623 K
5 bar

Mono-functional
intermediates
CO,, Gaseous alkanes

51% and oxygenates (C,-C,)

Aqueous phase higher 19%

oxygenates

45% C,, species
11% C,-C, alkanes

Y 25% unconverted
mono-functionals

10%

system (Fig. 2A) or the dual-bed catalyst system (Fig. 2B).
Table 2 summarizes the values for overall conversion of mono-
functional species and the overall yield of C,, species, together
with the selectivity values. In the cascade system, acids are
completely converted to heavier linear ketones (C,—C,,) in the
ketonization reactor over Ce,Zr,O,. Approximately 7% of the
carbon leaves the ketonization reactor in the gaseous phase, and
20% and 40% of this gas stream consists of C,—C, alkanes and
CO, respectively, with the remainder being present as mono-
functional species. The liquid stream consists of heavy linear
ketones and unreacted mono-functional species. This stream
is then subjected to aldol condensation/hydrogenation over
Pd/ZrO, in a separate reactor. The extent of alkane formation
is more significant for this reactor, such that 19% of the carbon
fed to the reactor leaves in the gas phase, 86% of this gas stream
being present as light alkanes. In addition, 11% of the inlet

B)

60 wt%
sorbitol
Ce Zr O,
623 K
10 wt.% Pt-Re/C [ 5 har  [|e—
503 K, 18 bar =
0.25 wt. %
Pd/Z10,
A

CO,, Gaseous alkanes
and oxygenal’es (C4-Cy)

H,, CO, 20%
Light alkanes

> 42% C,, species
39%

7% C,-C, alkanes

Mono-functional

: : 31% unconverted
intermediates

mono-functionals

51%

Aqueous phase
higher oxygenates

10%

Fig. 2 Distribution of carbon for conversion of 60 wt% sorbitol solution over Pt-Re/C, ketonization of mono-functional intermediates over
Ce, Zr,0, (WHSV = 0.24 h™") followed by aldol condensation/hydrogenation over 0.25 wt% Pd/ZrO, (WHSV = 0.48 h™") A) in a cascade system

and B) in a dual-bed catalyst system.

This journal is © The Royal Society of Chemistry 2010

Green Chem., 2010, 12, 223-227 | 225


http://dx.doi.org/10.1039/B920369A

Downloaded by Lomonosov Moscow State University on 30 October 2010
Published on 13 January 2010 on http://pubs.rsc.org | doi:10.1039/B920369A

View Online

Table 2 Comparison of dual-bed catalyst system and cascade system
for conversion of mono-functional compounds

Dual-bed system Cascade system

Overall conversion of 66 71
mono-functional species (%)

Selectivity of C;, products (%) 61 55
Selectivity of light alkanes (%) 36 38
Loss of mono-functional species 3 7

to gas phase (%)

Overall yield to C;, products (%) 42 42
Branched ketones/linear ketones 1.04 0.96

carbon exits in the liquid stream as C,—C, alkanes. The product
C,. species consist of both ketones and alkanes. The overall
yield to C,, species based on the inter-oil feed is 42%, with
71% conversion of the mono-functional species. The reported
selectivities are based on the difference between the amount of
mono-functional species in the feed and amount present in the
liquid effluent of the aldol condensation reactor. It is calculated
that 7% of the mono-functional species is lost to the gas phase,
55% is converted to C,, species, and 38% is converted into C,—
C, alkanes. In the dual-bed catalyst system, about 20% of the
carbon feed leaves the reactor in the gas phase, only 14% of this
gas stream being unconverted mono-functional intermediates.
The remainder of the gas phase consists of C,—C alkanes (76%)
and CO, (10%). In addition, 7% of the inlet carbon leaves
the reactor as C,—C, alkanes in the liquid stream. The rest
of the liquid stream consists of C,, species and unconverted
mono-functional species, corresponding to 42% and 31% of
the inlet carbon, respectively. The overall yield for the dual-bed
system is 42%, with 66% conversion of mono-functional species.
Selectivity values and loss of mono-functional species to the gas
phase are calculated the same way as in the cascade system, and
these values are shown in Table 2. It is apparent from the data
in Table 2 that the performance of the two reactor systems is
essentially the same. The dual-bed, single reactor system is thus
the preferred mode of catalytic upgrading, because the energy
consumption as well as the reactor infrastructure associated with
cooling and re-heating the products obtained from ketonization
prior to the aldol condensation/hydrogenation step can be
eliminated.

As mentioned earlier, both of the effluent streams from
aldol condensation/hydrogenation were subjected to dehydra-
tion/hydrogenation reactions over Pt/SiAl. The catalyst prepa-
ration and experimental setup are described in the Electronic
Supplementary Information.t In this way, linear alkanes and
branched alkanes could be separated from each other and
the corresponding ketones could be quantified. The ratios of
branched to linear ketones for the two reactor configurations
are shown in Table 2, and both ratios are approximately equal to
1. The concentration of linear ketones formed by ketonization
is known from the effluent of the ketonization reactor of the
cascade system. If the rest of the C;, species in the final effluent
were branched species formed by the condensation of ketones
and alcohols, this ratio would be about 1.36. This comparison
suggests that linear ketones are also formed during the aldol
condensation step. For example, these linear ketones can be
formed from the aldol condensation of 2-ketones with aldehydes
generated by ring-opening reactions of heterocycles, as shown

Table 3 Carbon distribution among C,, alkanes obtained from de-
hydration/hydrogenation over Pt/SiAl at 573 K, 28.5 bar, WHSV =
0.48 h!

Carbon distribution (%)

Species Dual-bed system Cascade system
G, 12 15

Gy 17 17

G, 18 18

Cyo 18 18

(o 14 16

Cp, 12 9

C]2+ 9 8

in Fig. 1. Ring-opening reactions of heterocyclic species have,
in fact, been reported in the literature.” In addition, among the
branched ketones or alkanes, only small amounts of single, ethyl-
branched species are formed, showing that coupling of 2-ketones
or alcohols are more favorable compared to coupling of 3-
ketones/alcohols with 2-ketones/alcohols. Finally, the absence
of species containing two branches indicates that coupling
among 3-ketones/alcohols is not favorable. It is important to
note that ketonization and aldol condensation reactions are
unique routes to achieve C-C coupling, leading to reaction
products that are valuable for Diesel fuel production, as the
extent of branching in the high molecular weight alkanes is
minimized and controlled, in contrast to acid-catalyzed coupling
processes such as oligomerization of olefins.'

Dehydration/hydrogenation reactions are employed to con-
vert the ketones obtained in the upgrading processes into
fuel-grade alkanes. In this process, ketones are hydrogenated
to corresponding alcohols, followed by dehydration on acid
sites to form alkenes which are then hydrogenated to alkanes
on metal sites. We have studied dehydration/hydrogenation
reactions of simulated mixtures of mono-oxygenated species
over Pt/SiAl at various temperatures and pressures to minimize
the extent of C-C cleavage reactions while maintaining complete
conversion of mono-oxygenated species to alkanes. The optimal
conditions for operation are 573 K and 28.5 bar. Table 3 shows
the distribution of C,, alkanes in the liquid phase obtained
over the Pt/SiAl catalyst at these reaction conditions for both
reactor configurations. It is interesting to note that 10% of C,,
alkanes are present as branched cyclic alkanes for both reactor
configurations, resulting from cyclization reactions of olefins'
produced from the dehydration of alcohols.

In summary, we demonstrate here that a dual-bed, single reac-
tor catalyst system can be used to achieve effective C—-C coupling
processes to upgrade biomass-derived mono-functional species.
In this dual-bed catalyst system, a Ce,Zr, O, catalyst is used to
achieve ketonization of carboxylic acids, followed by a Pd/ZrO,
catalyst to carry out aldol condensation/hydrogenation reac-
tions. Importantly, this Pd/ZrO, catalyst operates effectively
in the presence of CO, and water formed during upstream
ketonization reactions. This integration of two separate C—C
coupling reactions in a single reactor is desirable for streamlining
the overall process and reducing capital and operating costs.
More generally, this single-reactor upgrading strategy can be
applied to other biomass-derived oils that contain carboxylic
acids, ketones and alcohols. The major difference of this work
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compared to the work of Blommel et al® is the integrated
C-C coupling route to utilize both acids and ketones/alcohols
in the biomass-derived mono-functional stream to increase the
amount of fuel-grade components in the final effluent. Finally,
this strategy for achieving C-C coupling, combined with a
dehydration/hydrogenation step, produces a mixture of linear
and singly branched alkanes that is desirable for Diesel fuel
applications.
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Platinum nanoparticles (PtNPs stabilized by an ionic-liquid-like-copolymer (IP) immobilized in
various ionic liquids (ILs)) effectively catalyze the selective hydrogenation of aromatic chloronitro
compounds to aromatic chloroamines, a reaction of considerable commercial significance. The
preparation of 2,4-dichloro-3-aminophenol (DAP) has been primarily studied due to its important
industrial applications. DAP is usually prepared from 2,4-dichloro-3-nitrophenol (DNP) by
reduction with hydrogen using Ni- or Pt-based catalysts. Compared to reactions in molecular
(organic) solvents, the ILs system provides superior selectivity with functionalized ILs containing
an alcohol group demonstrating the best recyclability, and ultimately achieving a turnover number
of 2025 which is 750 fold higher than Raney nickel catalyst. A universal catalyst—ionic liquid
system for the conversion of aromatic chloronitro compounds to aromatic chloroamines was also
established. TEM, XPS, IR spectroscopy were used to characterize the morphology of the
nanocatalysts allowing their structure to be correlated to their activity.

Introduction

Hydrogenation reactions catalyzed by transition metal nanopar-
ticles (NPs) immobilized in ionic liquids (ILs) have been
extensively explored in recent years."* Nanoparticles composed
of first row transition metals including Co” and Ni,? and second
and third row transition metals including Ru,'¢ Rh,™!72
[r,7:1217:21.24-30 P 183134 4y d Pt, 183537 have been successfully immo-
bilized in ILs and evaluated in different hydrogenation reactions.
NPs suspended in ILs have also been used as catalysts®*® and
catalyst reservoirs**!' in a range of other reactions. The advan-
tage of these ‘soluble’ NP—ILs systems in catalysis corresponds
to their high activity, selectivity and recyclability. In some
cases the ILs themselves behave as effective NP stabilizers,
as demonstrated by Dupont et al., nevertheless it has been
shown that additional stabilizers can further enhance catalytic
performance in certain reactions.*" Polyvinyl pyrrolidone (PVP)
is the most commonly used NP stabilizer, but due to its poor
solubility in ILs is only of limited use. Two strategies have
previously been used to overcome this limitation. First, an
‘IL-like’ copolymer formed from the copolymerization of the
PVP monomer and a vinylimidazolium unit is highly IL
soluble,” and second, hydroxyl-functionalized ILs effectively
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pku.edu.cn; Fax: +86 10 62751708, Tel: +86 10 62757792

PInstitut des Sciences et Ingénierie Chimiques, Ecole Polytechnique
Fédérale de Lausanne (EPFL), CH-1015, Lausanne, Switzerland.
E-mail: paul.dyson@epfl.ch; Fax: +41 21 693 98 85;
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dissolve PVP2*** Both approaches were found to be highly
effective, providing stable IL soluble NPs, which exhibit long
lifetimes leading to high turnover numbers in hydrogenation
reactions.

NP-IL systems also exhibit excellent regioselectivity in the hy-
drogenation of complex substrates and also inhibit side reactions
such as dehalogenation. For example, o-chloroaniline may be
obtained in quantitative yield from o-chloronitrobenzene using a
NP-IL system, whereas considerable dehalogenation is observed
in molecular solvents.”” DFT calculations combined with IR
spectroscopy showed that the exceptional selectivity arises from
strong interactions between the IL cation and the nitro group
of the substrate, thereby activating it selectively. Similarly,
the selective hydrogenation of cinnamic aldehyde to cinnamyl
alcohol has been demonstrated using a NP-IL system.*

The selective hydrogenation of aromatic chloronitro com-
pounds to aromatic chloroamines is a reaction of considerable
commercial significance. Prins ef al. published an alternative
method® to reduce aromatic nitro compounds with hydrazine
in the presence of an iron oxide catalyst and high selectivity
was obtained. However, the disadvantage of this method is
the danger of handling hydrazine. Notably, 2,4-dichloro-3-
aminophenol (DAP) is a fine chemical with a high added-
value usually prepared from 2,4-dichloro-3-nitrophenol (DNP)
by reduction with hydrogen using Ni- or Pt-based catalysts
(Scheme 1). The selective reduction of DNP to DAP is much
more challenging than o-chloronitrobenzene, since it has four
substituents attached to the aromatic ring, and there is a greater
probability of dehalogenation side reactions taking place. Many
patents and papers describe the preparation and use of DAP,**®
nevertheless the catalytic efficiencies described tend to be poor.
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OH OH
Cl Cl
= H,/catalyst
O,N 7 H,N
Cl Cl

Scheme 1 Catalytic synthesis of 2.4-dichloro-3-aminophenol via hy-
drogenation of 2,4-dichloro-3-nitrophenol. The synthesis is usually
accompanied by significant dechlorination side-reactions.

For example, the turnover number (TON) of Raney Niin ethanol
is around 3 with a selectivity of 70%. Based on the promise
shown by NP-IL systems in selective hydrogenation reactions,
especially for selectivity towards nitro-groups, we decided to
evaluate their application in the reduction of DAP to DNP.
Herein we describe the outcome of this study which shows that a
PtNP-IL system exhibits excellent selectivity toward the desired
product. Moreover, using functionalized ILs a TON of 2025 with
a selectivity of 100% was achieved. The same catalyst system
may also be used to convert a range of aromatic chloronitro
compounds to aromatic chloroamines.

Experimental
Synthesis of the copolymer and ILs

The ionic-liquid-like-copolymer (IP)** and ILs [Bmim][PF;],
[Bmim][BF,], [C,OHmim][BF,], were prepared according to
literature methods.*

Nanoparticle preparation

PtNPs were prepared using a published method.® In brief,
NaOH (0.1 g, 2.5 x 107 mol) dispersed in ethylene glycol (5 mL)
was added to H,PtCl;-6H,0O (0.1 g, 1.9 x 10™* mol) in ethylene
glycol (5 mL). The mixture was heated to 433 K for 3 h under
argon affording a dark-brown solution.

Pt catalysts: The system was achieved by combining a 7.2 x
10" mol of the PtNP (0.38 mL ethylene glycol solution), IP or
PVP (3.6 x 10~° mol) with the appropriate solvent (5.0 mL).

Catalytic hydrogenation of aromatic chloronitro compounds

Hydrogenation of aromatic chloronitro compounds was per-
formed at 363 K and 1.0 MPa of hydrogen in a stainless-steel
autoclave (10 mL). Typically, the substrate (1.8 x 10~ mol) and
PtNP-IL solution (7.2 x 10 mol) were added in the autoclave,
the autoclave charged with hydrogen, and then sealed and stirred
for 2 h at 363 K. After reaction, diethyl ether (15 x 4 mL)
was added to extract the products. The products were then
analyzed on an Agilent 6820 gas chromatograph and Agilent
5975C/7890A GC-MS.

Characterization of the PtNPs

High-resolution transmission electron microscopy (HRTEM)
measurements. HRTEM measurements were carried out on a
Hitachi H-9000 electron microscope operated at 300 kV. The
PtNPs were dispersed in methanol following their separation
from the ILs by centrifugation. One drop of the solution was

placed onto a copper grid coated by a carbon film and dried
under vacuum at 343 K for 24 h to remove any solvent, and
used for HRTEM measurements. The average particle size of
the PtNPs was determined from ca. 300 NPs.

X-ray photoelectron spectroscopy (XPS). XPS measure-
ments were carried out using an Axis Ultra photoelectron
spectrometer using an AlKo (1486.7 eV) X-ray source, with
the pressure of the measuring chamber set at 5 x 10~ Torr. The
binding energy scales for the samples were referenced by setting
the C 1 s binding energy of contamination carbon to 284.8 eV.
Samples 1 and 2 (in Fig 4) were obtained by mixing the ILs with
the fresh PtNPs and pretreated using a literature method,* and
dripping the mixture on a piece of sheet copper. Samples 3 and
4 were made by centrifuging the PtNPs after reaction and fixing
the PtNPs on a piece of sheet copper.

Fourier-transform infrared spectroscopy (FTIR). The sam-
ples were prepared by mixing DNP (0.005 g) with the appropriate
solvent (0.10 mL). IR spectra of one drop of the solution
dispersed on KBr windows were recorded on a Vector27 Bruker
instrument with a resolution of 1.0 cm™.

IR-H,S probe characterization of the catalysts. PtNP sam-
ples were prepared in the same way as Samples 1 and 2 for
XPS measurement. The PtNP were placed into a flask under 0.1
MPa of H,S and stirred for 1 h. An IR spectrum of one drop
of the solution dispersed on CaF windows was recorded on a
Vector27 Bruker instrument with a resolution of 1.0 cm™. An
IR spectrum of the sample was obtained by subtracting the IR
spectrum before H,S adsorption.

Results and discussion
Hydrogenation of aromatic chloronitro compounds

PtNPs prepared according to a literature procedure were mixed
with the IP or PVP in various solvents and evaluated as catalysts
for the hydrogenation of DNP. For comparison purposes, Pt
immobilized on activated carbon (Pt/AC) in methanol was
evaluated in the same reaction. The results from these studies
are summarized in Table 1.

The selectivity for DAP catalyzed by Swt% Pt/ AC was 88.7%,
with extensive dehalogenation observed, giving 2-chloro-3-
aminophenol (MAP) in significant quantities. Using the PtNP-
methanol solution, DNP underwent quantitative conversion,
but the selectivity for DAP was even lower. These results are
not too dissimilar to those reported previously, notably that
Raney Ni in ethanol catalyzes the hydrogenation of DNP with a
selectivity of only 70.4% for the desired product.* Based on the
low selectivity obtained in organic solvents the hydrogenation of
DNP was assessed in ILs, including [Bmim][PF,], [Bmim][BF,]
and [C,OHmim][BF,]. Under equivalent reaction conditions a
dramatic improvement in selectivity was observed in all three
ILs. Side (dehalogenation) reactions were suppressed and DAP
was obtained in essentially quantitative yield.

It has previously been shown that dehalogenation is favored at
high temperatures, usually occurring after reduction of the nitro-
group,**? with the selectivity decreasing with reaction time and
temperature. The reaction was therefore continued for 4, 8 and
12 hours (Table 1, entries 8, 9 and 10), albeit at a slightly reduced
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Table 1 Hydrogenation of DNP*

Selectivity (%)
Entry Catalyst Solvent Stabilizer Reaction time (h) Reaction temperature (K) Conversion (%) DAP MAP other
1 Pt/AC(5wt.%) CH,OH - 2 363 99.0 88.7 7.8 -
2 Pt CH,OH PVP 2 363 100 66.0 1.9 30.0
3t Raney Ni CH,CH,0OH - - 313 - 70.4 - -
4 Pt [Bmim][PF] 1P 2 363 95.8 99.9 <0.1 -
5 Pt [Bmim][BF,] 1P 2 363 100 99.9 <0.1 -
6 Pt [C,OHmim][BF,] IP 2 363 100 99.9 <0.1 -
7 Pt [C,OHmim][BF,] PVP 2 363 100 99.9 <0.1
8 Pt [Bmim][BF,] 1P 4 343 94.7 99.9 <0.1 -
9 Pt [Bmim][BF,] 1P 8 343 100 99.9 <0.1 -
10 Pt [Bmim][BF,] 1P 12 343 100 99.9 <0.1 -
11 Pt [Bmim][BF,] 1P 4 303 6.5 99.9 <0.1 -
12 Pt [Bmim][BF,] 1P 4 383 100 99.9 <0.1 -
13 Pt [Bmim][BF,] 1P 4 423 100 98.1 1.7 -

@ Reaction conditions: solvent (5 mL), Pt (7.2 x 10~ mmol), DNP (1.8 x 10~ mol), H, (1.0 MPa), IP/PVP:Pt = 5:1. ® From ref. 46. Reaction conditions:

ethanol (900 mL.) Ni (9.0 g), DNP (85 g), H, (2.0 MPa).

Table 2 Hydrogenation of various nitroarene substrates to their corre-
sponding amines in [C,OHmim][BF,]

Entry Substrate Cat./Sub. ratio Conversion (%) Selectivity (%)

1 2,6-dichloro-4- 250 100 99.9
nitrophenol

2 4-chloro-2- 250 100 99.0
nitrophenol

3 1,4-dichloro-2- 250 100 97.9
nitrobenzene

4 2,6-dichloro-3- 250 100 100
nitrotoluene

5 2,4-dichloro-6- 250 100 98.0
nitroaniline

Reaction conditions: [C,OHmim][BF,] (5 mL), Pt (7.2 x 10° mmol),
substrate (1.8 mmol), H, (1.0 MPa) at 363 K, IP:Pt = 5:1.

temperature, showing that selectively is essentially quantitative,
merely with the conversion increasing. The effect of temperature
was also explored, with the hydrogenation conducted at 303,
343, 383 and 423 K (Table 1, entries 11, 8, 12 and 13). The
reaction was sluggish at 303 K (conversion < 10%), whereas
at temperatures of 343 K and 383 K high conversions were
observed with the selectivity for DAP being quantitative. The
selectivity of DAP decreased slightly as the reaction temperature
was increased further (to 423 K). Nevertheless, for the selective
hydrogenation of DNP to DAP the PtNP-IL systems are
superior, compared to catalysts operating in molecular solvent.

The IP protected PtNP in [C,OHmim][BF,] showed high
conversion and perfect selectivity, so further substrates were
evaluated using this system (see Table 2). Although the substrates
contain different substituent groups, excellent selectivity to the
corresponding aromatic chloroamines was achieved in all cases.

The improved selectivity observed for the hydrogenation of
nitro groups in ILs was previously attributed to weak non-
covalent interactions formed between the ILs and the nitro
group, as evidenced by IR spectroscopy and corroborated by
DFT calculations.”” It is not unreasonable to assume that the
reason for the exceptional selectivity observed here for the
conversion of DNP to DAP (and other related substrates)
is also due to hydrogen bonding between the ILs and nitro

group thereby preferentially activating this group. To verify
this hypothesis IR spectra of DNP dissolved in both ILs and
molecular solvents were recorded, see Fig 1. The asymmetric
stretching vibration of the nitro (O=N=O0) group of DNP in
methanol is observed at 1552 cm™. In toluene the vy—o vibration
is almost unchanged (1551 cm™), indicating that the change in
polarity of the solvent has little influence on the strength of the
N=O0 bonds. However, there is a significant red shift to 1547 +
1 cm™ in the three ILs, implying that the N=0 bonds are slightly
weakened (and activated) in the ILs. The stretching vibration of
the C—Cl bonds in DNP (Fig 1b) are identical in all five solvents
indicating that the nature of solvent does not influence the
C-Cl bond strength. Thus, the weak interaction between the
nitro group in DNP and the ILs probably contributes to the
higher selectivity for the reaction in these solvents.

1580 1560 1540 1520 840 820 80
Wavenumber(cm™)

ez

o

780

Fig. 1 IR spectra of (a) the asymmetric vibrations of the nitro groups
and (b) the carbon—chlorine bond of DNP in (A) [Bmim][PF], (B)
[Bmim][BF,], (C) [C,OHmim][BF,], (D) methanol, and (E) toluene.

Catalyst recycling

The ability to reuse the PtNP-IL systems was also investigated.
After catalysis, the product(s) were extracted into diethyl
ether, and the remaining PtNP-IL solution was charged with
reactants for a subsequent hydrogenation. The recyclability of
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PtNP-[Bmim][BF,] and PtNP-[C,OHmim][BF,] solutions in
the hydrogenation of DNP are shown in Fig 2.

100
,—.80_
9
5] 77
'a 1
Sa 1
i
= 2|

Run1 Run Run3 Run4 Run5 Run6 Run7 Run8 Run9
Fig. 2 Recycling of the Pt-[C,OHmim][BF,] (black) and Pt-
[Bmim][BF,] (grey) systems in the hydrogenation of DNP. Reaction
condition: temperature 343 K; hydrogen pressure 1.0 MPa; reaction
time 2 h; DNP 0.9 mmol; 3.6 x 107 mmol of PtNP (IP:Pt = 5:1) in IL
(5mL).

The selectivity of the reaction was maintained at 100%
throughout the recycling for both systems, demonstrating the
excellent control of the PtNP-IL systems with respect to
selectivity. However, in case of the PtNP-[Bmim][BF,] system
the conversion steadily decreased during five runs, from ca.
95 to 60%. In comparison, the PtINP-[C,OHmim][BF,] system
exhibits much better recycling characteristics and after 9 batches
the conversion exceeds 80%, reaching a turnover number (TON)
of 2025, which is 750 fold greater than the TON obtained using
Raney Ni.*

Characterization of the PtNPs by TEM and XPS

One of the main problems associated with NP catalysis is that
NPs are kinetically stable and therefore tend to aggregate during
reaction, thereby becoming less active. ILs have been shown to
help stabilize NPs, and in certain studies it has been shown
that ILs with functional groups such as hydroxyl or nitrile
groups, may further enhance the stability of the NPs as they can
form additional interactions with the NP surface. In the case
of the PtNP-[Bmim][BF,] system described herein, aggregation
of the PtNP has been confirmed by TEM (Fig 3), presumably
leading to the deterioration in catalytic activity during the
recycling experiments. The PtNPs prepared in [Bmim][BF,] have

Fig. 3 TEM micrographs (scale bar = 20 nm) and size distribution
of (a) PtNPs prepared in [Bmim][BF,], (b) PtNPs after five catalytic
cycles in [Bmim][BF,] and (c) PtNPs after nine catalytic cycles in
[C,OHmim][BF,].

an average particle size of 3.7 £ 0.2 nm, which after five catalytic
cycles increases to 7.9 £ 0.4 nm. In [C,OHmim][BF,] aggregation
of the PtNPs is scarcely observed; the average size of PtNPs
prepared in [C,OHmim][BF,] is 3.7 £ 0.2 nm and after nine
reaction cycles an average size of 3.8 + 0.4 nm is observed.

XPS measurements (Fig 4) were carried on the PtNPs
in an attempt to establish why the PtNPs immobilized in
[C,OHmim][BF,] are more stable than those in [Bmim][BF,].
The binding energy of the Pt 4f,,, core-level in the PtNP-
[Bmim][BF,] system has a value of 72.2 eV, 0.5 eV higher
than in the PtINP-[C,OHmim][BF,] system (71.7 eV). Although
binding energies are sensitive to the average valency and size
of the NP, the difference observed here cannot be attributed
to these factors. The lower binding energy of the PtNPs in
[C,OHmim][BF,] suggests that additional electron transfer from
the IL to the PtNPs is evident. After five catalytic cycles the 4
£/, core-level of PtNPs in [Bmim][BF,] changes from 72.2 eV
to 70.7 eV (C), a dramatic shift towards the metallic state of
Pt, and in accord with the TEM analysis that shows PtNP
aggregation (see below). In contrast, after nine cycles the 4 f;,
core-level value of the PtNPs in [C,OHmim][BF,] is 71.4 eV,
almost the same value observed for the freshly prepared PtNPs.
The constant binding energy for the PtNPs in [C,OHmim][BF,]
provides additional evidence for the high stability of the PtNPs
with respect to both their size and surface state. The XPS
measurements, together with the TEM analysis, suggest that the
hydroxyl groups in [C,OHmim][BF,] interact with the PtNPs
helping to stabilize them. Indeed, alcohol functionalized ILs
have been shown to be excellent media for the preparation of
gold NPs.

Intensity/Counts

82 80 78 76 74 72 70 68
Binding energy (eV)

Fig. 4 Pt (4f) region of (a) Pt-[Bmim][BF,] before catalysis, (b) Pt-
[C,OHmim][BF,] before catalysis, (c) Pt-[Bmim][BF,] after catalysis, (d)
Pt-[C,OHmim][BF,] after catalysis.

Additional evidence for the interaction of OH groups with
the surface of the PtNP is obtained from IR spectroscopy using
H,S as a probe molecule* (Fig 5).

In [C,OHmim][BF,], the antisymmetric and symmetric vibra-
tions of H,S were more overlapped than the case of Bmim[BF,],
probably due to the formation of hydrogen bonding between H,S
and OH groups. In Pt-Bmim[BF,], the y(SH) wavenumber for
the symmetric and antisymmetric vibrations are 2588 cm™ and
2604 cm™ (A) respectively. In Pt-[C,OHmim][BF,] (B), however,
both peaks display a blue shift to 2592 ¢cm™ and 2607 cm™,
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Fig. 5 IR spectra of H,S absorbed on PtNPs (raw data, black
line), fitting of symmetric vibrations of H,S (blue line), fitting for
antisymmetric vibrations of H,S (green line) after the adsorption of
H,S on (A) PtNP-{Bmim][BF,] and (B) Pt-{C,Omim][BF,] (difference
spectra: after H,S adsorption minus spectrum without H,S — pink line).
The red line corresponds to the sum of the blue and green lines.

suggesting the OH groups in [C,OHmim][BF,] help to weaken
the interaction of H,S on the surface of the PtNPs. The H,S-IR
test gave further evidence for the presence of weak interactions
between the PtNPs and OH groups in the IL. Moreover, the
experiment indicates that the PtNPs in the hydroxyl group
functionalized IL is poison resistant as it weakens the adsorption
of poison (H,S) molecule to the metal surface.

Conclusions

A highly effective PtNP-IL system has been established for
the selective synthesis of aromatic chloroamines from aromatic
chloronitro compounds. Compared to other catalytic systems
employing NPs or heterogeneous catalysts operating in molec-
ular organic solvents, the PtNP-IL systems described herein
exhibit excellent selectivity to the desired product, and the
hydroxyl-functionalized IL system, display excellent stability
allowing extensive recycling and high turnover numbers. This
system provides a further example of an IL—catalyst regime
which offers environmental benefits in terms of eliminating
organic solvents from the catalytic process, although on this
laboratory scale, organic solvents were used to extract the
product. Moreover, and importantly, based on experimental
evidence the role of the ILs can be directly ascribed to the high
selectivity obtained and the high catalyst stability.
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Sporopollenin, which is a naturally occurring and highly resilient organic polymer constituting the
external shell of spores and pollen grains, has been converted into a primary amine form with a
loading of 0.58 +0.04 mmol.g™' by reductive amination with ammonia and lithium aluminium
hydride successively. The presence of the amine and precursor amide groups were established by
combustion elemental analysis, [CP-OES, FTIR, solid-state NMR and reactivity of the primary
amine group to salt formation and nucleophilic addition and substitution with phenyl
isothiocyanate and benzene sulfonyl chloride, respectively. This relatively simple conversion has
served to provide further information regarding the presence and reactivity of carboxylic acid

functions on this relatively uncharted polymer and offers aminosporopollenin as a new material

for potential solid-phase applications.

Introduction

The external shell of pollen grains and plant spores, namely
the exine, is composed of sporopollenin which is an organic
polymer exhibiting remarkable properties.”* Sporopollenins
are renowned for their extraordinary physical, chemical and
biological stability. For example, intact exines have been found
in some sedimentary rocks, which are over 500 million years old,
showing the resilience of sporopollenin to high temperatures and
pressures, and acidic and basic conditions.?

The chemical structure of sporopollenins remains relatively
mysterious due to their extraordinary inertness to non-oxidative
chemical attacks.* The sporopollenin extracted from the spores
of club moss (Lycopodium clavatum) has, perhaps, been the most
studied over the past century; it is commercially available and is
probably one of the best understood.”™! It resists strong acids
and strong bases and does not dissolve into organic solvents.
This is illustrated in particular by the harsh extraction protocols
used to obtain exines devoid from other components of the
spore, including proteins, lipids, nucleic acids and polysac-
charides. Two especially evocative procedures are Erdtman’s
acetolysis,”” which involves the use of a mixture of glacial
acetic acid and concentrated sulfuric acid, and a sequential
systematic isolation method using acetone, potassium hydroxide
and phosphoric acid originally used by Zetzsche et al.,’ and later
modified by others.'** Using such extractions, hollow uniform
biodegradable resistant microcapsules were obtained in a green,
sustainable and easy fashion from a natural renewable resource.
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The remarkable stability of such exines could offer a wide
range of applications, for instance for microencapsulation.'***
It is of note that Lycopodium clavatum sporopollenin has been
used as a solid support for various purposes (e.g. solid-phase
synthesis, ion exchange, scavenging).’*'¢2¢ It could advanta-
geously replace artificial resins since the sporopollenin beads
are monodispersed, composed of a renewable material, which
is resistant to acids, bases and most organic solvents, and is
commercially available in large quantities.

In spite of the chemistry performed during the previous
studies of Lycopodium clavatum sporopollenin as a solid support,
the chemical structure of sporopollenin is still poorly charac-
terised due to its relative inertness.* However, many features are
commonly recognised: it contains only carbon, hydrogen and
oxygen; it is virtually nitrogen-free; it has an aliphatic backbone
and aromatic moieties. After extraction of the biopolymer from
Lycopodium clavatum spores, some intrinsic functional groups
have been observed by solid-state *C NMR,*!'%?"? namely,
aliphatic carbons including methyls, oxygenated functions,
olefinic and aromatic unsaturations, carboxylic acids and esters.
Other investigations confirmed and completed the list of the
features of sporopollenin: unsaturations,® phenols,* carboxylic
acids, ethers and hydroxyls.? A structure has even been proposed
for sporopollenin: it could be considered as a lipidic copolymer
of para-hydroxycinnamic acids (ferulic acid and p-coumaric
acid) and fatty acids, whose linear hydrocarbon chains, mainly
composed of 16 or 18 carbons, are highly cross-linked by
ether and ester functions.* However, this hypothesis has not
been confirmed and most functional groups have not been
quantified. Therefore, the derivatisation of sporopollenin with
simple reagents can help to better understand the nature and in
particular, the availability of such functional groups.

Polymers possessing primary amines have been much ex-
ploited as commercial insoluble supports.’** Examples of
sporopollenin exhibiting a primary amine attached via a linker
group have been described in the literature,'"*2% which have
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involved short m-diamines. Shaw!'*!” attached 1,3-diamino-
propane to sporopollenin to yield a solid-phase support for
peptide synthesis which involved a propyl chain as linker with
an available primary amine. It was proposed by Shaw that an-
choring to the sporopollenin involved a ‘weakly basic function’,
which could form a hydrochloride salt but not be acylated.
Although the type of function was not mentioned, the properties
described might be more in character with a secondary amine,
than an amide. Other research groups,'®?* whose work is based
on Shaw’s study, attached 1,2-diaminoethane to sporopollenin
to yield an ion- or ligand-exchange medium. However, their
interpretation of the anchoring attachment differed in that they
considered both the terminal primary amine and the anchoring
functional group to be modified by acylation. This hypoth-
esis would rely on a surprisingly active hindered secondary
amine.

None of the previous studies proposed the possibility of
amide formation by reaction of an amine with sporopollenin
or cross-linking of the diamines, which would have reduced the
quantity of primary amines available for further attachment of
ions, ligands or amino acids. To date no direct conversion of
a functional group on sporopollenin into a primary amide and
subsequent reduction to a primary amine has been reported.

This paper is aimed at better understanding the chemistry
previously reported and offers a route to a new renewable
primary amino solid support. We describe the direct amidation
and subsequent amination of sporopollenin by simple reaction
of ammonia followed by reduction. The use of ammonia avoids
possible complications which might arise when using an amine
and, since ammonia is a small molecule, provides maximum
access to the available functional groups on sporopollenin. Also
it is volatile and highly water soluble such that any unreacted
ammonia would not contaminate the sporopollenin.

Results and discussion
Attachment of ammonia to sporopollenin

Sporopollenin (1), extracted by a modified protocol,'* was
found by combustion elemental analysis to contain carbon and
hydrogen in the ratio of 5/8 (mol/mol) but no nitrogen was
detected. It is notable that this ratio is highly reproducible and
was first measured by Zetzsche er al.® Treatment of 1 with
concentrated aqueous ammonia at room temperature overnight
gave a powder which was thoroughly washed with water and
dried to constant mass. Elemental analysis revealed that the
product had gained nitrogen which could not be removed
by copious washing with water implying chemical attachment
rather than physical attachment. The level of nitrogen attached
was 0.46 £0.05 mmol.g™'. This showed that, using a simple direct
treatment, ammonia could be attached to sporopollenin with a
nitrogen loading in the same range as that of commercial amino-
resins (0.5-1 mmol.g™).333

The level of nitrogen was found to increase with the time of
treatment. After four days of reaction in ammonia, a loading
of 0.70 £0.09 mmol.g™" was assayed in the ammonia-treated
sporopollenin (2).

Attempts to improve the loading further involved the use
of a sealed tube at 120 °C and the nitrogen loading slightly

augmented from 0.63 +0.09 mmol.g™ after one day, to 0.84
+0.31 mmol.g™" after four days.

Addition of ammonium chloride as a catalyst showed an
interesting increase, although moderate, of the nitrogen loading.
When 1 was stirred overnight at high temperature in a sealed ves-
sel with a small amount of ammonium chloride in concentrated
ammonia, the level of nitrogen reached 1.37 £0.48 mmol.g™' in
the final product 2, after filtration, copious washing and drying.

The sample of product 2 which was used in the rest of this
study was obtained at 120 °C with addition of ammonium
chloride and had a nitrogen content of 1.02 £0.04 mmol.g™".

Resistance to acidic conditions

As part of a study to determine the nature of the attachment of
ammonia to sporopollenin, 2 was stirred at room temperature
in dilute hydrochloric acid. The level of nitrogen dropped
slightly from 1.02 £0.04 mmol.g™' to 0.86 +0.13 mmol.g™', as
detected by combustion elemental analysis. Between 7 and 24%
of the nitrogen present in ammonia-treated sporopolleninm
(2) was thus removed by acidic treatment. This amount could
correspond to that of an acid-labile covalent linkage, such as
an imine derived from the carbonyl groups of sporopollenin;
however, since imines are likely to be easily hydrolysed during the
aqueous washings, it was thought that such functional groups
would be unlikely and that the linkages cleaved by washing
in acid were most probably of ionic nature. Such nitrogenous
functions are thus interpreted as being ammonium salts formed
on some acidic groups (e.g. carboxylic acids) of sporopollenin.

Nitrogen was still present in the acidified product 3 to a level of
0.86+0.13 mmol.g™. The stability of such nitrogen indicated that
it was covalently bonded to sporopollenin. Functional groups
hypothesised here could be amides derivatised from carboxylic
acids and, less probably, imines stabilised by formation on
conjugated ketones, but still less stable than amides.

Acidity and basicity of ammonia-treated sporopollenin 2

Both Lycopodium sporopollenin (1) and ammonia-treated
sporopollenin (2) were found to exhibit anionic acidic functions
such as phenols and carboxylic acids. All of these functional
groups were assayed by the amount of sodium ions adsorbed
by 1 (respectively 2) from a solution of sodium hydroxide to
give a product 4 (respectively 5) on the basis of its acting
as an ion-exchange resin. The level of sodium determined by
flame photometry, following its removal from 4 (respectively 5)
by treatment with hydrochloric acid, was 1.09 £0.18 mmol.g™
(respectively 0.18 +0.10 mmol.g™"). Interestingly, the level of
nitrogen in 5, as detected by combustion elemental analysis,
dropped to 0.91 £0.03 mmol.g™' to match approximately that
in 3.

This was in agreement with the previous supposition that
carboxylic acids were involved in the attachment of ammonia
to sporopollenin. Indeed, the sodium loading on 1 is in keeping
with that of nitrogen in 2, indicating that the level of acidic
functions in sporopollenin is the same as that of nitrogenous
functional groups it can form with ammonia. The quantity
of acidic groups left on 2, as detected by sodium exchange,
corresponds approximately to the difference of nitrogen loadings
between 2 and 5 (or 2 and 3), supporting the hypothesis that
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10-20% of the nitrogenous functions of 2 are ammonium salts
formed on carboxylic acids of sporopollenin. The presence
of acidic functions not being involved in the attachment of
ammonia, such as phenols, could explain the approximations.

In contrast, when 1 was treated with hydrochloric acid
and successively washed with sodium hydroxide, no chloride
ions were detected in the filtrate by addition of silver nitrate.
Therefore, little or no chloride was adsorbed indicating that 1
did not contain cationic functional groups. In addition, similar
treatment of product 3, obtained by exposure of 2 to dilute
hydrochloric acid at room temperature, failed to show any
detectable chloride salt.

This indicated that the newly created nitrogenous functions
on 2 were not strongly basic. Hence, they are very unlikely to
be Schift’s bases which might have resisted the acidic treatment:
reaction with ammonia did not form any imine stabilised by
conjugation in sporopollenin. However, this result supports the
hypothesis that most acid-resistant nitrogenous functions in 2
(and 3) are amide groups.

Reduction of ammonia-treated sporopollenin 3

In order to better characterise 3, it was reduced with lithium
aluminium hydride to give a product 6, whose level of nitrogen
was 0.57 £0.04 mmol.g™' as measured by combustion elemental
analysis. Contrary to the starting sporopollenin 3, product
6 formed a chloride salt 7 when stirred with hydrochloric
acid at room temperature, showing it to have basic character.
Gravimetric assay of chloride ions released from 7 with sodium
hydroxide showed it to contain 0.60 +0.03 mmol.g™" chloride
ions. This value was close to the loading of nitrogen measured by
combustion elemental analysis (0.56 £0.05 mmol.g™). Therefore,
virtually all of the nitrogenous functional groups appeared to
have been reduced to give basic functional groups. These results
are in keeping with a primary amide being converted to a
primary amine. Interestingly, the level of primary amino groups
in 3 is in the same range as that in commercial resins (0.5—
1 mmol.g™).3-%

Spectroscopic data of ammonium-treated sporopollenin

In support of the foregoing chemical characterisation, com-
pounds 1, 2 and 6 were further studied by FTIR and solid-state
NMR.

FTIR spectroscopy

The starting sporopollenin 1 and the ammonia-treated sporopol-
lenin 2 had similar FTIR spectra (see Fig. 1) but differed in
the range 1700-1600cm™. The peak characteristic of carbonyl
stretching shifted from 1705cm™ in 1 to 1643cm™ in 2, which
was consistent with the conversion of carboxylic acids to
amides (amide I band).**** The amide II band, assigned to
N-H deformation and C-N stretching, was also visible in the
spectrum of 2 at 1602cm™, although its wave number was lower
than expected.

In contrast, the reduction of 2 into product 6 strongly
modified the FTIR spectrum (see Fig. 1). The broad peak
around 3500-3400cm™ in the spectrum of 2, assigned to O-
H and N-H stretchings,>*%¢ was reshaped in the spectrum

4000 3200 3600 3400 3200 3000 2800 2600 2400 2200 2000 1500 1600 1500 1200 1000 800 €00
wave mumber fom 1)

Fig.1 FTIR spectra of 1 (original sporopollenin), 2 (ammonia-treated
sporopollenin) and 6 (reduced ammonia-treated sporopollenin).

of 6 into three smaller bands: at 3550-3400cm™ and 3450-
3320cm™ indicating respectively asymmetric and symmetric N—
H stretching associated with non-bonded primary amines, and
at 3300-3000cm™ showing N-H stretchings associated with
hydrogen-bonded primary amines. All signals in the range
1700-1600cm™, characteristic of carbonyl stretchings, weakened
drastically, which is consistent with the reduction of the carbonyl
groups by lithium aluminium hydride. A shift of the peak around
1130cm™ to 1070 cm™, accounting for C—N stretching vibration,
was interpreted as an increase in bond length. This could indicate
conversion of an amide to a primary amine on the basis that C-N
bonds are expected to be shorter in amides than in amines.

In conclusion, Fourier transform-infrared spectroscopic data
support the hypothesis that the reaction of ammonia with
sporopollenin yielded primary amides, which turned into pri-
mary amines after reduction with lithium aluminium hydride.

Solid-state NMR

Introduction of an N label in ammonia-treated sporopollenin
was made possible by the addition of *N-labelled ammonium
chloride as a catalyst to the conversion of 1 into 2. This enabled
sporopollenin 2 to be analysed by solid-state "N NMR. Due
to the low loading of the isotope, the background noise was
relatively high but the spectrum (displayed in Fig. 2) distinctly
showed two broad signals and one sharp signal. The peak at
0 ppm corresponds to unreacted ammonium chloride, whereas
the peak at ca. 15 ppm is assigned to ammonium salts of acidic
functional groups attached to 2. The band at 73 ppm was
interpreted as a covalent bond resonance since it was too high
to be associated with a salt. Imines were not considered since
they would not resonate at such a low frequency but would be
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Fig. 2 "N NMR spectra of 2 (ammonia-treated sporopollenin) and 6
(reduced ammonia-treated sporopollenin). Note: the arrow indicates the
peak corresponding to the signal of residual ammonium chloride.

expected to appear at 300-400 ppm.*” However, the signal could
correspond to an amide or an amine.

The proportion of "N isotope introduced into 2 was limited
and therefore the overall quantity in the reduced product 6 was
low. This gave a relatively broad and weak peak in the resulting
spectrum of 6 (displayed in Fig. 2), with significant background
noise. This peak could thus not be interpreted with certainty.

In conclusion, solid-state "N NMR, whilst not offering
confirmation on its own, was at least supportive of the covalent
attachment of functional groups containing nitrogen to 2 and 6,
but also consistent with a difference between the characteristics
of the nitrogenous functional groups on the two compounds,
indicating that a chemical conversion has taken place.

Additionally, solid-state “C NMR spectra (displayed in
Fig. 3) of 1, 2 and 6 were compared, following normalisation
of the spectra at 128 ppm, interpreted as aromatic and olefinic
resonance.’* This was done on the basis that all of such
resonances would be expected to be reasonably consistent for
the three derivatives. All three spectra showed very similar

L I B N B B R B S B N R B B B R N B R

200 150 100 50 0 [ppm)

Fig.3 3C CPMASNMR spectra collected with 8 kHz sample spinning
and 8K scans per spectra. Blue, 1 (original sporopollenin). Red, 2
(ammonia-treated sporopollenin). Green, 6 (reduced ammonia-treated
sporopollenin).

contours. Treatment with ammonia did not significantly change
the signals. This was expected since, if amide bonds were to form,
their peak would be approximately at the same shift (173 ppm) as
that of the initial carboxylic acid groups.***® In contrast, when 2
was reduced into 6, the band assigned to the C=0 of the carboxyl
groups (173 ppm) decreased, as expected. The intensity of the
peak at 73 ppm was largely augmented, which was interpreted
as the formation of C-N bonds***® of primary amines in 6.

In conclusion, interpretation of the solid-state *C NMR
spectra of the series of compounds was in agreement with the
functional group alterations assigned to 1, 2 and 6.

Further derivatisation of sporopollenin 6

The availability of the nitrogenous functional groups present on
product 6 was assessed with regard to three different reactions
which are typical of primary amino groups.

Sporopollenin 6 was methylated with methyl iodide to yield
a product 8, following the conditions of Hoffmann’s reaction.
The level of nitrogen in 8 measured by combustion elemental
analysis was 0.37 £0.09 mmol.g™', whereas that of iodine deter-
mined by gravimetry after liberation in sodium hydroxide and
precipitation with silver nitrate was 0.29 £0.01 mmol.g™. This
indicated that 80% of the nitrogenous groups of 6, considered
as primary amines, successfully formed quaternary ammonium
iodides in 8.

The reaction of 6 with phenyl isothiocyanate and benzene
sulfonyl chloride yielded products 9 and 10, respectively. The
levels of sulfur in 9 and 10 were 0.35 mmol.g™"' and 0.50 mmol.g™',
respectively, as determined by ICP-OES, and those of nitrogen
0.79 mmol.g™!' and 0.71 mmol.g™", respectively, as measured by
combustion elemental analysis. The ratio of sulfur per nitrogen
was therefore 44% in 9, showing that 88% of the nitrogenous
functional groups present in 6 had reacted covalently with phenyl
isothiocyanate. Similarly, the results in 10 indicated that 70% of
the nitrogenous groups of 6 had successfully formed covalent
bonds with benzene sulfonyl chloride.

As primary amines react with isothiocyanates and sulfonyl
chlorides by nucleophilic addition and substitution respectively,
the success of such reactions confirmed the hypothesis of the
nitrogenous functional groups present in 6 as being primary
amino groups.

Experimental
Combustion elemental analysis

Combustion elemental analyses of sporopollenin and derivatives
were performed on a Fisons instrument Carlo Erba EA 100 C
H N S analyser. Each analysis reported is based on three repeats
of the same samples. However, all of the errors identified on
the nitrogenous derivative obtained were based on at least three
repeats of the reaction, hence indicating the reproducibility of
the reaction and not the analysis per se.

Flame atomic emission spectroscopy

Flame Atomic Emission Spectroscopy was carried out on a
Corning 400 flame photometer fuelled with natural gas.

This journal is © The Royal Society of Chemistry 2010
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Inductively coupled plasma-optical emission spectrometry
(ICP-OES)

Inductively Coupled Plasma-Optical Emission Spectrometry
was performed on a Perkin Elmer Optima 5300DV Spectro-
meter.

NMR measurements

All NMR experiments were carried out (at 293 K) on a Bruker
Avance II 500 MHz spectrometer using a 4 mm MAS probe op-
erating at frequencies of 50.6747 MHz (**N) and 125.7546 MHz
(*C). Spectra were externally referenced to tetramethylsilane at
0 ppm. Experiments were carried out at 8 kHz MAS speeds
and spectra were acquired using cross polarization and TPPM
decoupling during the acquisition period.

All NMR data was processed using ‘Topspin’ Version 1.3
(Bruker Instruments, Karlsruhe, Germany).

Extraction of sporopollenin 1

Spores (Lycopodium clavatum L., 250 g) were suspended in
acetone (750 cm®) and stirred under reflux for 4 h. Particles
were recovered by filtration, and dried overnight in open air.

The defatted spores were suspended in aqueous potassium
hydroxide solution (6% wt., 750 mL) and stirred under reflux for
12 h, with filtration and refreshing of the alkaline solution after
6 h. Base-hydrolysed sporopollenin was recovered by filtration,
and washed with hot water until the filtrate was neutral and
with hot ethanol until the filtrate was uncoloured, and dried
overnight in open air.

The previous product (100 g) was suspended in ortho-
phosphoric acid (85% wt., 750 cm?) and stirred under reflux
for 7 days. Acid-hydrolysed sporopollenin was recovered by
filtration, washed with water (5 x 200 cm?), acetone (200 cm?),
hydrochloric acid (2M, 200 c¢cm?®), aqueous sodium hydroxide
(2M, 200 cm?®), water (5 x 200 cm?), acetone (200 cm®) and
ethanol (200 cm?), re-suspended in ethanol (750 cm®) and stirred
under reflux for 2 h. It was finally recovered by filtration, washed
with ethanol (200 cm?), and dried in an oven at 60 °C to a
constant weight, to yield product 1 (mass recovery: 75 g).

The typical combustion elemental analysis of sporopollenin 1
was: %C 70.0, %H 8.0, %N 0.0.

Synthesis of 2 by reaction with ammonia

Sporopollenin 1 (0.5 g) was suspended in aqueous 0.88 ammonia
(25 cm?) and stirred at room temperature for 4 days. It was
recovered by filtration, washed with water (5 x 20 cm?), ethanol
(2 x 20 cm®) and dichloromethane (20 cm?), and dried under
vacuum over phosphorus pentoxide to a constant weight to yield
product 2 (mass recovery: 0.5 g).

Alternatively, ammonium chloride (0.1 g) was added to
ammonia before reaction, and/or the mixture was stirred at
120 °C in a sealed thick-walled tube.

The typical combustion elemental analysis of product 2 was:
%C 69.9, %H 7.5, %N 1.4.

Synthesis of 3 by treatment of 2 in hydrochloric acid

Product 2 (0.5 g) was suspended in aqueous hydrochloric acid
(2 mol.dm™, 25 cm?) and stirred overnight at room temperature.
The solid was recovered by filtration, washed with water (5 x
20 cm?), ethanol (2 X 20 cm?) and dichloromethane (20 cm®) and
dried under vacuum over phosphorus pentoxide to a constant
weight to yield 3 (mass recovery: 0.5 g).

The typical combustion elemental analysis of product 3 was:
%C 70.1, %H 7.6, %N 1.2.

Synthesis of 4 by treatment of 1 in sodium hydroxide

Sporopollenin 1 (0.5 g) was suspended in aqueous sodium
hydroxide (2 mol.dm™, 25 cm?) and stirred overnight at room
temperature. The solid was recovered by filtration, washed with
water (5 x 20 cm?), ethanol (2 x 20 cm®) and dichloromethane
(20 cm?®) and dried under vacuum over phosphorus pentoxide to
a constant weight to yield 4 (mass recovery: 0.5 g).

The typical combustion elemental analysis of product 4 was:
%C 69.1, %H 7.4, %N 0.0.

Synthesis of 5 by treatment of 2 in sodium hydroxide

Sporopollenin 2 (0.5 g) was suspended in aqueous sodium
hydroxide (2 mol.dm™, 25 ¢cm?®) and stirred overnight at room
temperature. The solid was recovered by filtration, washed with
water (5 x 20 cm?), ethanol (2 x 20 cm®) and dichloromethane
(20 cm?®) and dried under vacuum over phosphorus pentoxide to
a constant weight to yield 5 (mass recovery: 0.5 g).

The typical combustion elemental analysis of product 5 was:
%C 69.1, %H 7.5, %N 1.3.

Synthesis of 6 by reduction of 3 with lithium aluminium hydride

Product 3 (0.5 g) was suspended in sodium dried 1,4-dioxane
(20 cm?) and lithium aluminium hydride (1.0 g) was added. The
mixture was stirred for 4 days under reflux in nitrogen. Excess
reducing agent was quenched at 0 °C by successive addition
of ethyl acetate (100 cm®), ethanol (50 cm?), water (100 cm?)
and 2M sulfuric acid (200 cm?). Particles were recovered by
filtration, washed with water (3 x 50 cm?), ethanol (3 x 30 cm?)
and dichloromethane (2 x 30 cm?®) and dried under vacuum over
phosphorus pentoxide to a constant weight to yield 6 (mass
recovery: 0.4 g).

The typical combustion elemental analysis of product 6 was:
%C 59.3, %H 7.3, %N 0.8.

Synthesis of 7 by treatment of 6 in hydrochloric acid

Sporopollenin 6 (0.5 g) was suspended in aqueous hydrochloric
acid (2 mol.dm=, 25 cm?) and stirred overnight at room
temperature. The solid was recovered by filtration, washed with
water (5 X 20 cm?), ethanol (2 x 20 cm®) and dichloromethane
(20 cm?®) and dried under vacuum over phosphorus pentoxide to
a constant weight to yield 7 (mass recovery: 0.5 g).

The typical combustion elemental analysis of product 7 was:
%C 66.3, %H 7.8, %N 0.8.
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Synthesis of 8 by Hoffman quaternisation of 6

Product 6 (0.5 g) was suspended in acetonitrile (10 cm®) and
methyl iodide (2 cm®) was added. The mixture stirred under
reflux for 3 days. The solid was recovered by filtration, washed
with acetonitrile (2 x 20 cm?®), ethanol (2 x 20 cm?) and DCM
(20 cm?®) and dried under vacuum over phosphorus pentoxide to
a constant weight to yield product 8 (mass recovery: 2.6 g).

The typical combustion elemental analysis of product 8 was:
%C 54.9, %H 7.4, %N 0.7.

Synthesis of 9

Product 6 (0.2 g) was suspended in dichloromethane (10 cm?).
Phenyl isothiocyanate (2 cm®) was added and the mixture was
stirred overnight at room temperature. The solid was recovered
by filtration, washed with dichloromethane (3 x 10 cm®) and
dried under vacuum over phosphorus pentoxide to a constant
weight to yield product 9 (mass recovery: 0.8 g).

The combustion elemental analysis of product 9 was: %C 55.4,
%H 7.8, %N 1.1. The level of sulfur determined by ICP-OES was
1.1%.

Synthesis of 10

Product 6 (0.2 g) was suspended in chloroform (10 cm?). Benzene
sulfonyl chloride (2 cm?) was added and the mixture was stirred
overnight at room temperature. The solid was recovered by
filtration, washed with dichloromethane (3 x 10 cm®) and dried
under vacuum over phosphorus pentoxide to a constant weight
to yield product 10 (mass recovery: 0.8 g).

The typical combustion elemental analysis of product 10 was:
%C 55.4, %H 7.8, %N 1.0. The level of sulfur determined by
ICP-OES was 1.6%.

Sodium assay

Dry product 4 or 5 (0.1 g, accurate to 1 mg) was stirred overnight
in 2M hydrochloric acid (10 cm?) at room temperature, recovered
by filtration and washed with water (3 x 10 cm?®). Filtrate
and aqueous washings were collected quantitatively, mixed and
completed to 100 cm® with distilled water.

The loading of sodium in the dry solid was calculated from the
sodium concentration in the diluted filtrate, which was assessed
by flame atomic emission spectroscopy against a calibration
curve obtained with sodium chloride standard solutions.

Assay of chloride (or iodide) salts by gravimetric analysis

Dry (over phosphorous pentoxide) product 3, 7 or 8 (0.1 g,
accurate to 1 mg) was stirred overnight in 2M sodium hydroxide
(10 cm?) at room temperature, recovered by filtration and washed
with water (3 x 10 cm?®).

Both filtrate and aqueous washings were collected quantita-
tively, mixed and acidified by 6M nitric acid (5 cm?®). A 0.1M
silver nitrate solution (5 cm?) was added to the mixture, which
was immediately protected from light and set aside overnight.
Silver chloride (or silver iodide) was coagulated by heating nearly
to boiling point, with constant stirring, then cooled down for
1h, recovered by filtration in an oven-dry, pre-weighed funnel
(10-16 um-pored), washed with dilute nitric acid (3 x 10 cm?)

and dried at 120 °C away from light. The loading of chloride (or
iodide) in the original sample was calculated from the weight of
dry precipitate.

Conclusions

The combination of chemical and spectroscopic evidence is sup-
portive of primary amide and primary amine functional groups
forming from carboxylic acids present in the sporopollenin
structure. This adds to the characterisation of this relatively
unexplored natural polymer in respect of its carboxylic acid
content or at least available carboxylic acid for derivatisation.
Furthermore, this study demonstrates that it can be relatively
easily converted into a solid-supported primary amine with
a loading comparable to commercial synthetic polymers. The
uniformity, reproducibility, availability and stability of such
particles could put them in competition with commercial
polymeric particles.
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The solubility of artemisinin in a range of conventional and novel solvents was evaluated using the
COSMO-RS approach, and verified experimentally as well as against literature data. The
computational method was improved by calibrating against a limited set of experimental data,
enhancing the accuracy of the calculations. The optimised method was shown to be in reasonable

agreement with experimental data; however, lack of reliable experimental data is identified as an

issue. Several novel solvents perceived as green alternatives to conventional solvents were targeted
and shown to offer good solubility of artemisinin. Extraction from Artemisia annua by carbonate

solvents was experimentally verified.

Introduction

Extraction of natural products is performed on a large scale for
production of nutraceuticals, fragrances, biopharmaceuticals,
bio-fuels and other products. With the increasing attention on
renewable feedstocks as a basis for future chemicals’ supply
chains, there is a renewed interest in extraction due to the
potential to obtain a wide variety of chemical synthons from
sustainable sources.

Extraction processes are traditionally based on solid-liquid
extraction. A solvent needs to penetrate the (usually pre-dried)
plant material to dissolve the target components, allowing
subsequent recovery. Steam distillation and hot water extraction
allow the extraction of essential oils and some natural dyes.
However, the vast majority of extraction processes utilise
organic solvents, predominantly ethanol, hexane, or particular
petroleum fractions, e.g., petroleum ether (PE) 60/90. Only a
small number of industrial extraction processes are currently
using green solvents, mainly supercritical carbon dioxide e.g.,
in the high-volume process of decaffeination of coffee or the
extraction of rice bran oil.

Amongst the many natural product extraction processes,
extraction of bio-pharmaceutical molecules is of particular
importance due to the end-use demand. Thus, plants contribute
to over half the library of small molecules of interest to
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the pharmaceutical industry.! As an example, extraction of
artemisinin (1)—the precursor to the current main antimalarial
drugs—is currently its main source and is done predominantly
via PE extraction.? This process is characterised by a relatively
low overall yield, typically about 60% with respect to the
dried plant content of artemisinin, which is largely due to
the decomposition of artemisinin in hot extract solutions and the
difficult recovery of artemisinin from the primary extracts. The
difficult recovery is, in part, related to the presence of structurally
similar co-metabolites and artemisinin degradation products,
and also due to the presence of highly efficient solubility
enhancers in the waxy and glycosidic fractions of the extract.
There are significant health and safety risks associated with the
large-scale use of solvents such as n-hexane and PE. These are
due to the abnormally high toxicity of n-hexane among linear
alkanes® and the explosion risk through static discharge in the
low dielectric constant solvents. The latter requires addition of
polar additives, typically 5% v/v of ethyl acetate.

There is a considerable interest in developing cleaner ex-
traction processes, or in attempting to reduce solvent use in
natural product extraction. Supercritical fluids, with emphasis
on supercritical carbon dioxide (scCO,), have been shown to be
effective extraction solvents for many natural products; scCO,
is particularly attractive for biomedical applications due to the
absence of any solvent residue. The main downside is the high
capital investment due to the high pressures and temperatures
required to attain efficient solvent strength. High investment
costs can only be justified for either large enterprises with high-
volume single component extraction, or multi-purpose facilities
for high-value components.

Hydrofluorocarbons exhibit good solvation power at
low pressures. Solvents such as 1,1,1,2-tetrafluoroethane
R134a (trade names KLEA-134a, SOLKANE®134a)* and
iodotrifluoromethane® have already found limited commercial
use, even though these solvents are expensive. Further issues
are potential in-use toxicity of iodotrifluoromethane®” (see
discussion in ref. 2, also), very high global warming potential
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of tetrafluoroethane R134a and a rather complicated situation
with patents covering its use for bio-extraction, which has been
the issue of much consternation over the last five years. We have
shown previously that extraction of artemisinin by R134a is
a potentially highly efficient and economic method, assuming
quantitative solvent recycling is designed into the process.?

Another class of interesting compounds are high boiling point
solvents, such as ionic liquids, molten eutectics, carbonates,
fluorinated solvents, ezc. These are already known in commercial
applications resulting in significant reductions in the release
of volatile organic carbons (VOCs) through the substitution
of low boiling solvents by higher boiling point solvents with
considerably lower vapour pressures. However, the use of such
solvents in extraction requires completely different processing
approaches due to the generally high viscosity of these solvents
and the need to use phase separation or extraction for recovery
of the required molecules from the primary extracts. A recent
life cycle assessment (LCA) study showed that downstream
extraction is energetically less efficient than distillation, the latter
being used in the case of low boiling point solvents.® Therefore,
we argue that high boiling point solvents should be applied only
when their use offers a substantial functional benefit, offsetting
any additional process ‘costs’ due to more complex and energy-
intensive downstream separation.

Examples of additional functionalities from recent develop-
ments are: using a chiral solvent for performing stereoselective
synthesis,” exploiting stabilisation of metal nanoparticles in
ionic liquids as an additional functionality,'®! clean phase
separation that may be attainable in aqueous biphasic catalysis,
fluorosolvents, thermoresponsive solvents' or the new class of
switchable solvents,'® etc. It has also been shown that ionic liquid
solvents can potentially be applied to the extraction of bio-
pharmaceuticals if the recovery step is designed such that simple
partitioning with water results in effective phase separation. For
more detailed discussion of the topic of functional analysis of
systems see an inspiring book, ref. 14; further discussion of met-
rics and functional approaches to analysis of chemical products
and processes can be found elsewhere.’>'” Other solvents that
attract interest as direct replacements for conventional organic
solvents are ethyl lactate, diacetone alcohol, urea-based solvents
and many others which present better biodegradability, lower
toxicity and lower vapour pressure than conventional solvents.

With the introduction of a large number of new molecules
as potential solvents, the problem of rapid evaluation of their
usefulness in specific applications emerges. This can be done
using time-consuming traditional laboratory methods, using
novel high-throughput experimental methods, or by combining
experimental measurements with initial pre-screening by com-
putational tools. In this respect, the relatively recent method
of calculating solvent performance using ab initio quantum
chemical calculations combined with statistical thermodynamics
(COSMO-RS)"™? started to be used extensively in academia,
and especially in industry.*2* A recent review on solvent selec-
tion demonstrates the possible links between different molecular
design tools and performance screening by COSMO-RS, thus
expanding the potential molecular space for solvent screening
even further.”® There are, however, only a few reports on the
applicability of COSMO-RS for solids solubility calculations,
not expanding into the area of green solvents.'*?7 It has recently

been highlighted that although the potential of COSMO-RS in
property prediction and the design of solvent systems is very
high, experience with applications of the method is thus far very
limited.

In this study, we show a method for improving the accuracy
of COSMO-RS predictions of the solubility of solids, which
requires limited experimental data to fine-tune the model. A
range of solvents was screened computationally for the specific
application of extracting artemisinin as the precursor to current
mainstream antimalarial drugs.

Experimental
Computational methodology

The initial molecular geometry of artemisinin, epiartemisinin
and other molecules that were not available in the COSMOtherm
database were set up in Spartan (v. 06, 08). Equilibrium
conformer calculation and conformer distribution search were
performed in Spartan (v. 06, 08) using the molecular mechanics
(MMFF) and semi-empirical AM1 methods. Up to 10 lowest
energy conformers were used for the molecules calculated in
this study. Geometry optimisation and calculation of screening
charge density for all conformers were done in Turbomole
using BP-TZVP parameterisation. Consecutive calculations
within COSMO-RS theory were performed in COSMOtherm
(X_C21_0108 by COSMOLogic GmbH). The conformer treat-
ment option was always employed.
The solubility is calculated according to eqn (1):

Mw; p, 1
log(x;)=1 Lo
og(x) Og[ M, ]+ RTIn(10

(—Ai,x + min |:O, AGfus,l‘ :|)
) (M

where x; is the mole fraction of solute 7 at the limit of its solubility,
Mw,; and Mw, are molecular weights of solute and solvent, p,
is the density of solvent, A, is the difference between pseudo
chemical potential of solute 7 in the solution and of pure i in the
liquid state, A, ;= u;, — l;;, and AGy; is the free energy of fusion
of solid i.

As noted in ref. 19, the problem of solubility calculation
with COSMO-RS is the need to obtain a value of the Gibbs
energy of fusion (AGy,) of a substance of interest, which is
the difference between the Gibbs energy of a pure solid and
a pure liquid at a given temperature. Since this value cannot be
measured directly, it can be estimated by a QSPR approach,
as implemented in COSMOtherm. The QSPR estimate will
introduce a considerable error, as will be shown below. Therefore,
in this paper, we used a different method to estimate AGj,.

Eqn (1) contains two unknowns: A;; and AGy,;. The A,
value can be found from a fine-grid liquid-liquid equilibrium
(LLE) calculation in COSMOtherm. The resultant liquid phase
chemical potential of a solute in the given solvent as a function
of its molar fraction is shown in Fig. 1, calculated for ethanol
and ethyl acetate. As expected, the graphs coincide at the point
of pure artemisinin and epiartemisinin, see Fig. 1, x = 1.0.
The difference between the chemical potentials of artemisinin
and epiartemisinin in solution is more pronounced in the case
of ethyl acetate, being ca. 1.353 kJ mol™ at artemisinin mole
fraction X,pemisinin = 0.033, whereas the corresponding difference
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Fig. 1 Chemical potential of artemisinin in ethanol and ethyl acetate

solutions at 294 K as a function of the molar fraction of artemisinin
computed during LLE calculation with the fine-grid option in COS-
MOtherm. Vertical lines correspond to experimental solubility values
for ethanol and ethyl acetate.

in the case of ethanol solution is only 0.451 kJ mol™" at
Xartemisinin = 0.0024. The chemical potential of the solute at the
experimentally verified value of its solubility limit concentration
(x;), at a given temperature, for compound i allows the value of
A, to be obtained.

Based on the calculated value of A,;, the value of AGy,, can
be readily obtained from eqn (1). Using this methodology and
the literature data of solubility of artemisinin in ethanol and
ethyl acetate given in Table 1, the estimated values for AGy,
were found to be 11.39 and 8.91 kJ mol™ for the solubilities
in ethanol and ethyl acetate, respectively. The value of AGy,
predicted by the COSMOtherm QSPR approachis 7.16 kI mol™.
The original experimental value of solubility in ethyl acetate
used to determine the Gibbs fusion value (ref. 2) was later found

to be incorrect, in fact too high, which explains the difference
between the estimated values of AG;, based on ethanol and
ethyl acetate experimental solubilities given above. Notably,
the solubility of artemisinin in ethyl acetate calculated using
AG;,, = 11.39 coincides well with the more accurate experimental
value, see Table 1. This illustrates the frequently encountered
problem of low confidence in available experimental data and
the potential for computational results to point out the likely
erroneous experimental results.

For solubility calculations, an iterative procedure was used as
implemented in COSMOtherm.

Extraction and solubility

Artemisia annua biomass was of East African and Argentinian
origin. Artemisinin was kindly provided by Neem Biotech Ltd
(Newport, Wales, UK). Exhaustive extraction was performed
to determine the amount of artemisinin in the dry biomass.
Extracts of A. annua were typically prepared using a ratio of
10 g of dry finely crushed biomass to 100 mL of solvent (ethyl
acetate). Extractions were performed at 45 °C under reflux
over 6 h. Extracts were filtered through filter paper, and later
filtered using a 0.2 um Nylon filter prior to HPLC analysis.
An HPLC instrument (Shimadzu Prominence) equipped with a
UV-vis diode array (SPD-M20A, DAD) and in-line evaporative
light scattering detector (ELSD, LTII, 350 kPa N,, nebulizer at
40 °C) was used with Betasil C18 5 um 250 x 4.6 mm at column
flow-rate 1.0 mL min™ and column temperature of 45 °C with
acetonitrile : water 65 : 35% v/v. Analytical method development
is described elsewhere.*

Hexane/ethyl acetate (95:5 v/v) and carbonates extraction
kinetics were measured using a 1 L glass double-jacketed stirred
vessel (Biichi). Extraction was performed at 50 °C for 5 h
with the ratio of biomass to solvent 1:6 (w:v). Samples of
1 mL were taken along the extraction experiment to follow
artemisinin concentration in the solvents over time. At the

Table 1 Comparison of literature and calculated solubility of artemisinin in different conventional solvents
Calculated solubility/g L™
Solvent T/K AGy, = 11.39 kJ mol™! QSPR* Experimental solubility/g L™ Reference
Ethyl acetate 293 31.8 136.1 100 2
293 34.5 34
Chloroform 293 280.1 396.8 304.0 34
Hexane 313 3.8/5.7° 30.1 0.46
293 22 12.6 1.8 This study
Cyclohexane 293 2.2 15.0 2.0 34
Toluene 293 14.6 86.3 145.6 34
90.7 This study
Acetonitrile 293 15.6 77.6 1.92 34
157.7 This study
Acetone 293 36.7 149.0 25.7 34
Water @ pH 7.2 298¢ 0.038 0.230 0.063 34
Methanol 203 8.7 45.1 7.7 35
Ethanol 294 11.8 55.0 12 2
10.5¢ 36

“Value of AGy, is estimated for each temperature by COSMOtherm using the QSPR approach. ® The second value calculated using an estimated
AGy, (T =313 K) = 10.32 kJ mol™'. < Temperature not specified in the original paper; presumed standard conditions; pH is not accounted for in the

2041

present calculation. ¢ Calculated using the temperature dependence of solubility given in ref. 35: In ( x) =-123.96+——+19.51-1n (T /K ) where
T/K

coefficients are given for dry solutions of artemisinin in ethanol.
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end of an experiment, the extract was evaporated to dryness,
and the residue was re-dissolved in acetonitrile and analysed
to determine the maximum amount of artemisinin extracted.
In parallel, the remaining biomass was extracted twice with a
fresh volume of ethyl acetate for three hours in each sequence.
Then, the two extracts were combined, evaporated to dryness
and the residue was re-dissolved in acetonitrile and analysed
to determine the quantity of artemisinin not accessible for
extraction. All samples were filtered using a 4 um Nylon syringe
filter before injection in HPLC.

In the case of solvents with high vapour pressure, the solubility
of artemisinin was measured using a gravimetric method, using a
set of thermostated vials at 293 K. The solvent (5 mL) was added
to the vials and once the desired temperature was reached, excess
artemisinin (considering the expected solubility) was added and
the vials sealed. The suspension was stirred at 300-400 rpm with
a magnetic stirrer for 6 h, which was considered sufficient to
establish the equilibrium of the solute—solvent mixture. Samples
of the solution were withdrawn rapidly using a micropipette
to avoid any solvent loss or precipitation. The aliquots were
filtered with pre-warmed 0.22 um Nylon filters, solutions placed
in vials brought to constant weights and transferred to a vacuum
oven. Solutions were evaporated and vials were brought to
constant weight. All weights were measured using a Sartorius
microbalance with accuracy better than 0.05 mg. Experiments
were performed in duplicate. Samples were also diluted and
analysed using the HPLC instrument with a UV DAD detector
set at 210 nm to verify the results of gravimetric measurements.

For the solvents with higher boiling points, the solubility of
artemisinin was measured at 293 K in approximately 5 g of a
given solvent. An excess of artemisinin was placed in a solvent
in a sealed glass vial and gently stirred with a magnetic stirrer for
6 h, thermostated in a water bath. The suspension was allowed
to settle and a sample was taken for analysis via a 0.5 um Nylon
syringe filter. The sample was injected into the HPLC instrument
directly.

The structures of the compounds used as possible solvents are
given in Scheme S1 in the ESIf. Carbonates (4-6, Scheme S1,
ESIf) were kindly provided by Huntsman Chemicals. All other
solvents were obtained from Fischer Chemicals. All solvents
were used as received.

Results and discussion

Molecular geometry optimisation and calculation of screening
charge densities

The initial geometry was built using the absolute conformation
determined from single crystal diffraction® and the earlier
computational work® as guidance. Two diastereoisomers of
artemisinin are considered in the literature:** artemisinin (1) and
epiartemisinin (2), see Scheme 1. Both isomers are derivatised
into arteether and artesunate APIs and it was shown that the
pharmacokinetics of the resultant diastereomers of arteether
is different, one being considerably slower than the other.*
Although this was considered advantageous by the authors,
the short life-time of the active artemisinin compound is
believed to be an essential reason for malaria parasites being
unable to develop tolerance towards artemisinin-based drugs

Scheme 1

Molecular structures of artemisinin and epiartemisinin

over significant periods of time. We therefore considered both
diastereoisomers in our calculations.

The search for equilibrium conformers yielded two conform-
ers for each of the two isomers. Thus, four structures were
used for further geometry optimisation using density functional
theory. The resultant molecular geometry could, in principle,
be compared against experimental crystal diffraction data®! and
the previous computational study.**> However, the geometry of
a molecule in the liquid state is different from its gas phase
structure or its solid crystal structure due to the presence of
intermolecular interactions and, at the same time, their flexibil-
ity. Therefore, such direct comparison is not very meaningful.
It was noted in the calculations that for both diastereoisomers,
only one conformer contributed significantly to the calculated
values of solubility. The two important conformers are shown
in Fig. S1 (ESI?).

The calculated COSMO-RS parameters, the screening charge
density distribution profile and surface chemical potential
distribution, as functions of screening charge density, are shown
in Fig. 2a. A phenomenological analysis of the resultant data can
be given following a similar analysis of common solvents given
earlier.”® The large peak of P,(0) near ¢ = 0 corresponds to a
non-polarised area of the molecule, mostly carbon and hydrogen
atoms, whereas the complex peak at 1.25 e nm™ corresponds to
the peroxide oxygen atoms (at ca. 1 e nm™) and to the lactone
oxygen (at ca. 1.25 e nm™). Complementary profiles for the two
liquids, i.e. matching the maxima of one component at a sigma
value —o with the maxima of another at +o, would indicate
their miscibility. A similar analysis for a solvent and solute pair
would indicate mutual affinity and hence indicate potentially
good solubility.

The surface chemical potentials at positive and negative
polarisations correspond to capacities towards hydrogen bond
accepting and donating behaviour, see Fig. 2b. This analysis is
normally done for solvents, rather than solutes. However, the
phenomenological analysis should also be valid for solutes. For
interpretation, it is necessary to keep in mind that the sign of
polarity in Fig. 2b corresponds to the screening charge and,
hence, is opposite to the polarity of the molecule. Negative
polarity corresponds to interactions with hydrogen donors,
which shows that artemisinin will interact with hydrogen donors
through its exposed lone pairs in oxygen atoms. However, it
would not interact with hydrogen bonding acceptors, since it
does not have considerable exposed area of polarised hydrogen
donors. Solvents with a large number of strong hydrogen bond
acceptors should not have high solvation power for artemisinin.
In the positive polarity range, artemisinin would behave as
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Fig. 2 Profile of (a) screening charge density distribution and (b)
surface chemical potential at 298 K for two artemisinin diastereoisomers
and all conformers.

hexane or acetone. Thus, it is expected that artemisinin should
interact strongly with polar solvents containing few or weak
hydrogen bonding donors, for example trichloromethane.

The clear difference between artemisinin diastereoisomers in
the surface potential at negative polarity is noteworthy; there
is a clear difference between the potentials even if averaged
over the two conformers for each isomer. Epiartemisinin (2)
shows a stronger tendency to hydrogen bond donor interactions.
Thus, the two isomers should behave differently in solvents
with hydrogen bonding donor functions, epiartemisinin always
interacting the stronger.

Validation and fine-tuning of the solubility calculations

Calculation of solubility of artemisinin based on QSPR esti-
mated free energy of fusion gives significantly over-estimated
values for all solvents, see Table 1. When the value of AG,,
calculated on the basis of experimental solubility of ethanol
and the computed LLE data was used (= 11.39 kJ mol™, see
Experimental section), then the estimated value of solubility
in ethanol matched the experimental value within 2%. The
calculated data hint at inaccuracies in previously reported exper-
imental data. Thus, the earlier reported figures of solubilities in

n-hexane and ethyl acetate® differ markedly from the calculated
data, see Table 1. However, our own recent measurements are in
agreement with calculations and with other literature data.**

Prediction of solubility in the mixed water—ethanol solvent
with the optimised value of AGy, shows a reasonably good
match, the calculated solubility being systematically higher
than the experimental values, see Fig. 3. Only for pure water
is the calculated value of solubility lower than the reported
experimental value.®
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Fig. 3 Comparison of calculated and experimental solubilities of
artemisinin in ethanol-water at 303 K. Data for EtOH-H,O system
are from ref. 36. Data for artemisinin solubility in pure water are from
ref. 35. AGy, (artemisinin, 303 K) = 11.28 kJ mol™'.

Using the published experimental data on the temperature de-
pendence of artemisinin solubility in ethanol®* the temperature
dependence of the Gibbs free energy of fusion of artemisinin
was calculated. This was done by obtaining a linear fit to the
experimental data of solubility plotted as log(x) vs T, and finding
the best value of AGy, at each temperature point that gave the
closest calculated solubility value. The resultant data are shown
in Fig. 4.
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Fig. 4 Temperature dependence of the solubility of artemisinin in dry
ethanol. Solid lines are for the convenience of viewing.

It is apparent that without a temperature dependence of the
free energy of fusion, estimation of the solubility of artemisinin is
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correct only within a very narrow range of temperatures around
the reference temperature 7., = 294 K at which AG, was
determined. More accurate calculations could be obtained by
fitting the calculated solubility values to the experimental data
by adjusting AGy,. The interpolated values for the temperature
dependence of the Gibbs energy of fusion for 1 and 2 were used
in all consecutive calculations. The temperature dependence of
AG,,, is computed within COSMOtherm using the following
equation:?

Dnelt
] +ACP s (Tmelt - T) ~ACp fysT ln( mTe J

@

where T, is melting temperature of artemisinin, ca. 153 °C,*
AH,, is the heat of fusion and ACp;, is the heat capacity
of fusion. The latter two parameters are also unknown for
artemisinin. This equation does not describe the obtained tem-
perature dependence for AGj,, for artemisinin and therefore this
parameter was adjusted manually for each given temperature.

There are several outlying values of solubilities in Table 1
where there is a considerable difference between experiment and
calculations, particularly in the case of toluene and acetonitrile.
On one hand it is expected that the accuracy of calculation for
very high solubilities would not be particularly high. On the
other hand, such significant discrepancies may invalidate the
method of calculation and should be examined more closely.
These are discussed below within the discussion of specific
groups of solvents.

Two conclusions can be drawn from these initial results: (/)
the accuracy and quality of experimental data can be verified by
the calculated data, allowing to identify non-linear behaviour
and allowing further experimental planning and (2) the presence
of water in mixed solvents, even in such highly complex polar
systems as ethanol-water, can be described accurately by the
model; thus, the solubility of artemisinin in wet solvents could
also be estimated.

T
AGqu(T)=_AHqu[1_ T
melt

Screening of solubility of artemisinin in different solvents

Solubility calculations were performed for artemisinin and
epiartemisinin. However, more detailed calculations with dry
and wet solvents were only performed for artemisinin. The
value of AG, of artemisinin at 293 K was estimated to be
11.83 kJ mol™' on the basis of the temperature dependence shown
in Fig. 4. This value was used in all subsequent calculations at
this temperature.

Results of the computational screening of a number of
solvents that have not previously been considered for extraction
of artemisinin, as well as some more common solvents, are
shown in Table 2. The only solvents included in the analysis
that score very badly in the GSK solvent selection guide * are
chloroform, dichloromethane and acetonitrile.

There appears to be little difference between the n-alkanes
of Cs—C; chain length. Calculations predict a 30% lower solu-
bility in n-heptane compared to n-hexane, which is somewhat
unfortunate, due to its 10-fold lower toxicity.® The parity with
experimental data is also very good for linear alkanes. However,
pure linear alkanes are rarely used in practical applications. The
more common solvents, being the particular grades of petroleum

ether (PE), characterised by the range of boiling temperatures
PE 60-90 with the density range 0.67-0.698 g ml™' and consisting
of n-pentane, 2-methylpentane, n-hexane, n-heptane and isopen-
tane (0.25:0.25:0.25:0.23:0.02), were used in the calculations
of artemisinin solubility. As expected solubility in PE ranked
between that of n-pentane and n-heptane. The presence of
aromatic impurities in PE would increase the solubility of
artemisinin, according to both calculations and experimental
data.

The move to aromatic solvents such as toluene results in a
marked increase in the predicted and experimental solubilities
of artemisinin. The screening charge density of toluene is higher
in both polarity ranges than that of linear alkanes. The recently
reported value of artemisinin solubility in toluene (145.6 g L',
ref. 34) is 10-fold higher than the predicted value. This value
was obtained by light scattering measurements, based on the
disappearance of artemisinin crystallites from solution upon
gradual addition of solvent.**

We attempted to measure several solubilities by using a
gravimetric method and verified the results by diluting samples
and using a UV-DAD detector in the HPLC instrument; the
obtained data are reported in Tables 1 and 2. The accuracy of
gravimetric measurements is not very high due to the errors in
determining the mass of rapidly evaporating solvents. However,
there was a good agreement between gravimetric measurements
and HPLC-UYV concentration measurements for the solubilities
of artemisinin in toluene, acetonitrile and dimethylformamide.

The value of solubility obtained in toluene is significantly
lower than that reported in ref. 34. In contrast, the value of
solubility in acetonitrile is much higher. Our measured values
correlate much better with the trend in the calculated values.
Therefore, we have much more confidence in the order of exper-
imental solubilities obtained in our own measurements. There
is a concern that the light scattering method of determining
solubilities introduces a systematic error due to an incorrect
interpretation of the signal, since this is an indirect method.
This error can be different for different solvent systems. It
would therefore be necessary to validate experimental values of
solubilities of artemisinin in toluene and several other solvents
showing apparently high solubilities by a different, direct,
reliable and independently validated method.

The large underprediction of the artemisinin solubility in
toluene may arise from the inability of the theory to correctly
account for the interactions of m-electrons of the aromatic ring
of toluene with the unpaired spins of oxygens in artemisinin.
Some of these interactions appear to be accounted for. This
is evident in comparison of the homologous order of solvents
from toluene to trifluorotoluene, perfluorotoluene and perfluo-
romethyl cyclohexane. There is a strong correlation between the
decrease in the number of protons, the decrease in the & electron
density, and the reduced solubility of artemisinin. Fig. S2 in the
ESI+ illustrates the differences in the screening charge densities
of toluene and perfluorotoluene.

Amongst all screened solvents, the highest solubili-
ties of artemisinin were predicted for chloroform and
dichloromethane—two orders of magnitude higher than those
for the standard extraction solvents n-hexane or PE. The
experimental value of solubility in chloroform is 8% higher
than the calculated value (Table 1). In our opinion this is
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a very good correlation, since the accuracy of calculations
generally decreases at high solubilities. A very high solubility
was calculated and experimentally verified for carvacrol, 245
298 g L.

The next best solvents according to the predicted values
are liquid tetrafluoromethane, liquid CO, and the symmetrical
1,1,2,2-tetrafluoroethane. There are no experimental data on the
solubility of artemisinin in liquid CO, but there are data on its
solubility in scCO,.* Some experimental conditions reported
are close to the density of liquid CO, at 293 K. Using the
empirical relationship for solubility as a function of density and
temperature developed in ref. 38, the experimental solubility of
artemisinin at 293 K and density 770 g L' is estimated as y =
5.65x 10" or2.79 gL™'. Thereis a very large discrepancy between
the calculated solubility of artemisinin in liquid CO, and the
experimental solubility at close temperature and pressure, but in
scCO,. At this stage we cannot present an adequate explanation
for this difference.

The predicted solubility in liquid ammonia is quite high. This
is an expected result since ammonia is known to be a very good
solvent. However, its practical use as a solvent is unlikely due to
safety considerations and its basic character, which would pro-
mote undesirable decomposition reactions of the compounds of
interest in the extracts. The inert hydrofluorocarbon refrigerants
may potentially be good solvents. The commercially available
unsymmetrical 1,1,1,2-tetrafluoroethane is already being used as
a solvent for bio-extraction processes and was earlier shown to
be economically and environmentally competitive against other
extraction processes.?

The difference in the predicted solubility of artemisinin in
the symmetrical 1,1,2,2-tetrafluoroethane and unsymmetrical
1,1,1,2-tetrafluoroethane is nearly 100%. Intuitively, the unsym-
metrical isomer of tetrafluoroethane would be assigned as more
polar. However, the o profiles of the molecules suggest that the
symmetrical isomer is the more polar of the two, with more
negative and more positive surface charge areas, see Fig. 5.
There is a better match for both the positive and the negative
polarity peaks of artemisinin and 1,1,2,2-tetrafluoroethane on

40
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Fig. 5 Comparison of screening charge densities of the hydrofluoro-
carbon solvents and artemisinin.

the surface charge density scale (x axis). Unfortunately, the
symmetrical tetrafluoroethane is not available commercially.
The other symmetrical molecule of the same class which is
commercially available is heptafluoropropane (13, ESIf), but
even though its hydrogen carries a higher charge density than
1,1,2,2-tetrafluoroethane, the predicted solubility is only 28%
higher, as only one polarised hydrogen is available.

In the class of solvents with high boiling points, a number of
possible solvents were considered from the classes of carbonates,
cyclic ethers, urea-based solvents, fatty acid-based solvents and
naturally abundant terpenes. Here, we also considered several
co-metabolites of artemisinin, which may act as co-solvents
or solubility enhancement agents and thus could influence
the process of extraction and also consecutive recovery of
artemisinin from primary extracts. For a number of components,
the optimised screening charge density files were not available
in the COSMOTherm library and were computed in this study
(structures of numbered compounds given in the ESIt): butylene
carbonate (5), glycerine carbonate (6), DMI (7), DMPU (8), 1,3-
dioxane-5-ol (14), 2-isobutyl-1,3-dioxane-5-ol (15), artemisia
ketone (21), flavone casticin and a C;, paraffin.

Table 2 and Fig. 6 show a reasonable correlation in the
trend of solubilities between the experimental and predicted
values, allowing a ranking of solvents. However, the errors in
the absolute values in some cases are considerable, requiring
experimental verification. The most interesting solvents are
dimethyl carbonate, dimethylformamide, DMI, DMPU and
v-valerolactone. From these solvents, dimethyl carbonate and
DMF have an appreciable vapour pressure and can still be used
as conventional solvents with vacuum solvent distillation. All
other solvents have very low vapour pressures and therefore a
secondary extraction is needed to recover the desired compounds
from the raw extracts. Furthermore, some low vapour pressure
solvents are too viscous to be used as pure solvents, and could
be considered as potential solvent additives.
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300 | . ®
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Fig. 6 Parity plot for all calculated solvents. Open symbols are for
the calculated data only; closed symbols are for the parity data where
experimental solubilities are available.

The predicted solubility values for the ionic liquids [DMEA]
octanoate and [BMOEA] [bst] (16 and 17, ESIT) are considerably
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lower than the reported experimental values,>* but for the
ionic liquid [EMIM] acetate (18, ESI{) the match is very
close, see Table 2. In the case of [DMEA][oct] the two ion
pairs are in equilibrium with the corresponding acid base pair.
The calculated solubility for the equimolar mixture of the
corresponding pair of DMEA and octanoic acid predicted a
much higher value for solubility of artemisinin, although still
not as high as the reported experimental value.

In the order of solubilities the novel green solvents came
between the conventional hydrocarbon solvents, such as
n-hexane and petroleum ether at the low end, and the com-
pressed gases and chlorinated solvents at the high end of
solubility values. Amongst the new solvents, diacetone alcohol
is being used as an acetone replacement in cleaning applications;
DMPU, DMI and carbonates are dipolar solvents with low
volatility and toxicity. Some of the solvents could be obtained
from renewable feedstocks e.g., DMPU, glyceryl carbonate, ethyl
lactate, glycerol isobutyral.*!

The predicted solubility of artemisinin in 1,8-cineol is reason-
ably high in comparison to conventional hydrocarbon solvents—
7.2 g L', see Table 2. It is also a major component of essential
oil of 4. annua.** Tt is therefore possible that the presence of
cineol and other secondary metabolites in the plant would affect
solubilisation of artemisinin and its subsequent crystallisation in
the work-up procedure. This also opens a new possibility of using
natural products, such as light terpenes and some fatty acids,
even as mixtures, as solvents for natural products extraction.

Influence of secondary metabolites on the solubility of
artemisinin

Extraction from biomass is a highly unselective process: the main
component is usually co-extracted with a number of secondary
metabolites. Thus, PE extraction of A. annua produces a dark
brown-green solution containing waxes, light terpenes and
chlorophylls, as well as different artemisinin related compounds.
Extraction with EtOH produces a solution containing more
sugars and other polar compounds. Some of the extracted
co-metabolites will influence the consecutive purification steps

and can also influence the primary extraction of artemisinin.
It has been hypothesised that in the PE-based extraction of
artemisinin, the actual extraction agent is not the PE solvent,
but the higher polarity compounds that are extracted by PE first,
such as terpenes, flavones, small phenolics, fatty acids, waxes, etc.

There exists a reasonable amount of data on the secondary
metabolites of A. annua.*** The calculated solubilities of
artemisinin in n-hexane-ethyl acetate mixed solvent in the
presence of a number of co-metabolites are given in Table 3.
The relative quantities of different metabolites vary strongly
with the seed origin, growth conditions and the growing region.
Therefore, the estimate of the potential influence of the co-
metabolites on the solubility of artemisinin in the modified
solvent system is based on the maximum amount of the
particular compound reported in the literature. Thus, in the case
of 1,8-cineol, the maximum reported content in the essential oil
of A. annua is up to 30% (w/w), with the yield of the oil varying
between ca. 0.4% w/w and 4.0% v/w.* Similarly, the maximum
reported quantity of camphor in the essential oil is 21.8%. Based
on these data, and assuming that all available co-metabolite is
extracted into the solvent mixture, the molar fractions of 1,8-
cineol and camphor in the solvent mixture were estimated to be
within the range 2.5 x 10#-25 x 10™* and 1.9 x 10™-19 x 107,
respectively. In several cases, the major component of essential
oil was reported to be artemisia ketone (21, ESIt)—up to 80%.
The major fatty acids reported in the A. annua are 16:0, 18: 1,
18:2 and 18: 3, however free fatty acids comprise only ca. 4%
of the total lipid content, the major components being Cs—
C,, saturated and unsaturated linear hydrocarbons.* In our
own studies we identified 16:0 hexadecanoic (palmitic), 14:0
tetradecanoic (myristic) and 12:0 dodecanoic (lauric) acids as
the main fatty acid compounds; dodecanoic acid was used in a
representative simulation. The class of flavones is represented by
casticin (23, ESIf), which is often found in A. annua extracts.
Flavones, however, are found in extracts free and also with the
glycoside function (24, ESIt), the latter being considerably more
polar.

At such low concentrations of the co-extracted secondary
metabolites, their effect on the solubility of artemisinin is

Table 3 Solubility of artemisinin in n-hexane—ethyl acetate solvent in the presence of co-metabolites at 293 K. Solvent comprises n-hexane—ethyl

acetate (95: 5% v/v) unless stated otherwise

Co-metabolite

Molar fraction co-metabolite in extract, x 10™*

Molar fraction artemisinin in extract, x 10~ % Increase

Camphor 19

1.9
Dodecanoic acid 2.6
1,8-Cineol 25
2.5
aArtemisinin ketone 68
Casticin 12
Casticin monoglycoside 12
C; paraffin 6.7
Deoxyartemisinin 12
24
48

¢ Solvent: pure n-hexane without EtOAc additive

8.6° —
12.4 0

12.6 2.2
12.6 1.6
12.4 0.6
12.4 0.5
12.6 2.0
12.7 2.7
12.7 2.7
13.3 7.5
12.5 0.8
12.5 1.1
12.6 2.2
12.9 4.4
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insignificant, only increasing solubility by up to 2.7%. This im-
plies that consecutive crystallisation would not be considerably
affected by the presence of these co-extractants. However, both
deoxyartemisinin and the glycoside form of flavone casticin (25
and 24, ESIT) influence the solubility of artemisinin to a higher
degree, up to 7.5% in the case of the flavone. Deoxyartemisinin
is one of the stable products of degradation of artemisinin and is
frequently found in some A. annua plant materials. The flavone
glycoside appears to be a very significant modifier of artemisinin
properties in the solvent matrix. It should be expected that
other glycosides would have a similar effect. This is a possible
reason for difficult crystallisation of artemisinin from ethanol
extracts,”” since ethanol extracts more sugars and other polar
compounds.

Extraction of artemisinin using carbonates

In order to validate the possibility of using alternative greener
solvents that were predicted to have high solubility of artemisinin
as practical extraction solvents, exhaustive extraction of 4.
annua dry material was performed with propylene and buty-
lene carbonate solvents, see Fig. 7. Both solvents gave a
high efficiency of extraction, leaving a very small amount of
artemisinin in the biomass. Moreover, the obtained extracts
were lightly coloured solutions in contrast to darker brown-
green hydrocarbon extracts, indicating that very small amounts
of heavy compounds and chlorophylls are being extracted. Thus,
consecutive separation of artemisinin from such extracts by e.g.,
scCO, or liquid-liquid or liquid-solid fractionation with an
affinity sorbent would yield a high purity product. Integration of
extraction of biopharmaceuticals by high boiling point solvents
with consecutive downstream processes is a topic of continuing
investigation.

72 BC NN residual BC
100

PC E= residual PC

Per cent artemisinin recovery / -

35 50 65
Temperature / °C

Fig. 7 Efficiency of extraction of artemisinin from Artemisia annua
by carbonate solvents and hexane—ethyl acetate (95:5 v/v). Percent
extracted and remaining in the biomass at different temperatures. BC:
butylene carbonate, PC: propylene carbonate, residual BC: extract from
the remaining biomass after butylene carbonate extraction, residual
PC: extract from the remaining biomass after propylene carbonate
extraction.

Conclusions

COSMO-RS was applied to the screening of solvents for
the process of extraction of the valuable biopharmaceutical
substance artemisinin. The method of calculation was improved
by establishing a calibration procedure against a limited number
of experimental data points to obtain an accurate value of
the Gibbs energy of fusion for the solid substance of interest.
Comparison with experimental values shows good accuracy of
calculations for most types of molecules, although there are
a number of compounds for which the deviation between the
calculation and the experimental result is significant. Some
experimental data are questioned, since both calculations and
alternative experimental procedures yield markedly different
results.

The computational method was shown to be effective in
determining the behaviour of mixed solvent systems and in
screening the effects of impurities on the solubilisation process.
This should allow further development of the method for
optimisation of biopharmaceutical separation processes. Several
new green solvents were screened, for which no experimental
data were available. This allowed us to identify the most promis-
ing solvents. Experimental validation of exhaustive extraction
by carbonates shows the potential applicability of the new
solvents for developing practical extraction processes for bio-
pharmaceuticals.
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Aiming at the development of green and efficient C—C bond formations (aldol and Mannich

reactions), the decarboxylative nucleophilic addition of malonic acid half ester to imines or
aldehydes under mild metal-free conditions was studied. A careful control of the temperature and
the appropriate choice of the organic base allowed us to obtain f-amino esters or B-hydroxy esters
including o-substituted and o, a-disubstituted ones in moderate to excellent yields. '"H NMR
monitoring of the reaction unveiled two distinct mechanisms depending on the hemimalonate

used. With the unsubstituted substrate, a carboxylic acid intermediate was isolated upon acid
quench resulting from the nucleophilic addition of the putative enol carboxylate anion of the
hemimalonate to imines/aldehydes before CO, loss. With substituted hemimalonates, the reaction
likely involved an enolate which then added to imines/aldehydes or was competitively protonated.
According to the base used, the reaction can be carried out either under solvent free-conditions or

in an ionic liquid under mild conditions.

Introduction

The development of organic reactions based on the twelve
principles of Green Chemistry is one of the most important
issues in today’s scientific community.! In recent years, much
attention has been paid to the development of organocatalysis,?
an eco-friendly and cost-effective concept well-suited for in-
dustrial applications, especially when metal traces is of real
concern (pharmaceutical industry). Organocatalyzed aldol® and
Mannich* reactions based on enamine reactive intermediates,
two organic economical-atom transformations, have been widely
studied. With the exception of a direct aldol reaction me-
diated by silyl trifluoromethanesulfonate in the presence of
diisopropylethylamine,’® the available methods for a direct metal-
free aldol reaction of esters are nearly non existent because
of the lower enolization ability of esters compared with that
of ketones. Organocatalytic routes using ester and aldehyde
partners involved ketene (thio)acetals as ester equivalents and
chiral phosphoramides or pyridine N-oxides,® oxazaborolidi-
none derivatives’ or triarylcarbenium ions® as catalysts. An
aldol reaction was also observed in DMSO.” The formation
of B-amino esters in organocatalyzed Mannich type reactions
has been studied much more.* Usually a protected imine (or an
equivalent of imine) reacts with a dialkyl malonate,' or a ketene
acetal. Although efficient, these approaches require more than
one step. Given their valuable roles as versatile building blocks
in the synthesis of natural products or compounds of biological
interest,' the development of an eco-friendly synthesis of [3-
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hydroxy esters and to a lesser extent to -amino esters is rather
desirable.

Recently, we showed™ that enantioselective decarboxylative
protonation®® of a-amino substituted malonic acid half esters is
an attractive route to enantioenriched a-amino acids due to the
mild conditions and the general applicability of the reaction. As
part of an ongoing project concerning the metal-free synthesis
of functionalized carbonyl compounds'* we envisaged the use of
the organic base-catalyzed decarboxylation of malonic acid half
esters (or “hemimalonates™) as a mild and convenient procedure
to generate an enolate of ester with its subsequent reaction with
an electrophile (imines or aldehydes) (Scheme 1). The simple
malonic acid half ethyl ester 1a is a commercially available
stable B-acid ester which can be easily made quantitatively
from the very cheap diethyl malonate or the potassium salt of
ethyl hemimalonate. Recently published work' prompted us to
describe thereafter our results focused on the following practical
issues: (i) high conversion of the reagents under stoichiometric
ratios, (ii) metal-free conditions, (iii) eco-friendly medium, (iv)
cost-effectiveness, (v) low energy demand, (vi) easy work-up.

Equation 1
0 i) Base o
NR3R* - 5 NR3R#
R‘O& R‘O& + CO,
RZ “COOH i) H RZ “H
Equation 2
T i) Base O XH
A I N L
COOH i) >:x R® R
H X =0, NR
Y=0,8
Scheme 1 Decarboxylative C—C bond forming reaction.
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Results and discussion

Decarboxylative C-C bond forming reactions from malonic
acid half esters usually required the generation of a magnesium
salt'®'” or the formation of a lithium enolate.”® Under basic
conditions, N-acetyl serine esters were successfully prepared
from acetamido hemimalonate’® whereas a decarboxylative
Claisen reaction was observed® with activated malonic acid
half esters. The related Doebner—Knoevenagel reaction was
studied both from the mechanistic** and practical®® points of
view. Using a well-designed malonic acid half ester,”® Ohta
et al.* demonstrated that arylmalonate decarboxylase catalyzed
an intramolecular decarboxylative aldol reaction.”

While transition metal catalyzed decarboxylation of B-keto
acids and esters is well known, particularly in aldol and
Michael additions or in allylic substitutions,® only a few
involve hemimalonates. Based on a biomimetic approach and
on the enhanced acidity of a thioester function relative to
simple esters, the groups of Cozzi”’ and Shair® developed the
aldol-decarboxylation reaction of aldehydes and malonic- or
methylmalonic acid half thioesters in the presence of a copper
(IT) complex. Ricci et al.® described the first organocatalytic
asymmetric decarboxylative nucleophilic addition of malonic
acid half thioesters to imines. This work led us to test the
feasibility of a decarboxylative C—C bond forming reaction using
hemimalonate 1a as a straightforward available substrate.

Based on literature precedents, the mechanism of the reaction
(Scheme 2) can involve the formation of enolate 9 (path A)*
prior to protonation (path C) or reaction with imine 2a (path
D). Direct addition of imine 2a to malonic acid half ester salt 1b
(path B)'S*>® can also be envisaged prior to decarboxylation of
salt 7 (or 8).

]
HNEt;

(e} 0 - o 0
M Path A o Path C )J\
EtO OH — /& — Et0” “CH,3
1a NEt;  |EtO” CH, -NRg 10

NEt; -CO, L
9 Path D
-NR
) 3
HNEt; ArCH=X O XH
H o [ o XH EtOMAr
0" o Path B
NS NPT EtO Ar | -CO. 4o0rb
EtOMO ArCH=X “NRs
e ®
1b | 07 07y
7,X=NTs 7aor8a(synandant),Z=H
8,X=0 7b or 8b (syn and anti), Z = HNR;

Scheme 2 Mechanistic hypothesis for the formation of the products.

When 1a was mixed with imine 2a in THF at 65 °C for 15 h but
without any base, no reaction occurred. Adding a tertiary amine
(NEt;)* in a 1:1:2 imine/organic base/hemimalonate 1a molar
ratio, imine 2a was completely transformed at room temperature
affording B-amino ester 4a in 68% yield (Scheme 3). The same
reaction was performed with the preformed ammonium salt 1b
or with the salts 1c-1e. The results, presented in Table 1, clearly
show the benefits of using an organic ammonium countercation
in these reactions. A mixture of the expected product 4a was
formed beside the non-decarboxylated compound 7a (charac-
terized in-situ as its ammonium salt 7b) and the Knoevenagel—-

Table 1 Influence of the cation on the outcome of the reaction of imine
2a and hemimalonates 1b-e

Products, ratio®

Entry* Y Compound 1 Ta 4a 6a (E)
1 HNEL; b 0 100 0

2 Li c 43 22 35

3 Na d 57 21 22

4 K e 39 46 15

¢ Conditions: salt 1 (1.55 mmol, 200 mg), imine 2a (1 equiv), THF
(0.1 M), room temperature, 24 h. Conversion: 100%. ®* From 'H NMR
after work-up.

i Ji§
e e
EtOMO % + H” ™R

1a, Y = H; 1b, Y = HNEty;
1¢, Y =Li;1d, Y =Na; 1e, Y = K

2a, R=Ph; X=NTs
3a, R=4-0NCgHy; X=0

0

o] XH 0 XH J\/\

=
+ /U\/L *  EtO R
Eo R EtO R
E
0~ “OH
R

X =NTs, R =Ph 7a 4a 6a Ph
X =0, R =4-0,NCgH, 8a 5a 6b 4-02NCgHy

Scheme 3 Reaction of hemimalonates with electrophiles.

Doebner product 6a with the inorganic salts 1c-1e, whereas the
ammonium salt 1b afforded exclusively the B-amino derivative
4a (Table 1, comparison of entry 1 with entries 2-4).

In the following experiments, NEt; was chosen as the organic
base for the optimization of the parameters. Several solvents
were screened in the reaction carried out at 45 °C for 48 h.
In dichloromethane, carbon tetrachloride, toluene or dioxane,
the conversion was low (less than 50%) whereas the expected
product 4a was formed in satisfactory yields in THF, DMF or
acetonitrile (Table 2). Decreasing the amount of hemimalonate
1a had no significant influence (comparisons between entry 4).

Increasing the concentration of the imine 2a to 1.8 mol.L™!
improved the yields for the reaction carried out in DMF
(comparison of entries 4 and 5) and allowed the reaction to be
complete in 3hin THF at 45 °C. The highest yield (66%) with the
lowest amounts of solvent and substrate 1a were thus obtained

Table 2 Reaction of ethyl hemimalonate 1a with imine 2a

Entry 2a“conc. laequiv NEt;equiv Solvent t(h) 4 yield%
1 0.1 1 1 THF 24 52-57

2 0.1 1.3 0.5 THF 24 49

3 0.1 1.3 0.25 THF 24 33

4 1.8 20rl 1 DMF 24  60-66

5 0.1 2 0.20 DMF 48 47

6 1.8 1.3 0.20 DMF 48 57

7 0.1 2 1 CH,CN 15 67

8 1.8 1 1 CH;CN 48 56

¢ Conditions: hemimalonate la, imine 2a (100 mg, 0.386 mmol),
molecular sieves (4 A°) and NEt; were stirred at 45 °C. * Isolated yields.
Conversion of imine 2a: 100%.
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in DMF (entry 4). Working under solvent-free conditions gave
only degradation products.

The reaction was attempted under catalytic conditions
(Table 2, entries 2, 3, 5, 6). In THF (0.1 M), the yield of 4a
decreased with the amine loading (entries 2 and 3). However in
DMEF, under the standard conditions (1.8 M, entry 4) but with
a longer reaction time (48 h) and 0.2 equiv of base, reaction
of imine 2a with hemimalonate 1a (entry 6) afforded f-amino
ester 4a in just slightly lower yield than that obtained under
stoichiometric conditions.

Next, "H NMR monitoring of the reaction at room temper-
ature of malonic acid half ester 1a with imine 2a as a function
of time clearly demonstrated the formation of carboxylic acid
intermediate 7 as a 2/1 mixture of diastereoisomers A (anti
or syn) and B (syn or anti) (Fig. 1). The experiments showed
the rapid disappearance of imine 2a concomitant with the dual
formation of A and B, then product 4a appeared after 90 min
upon the slow decarboxylation of these intermediates. Whatever
the conditions and all along the progress of the reaction, the
ratio of both diastereoisomers stayed constant. This could be
explained by the reversibility’® of the malonate nucleophilic
addition on imines, reflecting thus the relative stability of
intermediates A and B.

c
8
=]
@
o
(=%
E
o
(]
° O N O DO DD D DO min
S A %\b@q’h@@@@@&@*@
—8—I|mine 1a —&— Diastereoisomer A —+=Diastereoisomer B
—a&— Product 4a ——— Imine degradation

O NHTs O  NHTs
EO™ T A EtO Ar

A 0@ ®

07 "O~ NHEt 0% 0 NHEt,

anti Ts: S80,CgH4-Me  syn
Diasteroisomers A and B

Fig.1 Monitoring of the reaction mixture 1a, imine 2a, NEt; in DMF-
d; as a function of time at room temperature.

Having demonstrated the feasibility of forming a C—C bond
from decarboxylative Mannich type reaction of malonic acid
half ester 1a, we attempted a decarboxylative aldol reaction
using 4-nitrobenzaldehyde 3a and hemimalonate 1a (Table 3).
In the presence of NEt; or DMAP (1 equiv) in DMF or
acetonitrile (entries 1-4), the reaction of aldehyde 3a with
hemimalonate 1a led exclusively to the expected aldol product
5a in satisfactory yields. Similar results were obtained when
1,8-bis(dimethylamino)naphthalene (proton sponge “PS”) was
used in acetonitrile (entry 6) whereas the Knoevenagel-Doebner

Table 3 Reaction of hemimalonate 1a with 4-nitrobenzaldehyde 3a

Entry  Base“ Solvent Ratio 5a/6b/3a  5a Yield*%
1 NEt; DMF¢ 1007070 78

2 NEt; MeCN“ 100/0/0 85

3 DMAP DMF 100/0/0 70

4 DMAP  MeCN“ 1007070 70

5 PS¢ DMF¢ 76/24/0 50

6 PS MeCN¢ 90/0/10 82

7 NEt; [BMIM] [PFs]  100/0/0 728

8 NEt; no’ 100/0/0 85

9 NEt;, no’ 87/0/13 72¢

“ Reagents: hemimalonate 1a (90 mg, 0.66 mmol), aldehyde 3a (100 mg,
0.66 mmol, 1.8 M in the solvent), base (1 equiv). ® Isolated yields with
100% conversion. 24 h at 20 °C then 15h at 60 °C. 4 15h at 80 °C. ¢ PS:
1,8-bis(dimethylamino)naphthalene (Proton Sponge).”2 h at 20 °C then
15 h at 60 °C. ¢ Reaction carried out on a gram scale.

product 6b was a side product in the reaction carried out in
DMEF (entry 5). Polar solvents being required for the reaction, we
attempted the decarboxylative aldol reaction in the hydrophobic
butyl methyl imidazolium hexafluorophosphate [BMIM][PF;],
a room temperature ionic liquid (RTIL). Indeed, due to their
properties (high polarity, no vapor pressure, high thermal
stability), RTILs are environmentally friendly substitutes for
conventional organic solvents. Under the conditions described
in entry 7, compound Sa was isolated in 72% yield.

It is worth noting that the reaction proceeded in high yield
in the absence of solvent. The isolation of the pure product
required only an acid-base work-up (entry 8). The same reaction
performed on a gram scale afforded product 5a in a slightly lower
yield due to the incomplete conversion of the starting material
(entry 9).

Attempts to carry out the reaction under catalytic conditions
of base gave no satisfactory results. A mixture of aldol Sa,
unsaturated ester 6b and unreacted aldehyde 3a was formed.

From the products observed in those reactions, Path B
of the mechanism was mainly operating with unsubstituted
hemimalonate at room temperature. The unstable carboxylic
acid 8a, as a mixture of two diastereoisomers, was isolated
and characterized. Such an intermediate was postulated in the
condensation of B-ketoacid salts with aldehydes.

The scope of the reaction was then examined changing the
electrophilic partner of hemimalonate 1a. The reactions of 1a
with various aldehydes and imines were carried out in DMF
or acetonitrile in the presence of NEt;. The results are shown
in Table 4. Due to the instability of the imines used, average
yields were obtained for the corresponding Mannich products
(entries 1-4). Aldehydes bearing an electron-withdrawing group
led to the aldol products with good yields (entries 6-9). Yields
from halogenated aldehydes were slightly lower (entries 8-13).
Benzaldehyde, pyridine carboxaldehyde, diphenylethanal gave
moderate results, due to an incomplete conversion (entries 5,
14, 15). No reaction was observed with 4-methoxybenzaldehyde
and n-hexanal (data not shown).

Finally, the reaction was examined with o-substituted malonic
acid half esters 11a-c, disubstituted o-methyl-c-phenyl hemi-
malonate 11d and o-acetamido-o-benzyl hemimalonate 1le.
The first attempts to carry out the reaction of o--phenylmalonate
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Table 4 Reaction of hemimalonate 1a with imines and aldehydes

Entry Electrophile Product Yields A (%) B*
1 ©ANT5 O NHTs 4a 77 84
Eto%
2 OANPMB ©  NHPMB 4 47 52
O,N EtO%

NO,

3 @NTS Q  NHTs 4c 55 59
oMe EtO

eO

4 ST o NHTs 4d 51 49
JO

gt

5 CHO o OoH S5a nr 26
©/ Eto%

6 CHO Q OoH 5b 78 85
02N/©/ E\O%

NO,

7 CHO O  OH NO, 5¢ 81 86
©N02 Eto%

Se 81 81

[ee]
z
[¢]
[e]
I
<]
m
S
o
Q
I
(o]
z

CHO O OH Br Sf 79 73

@
m
Cig

10 ©/CHO o OoH 5¢ 70 67

EtO

4

CHO O OH F Sh 72 66

@[ EtO
12 ©/CHO

5

o oH 5i 57 68
EtO
£
F
13 CHO O OH CF, 51 80 75
@ca Eto%
14 OO o OH Sk 39 52
LN EtO /N[
X
15 Ph o oH 51 38 48
Ph)\CHO Etojk)\(Ph
Ph
16 EtO,C-CHO 5n 62 63

m
9
o
Q
o I
o
o

“Reaction carried out in DMF (imine or aldehyde: 1.8 M), NEt;
(1 equiv), room temperature for 24 h then 60 °C for 15 h. ® Reaction
carried out in acetonitrile (imine or aldehyde: 1.8 M), NEt; (1 equiv),
80°C, 15 h.

11a with 4-nitrobenzaldehyde in the presence of NEt; in ace-
tonitrile were unsuccessful. The sole product of the reaction was
ethyl phenylacetate, resulting from the competitive protonation
of the intermediate enolate (path A then C of the mechanistic
hypothesis, Scheme 2).

Such an enhanced reactivity of ethyl a-phenylmalonic acid
half ester towards the decarboxylation was observed in the
sulfenylation of the hemiester 1a.* In order to avoid the fast
protonation of the enolate, NEt; was substituted by proton
sponge [1,8-bis(dimethylamino)naphthalene] as a better proton
scavenger. Gratifyingly, this base allowed the decarboxylative
aldolisation reaction at 0 °C in acetonitrile and 12a was isolated
in 76% yield (Table 5, entry 1). In DMF, the reaction was less
efficient (entry 2). The reaction attempted in [BMIM][PF,] did
not improve the yield of 12a, and 10% of the side-product ethyl
phenylacetate was formed (entry 3).

The reaction involving the less reactive substituted deriva-
tives 11b and 1lc required heating in DMF to achieve the
decarboxylation and afforded the hydroxy esters 12b and 12¢ in
68% and 77% yields respectively (entries 4, 5). Hemimalonates
11d and 11e bearing a quaternary carbon were subjected to
the decarboxylative aldol reaction under different conditions of
bases and solvents. Whereas the reaction of hemimalonate 11d
and 4-nitrobenzaldehyde 3a in the presence of NEt; led only to
the protonated side product (ethyl 2-phenylpropanoate, data not
shown), the proton sponge mediated reaction of 3a with 11d or
11e in DMF, afforded compound 12d or 12e in 39% or 78% yields
respectively (entries 6, 9). Working in [BMIM][PF,] at room
temperature improved significantly the yield of 12d (entry 7)
whereas 12e was formed in 51% yield in this solvent. Although
these yields seem moderate, the reaction allowed the formation
of a quaternary carbon and of two consecutive stereogenic
centers under very mild conditions. Due to the disubstituted
nature of the starting material, only the mechanistic hypothesis
described by Path A then C on Scheme 2 is operating, i.e. the
decarboxylation occurred first generating the enolate which was
then trapped by the aldehyde before the protonation took place.

Conclusion

We have demonstrated that, using a metal-free procedure, the
simple commercially available malonic acid half ethyl ester 1a
was an efficient reagent for the formation of B-hydroxy esters
and B-amino esters from aryl aldehydes and arylimines via
decarboxylative aldol and Mannich type reactions respectively.
This one-step organic base-mediated procedure, possible under
catalytic conditions in some cases, can replace favourably
the well-known two-reaction sequence involving nucleophilic
addition of malonate diester followed by a subsequent decar-
boxylation reaction. The simplicity of this synthetic approach
which can be carried out in an open flask, even under solvent-
free conditions or in ionic liquids, may render it applicable
on a large scale. Depending on the malonyl starting material
used (substituted or not), two different mechanisms can be
involved which may dictate the choice of the organic base
used. With a-substituted and o,0-disubstituted hemimalonates,
two consecutive stereogenic centers are created, including a
quaternary carbon with the later substrates.

This journal is © The Royal Society of Chemistry 2010
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Table 5 Decarboxylative aldolisation of a-substituted and disubstituted malonic acid hemi esters

o o ArCHO 3a 0 HO
M Base (1 equiv) . “\A
————— Et , r
EtO , o solvent !
R R temperature R R
time .

R' R?2 syn and anti

Ph H 11a 12a

Bn H 11b 12b

CH,COPh  H 11c 12¢

Ph Me 11d 12d

NHCOMe Bn 11e 12e
Entry Acid® Base Conditions: Solvent, Temp Time Product 12 yield® % syn/anti¢ ratio%
1 11a PS MeCN, 0°C 18 h 12a, 76 44/56
2 11a PS DMF, 0°C 60 h 12a, 43 45/55
3 11a PS [BMIM][PF,], 20 °C 48 h 12a, 65 50/50
4 11b NEt; DME, 0 °C 60 h, then 60 °C 5 h 12b, 68 50/50
5 11c NEt, DMEF, 0 °C 60 h, then 60 °C 5 h 12¢, 77 34/66
6 11d PS DMEF, 20°C 48 h 12d, 39 50/50
7 11d PS [BMIMI][PF,] 20 °C 48 h 12d, 56 50/50
8 11e PS [BMIM][PF,] 20 °C 48 h 12e, 51 50/50
9 11e PS DMEF, 20°C 48 h 12e, 78 50/50

@ Acid 11 (1.1 equiv), base (1 equiv), aldehyde 3a (1 equiv). ® Isolated yield. ¢ Ratio in the crude product, from '"H NMR spectra.

Experimental
General

Acetonitrile (MeCN), tetrahydrofuran (THF), toluene and
dichloromethane were dried with a Pure-Solv™ 400 Solvent
Purification System. Dimethylformamide (DMF) and triethy-
lamine (Et;N) were distilled from CaH, under a stream of
nitrogen prior to use. Commercially available compounds
(aldehydes, tosylamine, p-methoxybenzylamine, benzyl chlo-
ride, methyl iodide, 1,8-bis(dimethylamino)naphthalene, di-
ethyl malonate, diethyl o-phenylmalonate, and diethyl o-
acetamidomalonate) were used as received. N-Tosylimines
and N-4-methoxybenzylimine precursor of compound 4b were
prepared according Kim et al** Diethyl phenacylmalonate,®
diethyl 2-methyl, 2-phenylmalonate,® and diethyl 2-(N-
acetamido)-2-benzylmalonate® were prepared by alkylation
of diethyl malonate, diethyl a-phenylmalonate, and diethyl
o-acetamidomalonate respectively. Ethyl hemimalonates were
obtained by selective hydrolysis®” of the corresponding dialkyl-
malonates and their spectroscopic properties were in good
agreement with those reported for 1a,” 11a,” 11b,*® 11¢,*
11d.%** The spectral data of the known products 4a,* 5a,* 5b,*
5¢,* 5e,% 5f-5i,* 51, 5n, were in agreement with literature
data.

Characterization of the intermediates, ammonium salt 7b and
carboxylic acid 8a

Reaction between malonate 1a and imine 2a.  Freshly distilled
triethylamine (28 pL, 0.2 mmol) was added to a solution of
malonic acid half ethyl ester 1a (32 mg, 0.2 mmol) in dried
DMF-d; (1 mL). In a NMR tube, imine 2a (31 mg, 0.12 mmol)
was weighed then 0.6 mL of the previous solution was added
to start the reaction. The ammonium salt 7b of carboxylic acid
intermediate was characterized in-situ by '"H NMR (=20 °C)
after a few minutes in the form of two diastereomers. First

diastereomer: '"H NMR (500 MHz, DMF-d,) & 1.18 [t, 3 H,
Jun = 7.5 Hz, CH5(Et)], 1.19 (t, 9 H, *Juy = 7.5 Hz, CH,),
2.30 [s, 3 H, CH,y(Ar)], 3.01 (q, 6 H, *Juy = 7.5 Hz, CH,), 3.62
(d, 1 H, *Juy = 10.0 Hz, CH), 4.04 [q, 2 H, *Juy = 7.5 Hz,
CH,(EY)], 5.06 (t, 1 H, *Jyy = 9.5 Hz, CH), 7.06 (m, 3 H, H,,),
7.12(d, 2 H, *Juy = 8.0 Hz, Hy,), 7.28 (m, 2 H, Hy,), 7.43 (d, 2
H, *Juy = 8.0 Hz, H,,), 8.10 (d, 1 H, *Jyy = 9.5 Hz, NH). "C
NMR (125 MHz, DMF-d,) § 8.5 (CH5), 13.9 [CH4(Et)], 20.6
(CH,), 45.0 (CH,), 58.5 (CH), 60.0 (CH,), 62.5 (CH), 126.6,
127.4,128.2,128.9, 139.5, 140.6, 142.0 (C,,), 169.1 (C=0), 169.5
(C=0). Second diastereomer: '"H NMR (500 MHz, DMF-d,) &
0.95 [t, 3 H, *Juyy = 7.0 Hz, CH5(Et)], 1.19 (t, 9 H, *Jyuny =
7.5Hz, CH;), 2.39[s, 3 H, CH5(Ar)], 3.01 (q, 6 H, *Jyyy = 7.5 Hz,
CH,), 3.45(d, 1 H, *Juy = 9.5 Hz, CH), 3.81 [ABX; syst., 2 H,
CH,(EY)], 4.62 (s, 1 H, *Jy = 9.5 Hz, CH), 7.19 (m, 3 H, H,,),
7.29 (m, 2 H, Hy,), 7.31 (d, 2 H, *Juy = 8.0 Hz, H,,), 7.57 (d,
2 H, 3Juy = 8.0 Hz, H,,). "C NMR (125 MHz, DMF-d,) 6 8.5
(CH,), 13.5 [CH,(Et)], 20.6 (CH), 45.0 (CH,), 58.0 (CH), 59.8
(CH), 59.9 (CH,), 127.1,127.2,127.8, 128.1, 129.4, 138.1, 140.6,
142.7 (Cy4,), 168.9 (C=0), 171.0 (C=0).

Reaction between malonate 1a and aldehyde 3a. Freshly
distilled triethylamine (1.06 mL, 7.6 mmol) was added to a
solution of malonic acid half ethylester 1a (1 g, 7.6 mmol) in
CH,CI, (11 mL). Para-nitrobenzaldehyde 3a (1.37 g, 9.1 mmol)
was added to the solution and the reaction was stirred at room
temperature for 20 h. The mixture was quenched with HCI (1
N) and extracted with CH,Cl, to afford 0.95 g of the unstable
carboxylic acid intermediate 8a (49% yield) which was rapidly
characterized by 'H and *C NMR shortly after as a mixture of
two diastereomers.

First diastereomer: 'HNMR (500 MHz, CDCl;) 8 1.08[t, 3 H,
J =7.2 Hz, CH,(Et)], 3.74 (d, 1 H, J = 7.6 Hz, CH), 3.99-4.07
[m, 2 H, CH,(Et)], 5.35(d, 1 H, J = 7.6 Hz, CH), 7.55 (d, 2
H, J = 8.5 Hz, H,,), 8.14 (d, 2 H, J = 8.5 Hz, H,,). "C NMR
(125 MHz, CDCl;) 6 13.7 [CH;(EY)], 59.3 (CH), 62.0 [CH,(EY)],
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71.9 (CH), 123.5, 127.6, 147.5, 147.8 (C,,), 167.3 (C=0), 170.8
(C=0). Second diastereomer: '"H NMR (500 MHz, CDCl,) 8
1.12 [t, 3 H, J = 7.2 Hz, CH,(Et)], 3.79 (d, 1 H, J = 5.8 Hz,
CH), 4.07-4.14 [m, 2 H, CH,(Et)], 5.41 (d, 1 H, J = 5.8 Hz,
CH), 7.55(d, 2 H, J = 8.5 Hz, H,,), 8.14 (d, 2 H, J = 8.5 Hz,
H,,). "CNMR (125 MHz, CDCl,) 6 13.8 [CH;(Et)], 58.7 (CH),
62.2[CH,(Et)], 71.7 (CH), 123.5, 127.3,147.5, 147.9 (C,,), 168.3
(C=0), 169.9 (C=0).

Typical procedures

The organic base (1 equiv) was added to a stirred mixture of
the aldehyde or imine (1 equiv), the malonic acid half ethylester
(1.1 equiv) and the solvent. This mixture was stirred for a given
time at a chosen temperature. In procedures A-D, the volatile
compounds were removed under vacuum. The residue was
diluted in ether/dichloromethane (1:1), washed with aqueous
saturated NaHCO;, then with HCI (1 N) and dried over MgSO,.
The solvents were removed under vacuum, and the residue
was purified by silica-gel column chromatography to give the
expected product.

Procedure Base Solvent Temperature and time
NEt; DMF ¢f. Table 4 and Table 5 (entries 4-5).
NEt; MeCN 80°C, I5h

PS DMF MeCN ¢f- Table 3 entries 5, 6 and Table 5,
entries 1-3, 6-9.
NEt; no 20°C,2hthen60°C, 15h

PS  [BMIM][PF,] 20°C,48h

2o AR

In Procedure E, The reaction mixture was extracted with
Et,0. The organic layer was washed with H,O, dried over
MgSQO,, filtered and concentrated under reduced pressure. The
residue was purified by silica-gel column chromatography.

Ethyl  3-N-[(4-methoxyphenyl)methyl]-3-(4-nitrophenyl)pro-
panoate 4b (Procedure B). Under nitrogen and in the presence
of molecular sieves (4A). [69 mg, 52% yield from imine (99 mg)].
R; 0.29 (Cyclohexane/AcOEt = 85:15). White solid (mp
105°C). '"H NMR (400 MHz, CDCl;) 6 1.21 [t, 3H, J = 7.2 Hz,
CH;(Et)], 2.77 [8amasx), 1 H, Jap = 15.2, Jox = 7.6 Hz, CH,(H,)],
2.82 [Oamsx)s | H, Ja = 15.2, Jpx = 7.6 Hz, CH,(H,)], 3.70 (s,
3 H, OMe), 4.12 [q, 2 H, J = 7.2 Hz, CH,(Et)], 4.83 (dd, 1 H,
J =5.6,7.6 Hz, CH), 6.46 (d, 2 H, J = 9.2 Hz, H,,), 6.69 (d,
2 H,J =92Hz Hy), 7.56 (d, 2 H, J = 8.8 Hz, H,,), 8.18
(d, 2 H, J = 8.8 Hz, H,,)."*C NMR (100 MHz, CDCl;) & 14.1
[CH;(EY)], 26.9 (CH,), 43.3 (MeO), 55.5 (CH), 61.1 [CH,(Et)],
114.8, 115.2,124.0, 127.4, 140.1, 147.3, 150.2, 153.7 (C,,), 170.6
(CO). IR (neat) 3385 (N-H), 1726 (C=0), 1605, 1509, 1342,
1234, 1177, 1031 ecm™. HRMS (ESI) Calcd for C;3sH, N,Os
(MH"): 345.1450, Found: 345.1445; MS (ESI) m/z 345 M +
H)*, 299, 257, 124, 123.

Ethyl  3-(4-methylphenylsulfonamido)-3-(2-methoxyphenyl)-
propanoate 4c (Procedure B). Under nitrogen and in the
presence of molecular sieves (4A). [200 mg, 59% vyield
from imine (112 mg)]. White solid (mp 148 °C). R; 0.28
(Cyclohexane/AcOEt = 80:20). 'H NMR (400 MHz, CDCl;)
6 1.13 [t, 3 H, J = 7.2 Hz, CH;(Et)], 2.30 [s, 3 H, CH,(Ts)],
2.76 [Oamnx), | H, Jag = 15.2, Jox = 7.2 Hz, H,(CH,)], 2.88

[Sansx, 1 H, Jap = 15.2, Jux = 6.4 Hz, Hy(CH,)], 3.75 [s, 3 H,
CH,(OMe)], 4.01 [m, 2 H, CH,(Et)], 4.85 (m, | H, CH), 5.83
(dd, 1 H, J = 10.0 Hz, NH), 6.63 (dd, 1 H, J = 8.4, 0.8 Hz,
Ha), 6.70 (dt, 1 H, J = 8.4 Hz, 0.8 Hz, H,,), 6.95 (dd, 1 H,
J = 8.4 Hz, 0.8 Hz, H,,), 7.03 (d, 2 H, J = 8.3 Hz, Hy),
7.10 (dt, 1 H, J = 8.4 Hz, 0.8 Hz, H,,), 749 (d, 2 H, J =
8.3 Hz, Hy,). "C NMR (100 MHz, CDCL,) § 14.1 [CH,(EY)],
31.4 [CH,(Ts)], 40.4 (CH,), 53.3 (CH), 55.2 [CH,(OMe)], 60.7
[CH,(EY)], 110.5, 120.5, 126.9, 128.9, 129.9, 129.3, 142.8, 156.3
(Ca), 170.5 (C=0). IR (neat) 3265 (N-H), 1733 (C=0), 1325,
1248, 1160 cm™. HRMS (ESI) Caled for C,H,,NO,S (MH"):
378.1375, Found: 378.1367; MS (ESI) m/z 378 (M + H)", 207.

Ethyl 3-(4-methylphenylsulfonamido)-3-(4-cyanophenyl)pro-
panoate 4d (Procedure A). Under nitrogen and in the presence
of molecular sieves (4A). [70 mg, 51% yield from imine
(110 mg)]. R; 0.11 (Cyclohexane/AcOEt = 70:30). Yellow oil.
'H NMR (400 MHz, (CDCL) & 1.12 [t, 3 H, J = 7.2 Hz,
CH,(Et)], 2.38 [s, 3 H, CH;(Ts)], 2.70 [Sxaex)» 1| H, Jas = 16.0,
Jax = 5.6 Hz, H,(CH,)], 2.76 [Oxmex)» | H, Jap = 16.0, Jpx =
6.4 Hz, H,(CH,)], 4.00 [q, 2 H, J = 7.2 Hz, CH,(Et)], 4.77 (m, 1
H, CH),6.16(d, 1 H,J =8.0 Hz, NH), 7.17 (d, 2 H, J = 8.0 Hz,
Hy,), 7.26 (d, 2 H, J = 8.0 Hz, H,,), 7.47 (d, 2 H, J = 8.4 Hz,
H,), 7.57 (d, 2 H, J = 8.4 Hz, H,,). “C NMR (100 MHz,
CDCl;) 8 14.0 [CH,(EY)], 21.5 [CH;(Ts)], 40.6 (CH,), 53.8 (CH),
61.3 [CH,(Et)], 111.6 (C,,), 118.4 (CN), 127.1, 127.4, 129.6,
132.3, 137.2, 143.8, 144.8 (C,,), 170.3 (C=0). IR (neat) 3164
(N-H), 2227 (CN), 1712 (C=0), 1270, 1160 cm™'. HRMS (ESI)
Calcd for CyH, N,0,S (MH*): 373.1222, Found: 373.1231 MS
(ESI) m/z 373 (M + H)*, 202, 172.

Ethyl 3-hydroxy 3-(2-trifluoromethylphenyl)propanoate 5j
(Procedure A). [190 mg, 80% yield from aldehyde (157 mg)].
R; 0.31 (Cyclohexane/AcOEt = 90:10). Colorless oil. '"H NMR
(400 MHz, CDCl;) 6 1.27 [t, 3 H, J = 7.2 Hz, CH;(Et)], 2.56-
2.71 (m,2 H, CH,), 3.64 (d, | H, J =2.9 Hz, OH), 4.19[q, 2 H,
J = 7.2 Hz, CH,(Et)], 5.52-5.55(m, 1 H, CH), 7.38 (t, L H, J =
7.5Hz, Hy,), 7.55-7.63 (M, 2 H, Hy,), 7.82 (d, 1 H, J = 7.5 Hz,
H,,). *CNMR (100 MHz, CDCl;) § 14.1 [CH;(Et)], 43.4 (CH,),
61.0 [CH,(Et)], 65.9 (CH), 122.1, 125.4 (q, J = 5.8 Hz, CF,),
126.6 (q, J = 22.9 Hz, CF;) 127.6, 127.7, 132.4, 141.4 (C,,),
172.2 (C=0). "F NMR (376 MHz, CDCl;) 6 -58.47. IR (neat)
3473 (O-H), 1717 (C=0), 1310, 1157, 1109 cm™. HRMS (ESI)
Calcd for C,H,,0;F; (MH"): 263.0895, Found: 263.0901. MS
(ESI) m/z263 (M + H)*, 245, 203; Anal Calcd: C 54.96, H 5.00;
Found: C 54.76; H 5.13.

Ethyl 3-hydroxy 3-(2-pyridinyl)propanoate S5k (Procedure B).
[90 mg, 52% yield from aldehyde (96 mg)]. R; 0.25 (Cyclohex-
ane/AcOEt = 70:30). Light brown oil. "H NMR (400 MHz,
CDCly) 8 1.25[t, 3 H, J = 7.2 Hz, CH;(Et)], 2.79 [0asx)> 1 H,
Jap = 16.0, Jox = 8.0 Hz, CH,(H,)], 2.94 [8papx), | H, J5 =
16.0, Jex =4.4Hz, CH,(H,)],4.17 [q, 2 H, J = 7.2 Hz, CH,(Et)],
5.21 [8xaex)» 1 H, Jax = 8.0, Jex = 4.4 Hz, CH), 7.26-7.29 (m, 1
H,H,,),7.48(d,1 H,J=8.0Hz, Hy,),7.77 (dt, 1 H, J = 8.0 Hz,
2.0Hz, H,,),8.56(d, l H,J =4.0 Hz, H,,). "C NMR (100 MHz,
CDCl,) & 14.1 [CH,(Et)], 42.5 (CH,), 60.7 [CH,(Et)], 70.1 (CH),
120.3, 122.6, 136.9, 148.5, 160.8 (C,,), 171.9 (C=0). IR (neat)
3365 (O-H), 1718 (C=0), 1596, 1163, 1024 cm™. HRMS (ESI)
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Calcd for C,;H,NO; (MH"): 196.0974, Found: 196.0975. MS
(ESI) m/z 196 (M + H)*, 178, 150, 132.

Ethyl 2-phenyl-3-hydroxy-3-(4-nitrophenyl)propanoate 12a
(Procedure C). [50 mg, 77% yield from aldehyde (32 mg)].
R; 0.29 (Cyclohexane/AcOEt = 80:20). Light brown oil. First
diastereomer: '"H NMR (400 MHz, CDCL;) 8 1.11 (t, 3 H, J =
7.2 Hz, CH,), 3.20 (bs, 1 H, OH), 3.81 (d, H, J = 6.0 Hz,
CHPh), 4.02-4.13 (m, 2 H, CH,), 542 (d, 1 H, J = 6.0 Hz,
CHOH), 7.19-7.22 (m, 2 H, H,,), 7.28-7.41 (m, 3 H, H,,), 7.41
(d,2 H, J =8.8Hz Hy,,), 8.12 (d, 2 H, J = 8.8 Hz, H,,). *C
NMR (100 MHz, CDCl;) & 13.9 (CHs;), 58.8 (CPh), 61.4 (CH,),
73.8(COH), 123.3,127.5,128.2,128.7,129.2,133.4, 147.5, 148.0
(Car), 172.6 (C=0). Second diastereomer: '"H NMR (400 MHz,
CDCl;) 6 1.22 (t, 3 H, J = 6.8 Hz, CH;), 349 (d, 1 H, J =
4.0 Hz, OH), 3.78 (d, 1 H, J = 9.2 Hz, CHPh), 4.14-4.27 (m,
2 H, CH,), 5.27 (dd, 1 H, J = 9.2 Hz, J = 4.0 Hz, CHOH),
7.02-7.05 (m, 2 H, H,,), 7.20-7.23 (m, 5 H, H,,), 8.03 (d, 2 H,
J = 8.4 Hz, H,,). "C NMR (100 MHz, CDCl;) 8 14.0 (CH;),
59.9 (CPh), 61.6 (CH,), 75.7 (COH), 123.2, 127.5, 128.0, 128.4,
128.8,134.5,147.4,148.0 (C,,), 173.1 (C=0). IR (neat) 3526 (O-
H), 2984, 1705 (C=0), 1517, 1345 cm™. HRMS (ESI): Calcd.
for C3H,NOs (MH*): 330.1341. Found: 330.1330.

Ethyl 2-(phenylmethyl)-3-hydroxy-3-(4-nitrophenyl)pro-
panoate 12b (Procedure A). [147 mg, 68% yield from 3a
(100 mg)]. R, 0.28 (Cyclohexane/AcOEt = 80:20). Colorless
oil. First diastereomer: '"H NMR (400 MHz, CDCl;)-6 0.94 (t, 3
H, *Juy = 6.8 Hz, CH;), 2.81-2.86 (m, 1 H, CHBn), 2.97-3.02
(m, 2 H, CH,Ph), 3.44 (brs, 1 H, OH), 3.89-3.96 [m, 2 H,
CH,(EY)], 5.16 [d, 1 H, *Juy = 3.8 Hz, CH(OH)], 7.04 (d, 2
H, *Juy = 8.7 Hz, H,,), 7.13-7.25 (m, 3 H, H,,), 7.58 (d, 2 H,
3Jun = 8.7Hz, Hy,), 8.20 (d, 2 H, *Jyy = 8.7 Hz, Hy,). "CNMR
(100 MHz, CDCl,) 6 13.8 (CHj;), 32.8 (CH,Ph), 54.4 (CHBn),
60.9 [CH,(Et)], 72.9 (CHOH), 123.6, 126.5, 127.1, 128.4, 128.8,
138.3, 147.5, 148.6 (Cy,), 174.2 (C=0). IR (neat) 3481 (O-H);
1722 (C=0); 1603; 1519; 1344 cm™. Second diastereomer: '"H
NMR (400 MHz, CDCl;) 6 0.90 (t, 3 H, *Juy = 7.2 Hz, CH;),
2.84-3.00 (m, 3 H, CHBn), 3.68 (d, 1 H, *Juy = 8.0 Hz, OH),
3.82-3.95 [m, 2 H, CH,(Et)], 4.79 [dd, 1 H, *Juy = 8.0 Hz,
3Jun = 4.3 Hz, CH(OH)], 7.11-7.24 (m, 5 H, H,,), 7.41 (d, 2
H, *Juu = 8.5 Hz, Hy,), 8.11 (d, 2 H, *Jyy = 8.5 Hz, Hy,). C
NMR (100 MHz, CDCl;) 6 13.9 (CH;), 35.8 (CH,Ph), 53.9
(CHBn), 61.0 [CH,(Et)], 72.9 (CHOH), 123.6, 126.8, 126.9,
128.6, 129.0, 137.7, 147.4, 149.7 (C,,), 174.2 (C=0). IR (neat)
3531 (O-H), 1732 (C=0), 1604, 1516, 1351 cm™'. HRMS (ESI):
Calcd. for C;3sH,,NOs (MH*): 330.1341. Found: 330.1330.

Ethyl 2-lhydroxy(4-nitrophenyl)methyl]-4-0x0-4-phenyl-
butanoate 12¢ (Procedure A). [55 mg, 77% yield from 3b
(50 mg)]. R; 0.2 (Cyclohexane/AcOEt = 70:30). Colorless oil.
Major diastereomer: 'H NMR (400 MHz, CDCI;) 6 1.06 (t, 3
H, *Juy = 7.2 Hz, CH,), 3.20-3.43 (m, 3 H), 3.77 (d, | H, *Juy =
6.2 Hz, OH), 3.98-4.06 [m, 2 H, CH,(Et)], 5.09 [t, | H, *Jyy =
6.2 Hz, CH(OH)], 7.25-7.56 (m, 5 H, Hy,), 7.84 (d, 2 H, *Jyyy =
8.4 Hz, Hy,), 8.12 (d, 2 H, *Jyy = 8.4 Hz, H,,),. "C NMR
(100 MHz, CDCl;) 6 14.0 (CH,), 37.4 (CH,), 47.3 (CH), 61.4
[CH,(Et)], 73.0 (CH), 123.6, 127.0, 128.1, 128.7, 133.7, 136.2,
147.5, 149.0, 173.6 (C=0), 197.4 (C=0). Minor diastereomer:
'H NMR (400 MHz, CDCl;) & 1.12 (t, 3 H, *Juy = 7.2 Hz,

CH,), 2.97 [8amsx), 1| H, Jag = 20.8, Jox = 7.2 Hz, CH,(H,)],
3.17-3.43 (m, 3 H), 4.06-4.15 [m, 2 H, CH,(Et)], 5.31 [brs, 1
H, CH(OH)], 7.25-7.56 (m, 5 H, Hy,), 7.79 (d, 2 H, *Jyy =
8.4 Hz, H,,), 8.12 (d, 2 H, *Jyy = 8.4 Hz, H,,),. "C NMR
(100 MHz, CDCl;) 6 14.0 (CH;), 34.7 (CH,), 47.8 (CH), 61.4
[CH,(Et)], 72.6 (CH), 123.7, 126.9, 128.0, 128.6, 133.5, 136.3,
147.4, 148.6, 173.2 (C=0), 198.1 (C=0). IR (neat) 3475 (O-H),
1725 (C=0), 1683 (C=0), 1517, 1343 cm™. HRMS (ESI):
Calcd. for C,yH;;\NO; (MH*): 358.1291. Found: 358.1293.

Ethyl 2-phenyl-2-methyl-3-hydroxy-3-(4-nitrophenyl) propa-
noate 12d (Procedure E or Procedure C). Purification on
silica-gel column chromatography (cyclohexane/Et,O = 90:10).
[54 mg, 39% yield from 3a (100 mg). Two diastereoisomers.
Colorless oil. First diastereomer: '"H NMR (400 MHz, CDCl;)
8 1.13(t, 3 H, *Juy = 7.2 Hz, CH;), 1.44 (s, 3 H, CHj;), 3.70 (d,
1 H, *Jun = 2.6 Hz, OH), 4.14 (ABX;, 2 H, CH,0), 5.30 [d, 1
H, *Juy = 2.6 Hz, CH(OH)], 6.80-7.23 (m, 7 H, H,,), 7.97 (d,
2 H, *Juy = 8.8 Hz, H,,). ®*C NMR (400 MHz, CDCl;) 6 13.9
(CH;), 19.2 (CH;), 55.5 (CH), 61.7 (ArCH), 77.9, 122.4, 127.8,
128.0, 129.2, 137.0, 146.2, 147.4 (C,,), 176.5 (C=0). Second
diastereomer: '"H NMR (400 MHz, CDCl;) 8 1.13 (t, 3 H,*Jyy =
7.2 Hz, CH;), 1.42 (s, 3 H, CH;), 3.91 (d, 1 H, *Juy = 3.0 Hz,
OH), 4.14 (ABX;, 2 H, CH,0), 543 [d, | H, *Jyy = 3.0 Hz,
CH(OH)], 6.78-7.23 (m, 7 H, H,,), 7.83 (d, 2 H, *Jyy = 8.8 Hz,
H,,). ®C NMR (400 MHz, CDCl;) 6 14.1 (CH;), 19.2 (CHj;),
56.3 (CH), 61.8 (ArCH), 77.9, 122.1, 126.6, 127.9 (CH,,), 128.4,
128.7, 139.0, 145.9, 147.1 (C,,), 177.1 (C=0). HRMS (ESI)
Calcd for C3H,0)NOs (MHY): 330.1341, Found: 313.1330.

2-(N-acetylamino)-2-carboethoxy-3-(phenylmethyl)propionic
acid 11e*. [1.7 g, 89% yield from malonate (2 g)]. White solid
(mp 135 °C). '"H NMR (CDCl;) 6 1.24 [t, 3 H, J = 7.2 Hz,
CH;(Et)], 1.92 [s, 3 H, CH;], 3.39 [Opup), | H, Jas = 13.6 Hz,
CH,), 3.45 [8pap, | H, Jag = 13.6 Hz, CH,], 4.12 [q, 2 H,
J = 7.2 Hz, CH,(Et)], 6.99-7.29 (m, 5 H, H,,), 13.74 (bs, 1
H, CO,H). "C NMR (CDCl;) 6 13.8, 22.2, 37.3, 61.3, 66.8,
126.7, 128.1, 129.8, 135.6, 167.5, 168.3, 169.2. IR (neat) 3324
(O-H), 1721 (C=0), 1598, 1525, 1201 cm™'. HRMS (ESI) Calcd
for C,,H;;NO; (MH*): 280.1172, Found: 280.1185.

Ethyl 2-(/V-acetylamino) -2-(phenylmethyl) -3-hydroxy-3-(4-
nitrophenyl) propanoate 12e (Procedure C). [144 mg, 77% yield
from 11e (134 mg)]. First diastereomer: Light brown solid (mp
125 °C). R; 0.25 (Cyclohexane/AcOEt = 70:30). '"H NMR
(400 MHz, CDCl;) 6 1.21 [t, 3 H, J = 7.2 Hz, CH;(Et)], 1.98
(s, 3 H, COCH;), 3.05-3.10 (m, 2 H, CH,Ph), 4.05-4.21 [m, 2
H, CH,(Et)], 5.60 (s, 1 H, CHOH), 5.85 (bs, 1 H, OH), 5.99
(s, 1 H, NH), 7.02 (m, 2 H, H,,), 7.26 (m, 2 H, H,,), 7.48
(d, 2 H, J = 6.8 Hz, Hy,), 8.19 (d, 2 H, J = 6.8 Hz, H,,),
8.26-8.33 (m, 1 H, H,,). *C NMR (100 MHz, CDCl;) & 13.9
[CH;(EY)], 24.1 (COCH3;), 37.6 (CH,Ph), 62.8 [CH,(Et)], 70.7,
77.0 (COH), 123.3, 127.6, 128.1, 128.8, 129.7, 131.3, 134.7,
147.4, 170.4, 172.3 (C=0). IR (neat) 3260 (OH), 1728, 1645
(C=0), 1510, 1345 cm™. HRMS (ESI) Calcd for C, H,;N,Oq
(MH™*): 387.1556, found: 378.1567. Second diastereomer: Light
brown solid (mp 123 °C). R; 0.1 (Cyclohexane/AcOEt = 70:30).
'H NMR (400 MHz, CDCL;) 6 143 [t, 3 H, J = 7.2 Hz,
CH;(Et)], 1.98 (s, 3 H, COCH,;), 3.46 [d, 1 H, J = 14.0 Hz,
CH,Ph (H,)], 4.07[d, 1 H, J = 14.0 Hz, CH,Ph (H,)], 4.23-4.32
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[m, 2 H, CH,(Et)], 547 [d, 1 H, J = 10.4 Hz, CHOH], 6.36
(s, 1 H, NH), 7.02 (m, 2 H, H,,), 7.25-7.33 (m, 5 H, H,,), 8.14
[d, 2 H, J = 6.8 Hz, H,J]. "C NMR (100 MHz, CDCl,) &
14.1 [CHA(EY)], 23.6 (COCH,), 38.0 (CH,Ph), 63.3 [CH,(Et)],
72.2,77.9 (COH), 123.4,126.9, 127.5,128.6, 129.6, 135.2, 147.5,
148.2, 170.6, 172.9 (C=0). IR (neat) 3286 (OH), 1713, 1641
(C=0), 1519, 1347 cm™'. HRMS (ESI) Caled for C,Hy;N,O,
(MH?"): 387.1556, found: 378.1563.

Acknowledgements

We gratefully acknowledge Ministere de 1’Enseignement
Supérieur et de la Recherche for a fellowship to PL,
ANR “Mesorcat”, CNRS and its program “Chimie pour le
Dévelopement Durable”, Région Basse-Normandie, and the
European Union (FEDER funding) for financial supports.

References

1 P. Tundo, and P. T. Anastas, Green Chemistry: Challenging Perspec-
tives, Oxford Sciences, Oxford, 1999.

2 (a) For recent comprehensive reviews on the subject: P. 1. Dalko,
Enantioselective Organocatalysis, Wiley-VCH, Weinheim, 2007;
(b) A. Berkessel, H. Groger, Asymmetric Organocatalysis —From
Biomimetic Concepts to Application in Asymmetric Synthesis, Wiley-
VCH, Weinheim, 2005.

3 (@) R. Mestres, Green Chem., 2004, 6, 583and references therein; (b) S.
Adachi and T. Harada, Eur. J. Org. Chem., 2009, 3661.

4 (a)J. M. M. Verkade, L. J. C. van Hemert, P. J. L. M. Quaedflieg and
P. J. T. Rutjes, Chem. Soc. Rev., 2008, 37, 29and references therein;
(b) A. Ting and S. E. Schaus, Eur. J. Org. Chem., 2007, 5797.

5 C. W. Downey and M. W. Johnson, Tetrahedron Lett., 2007, 48, 3559.

6 (a) S. E. Denmark, S. B. D. Winter, X. Su and K.-T. Wong, J. Am.
Chem. Soc., 1996, 118, 7404; (b) S. E. Denmark and Y. Fan, J Am.
Chem. Soc., 2002, 124, 4233; (¢) S. E. Denmark, Y. Fan and M. D.
Eastgate, J. Org. Chem., 2005, 70, 5235.

7 S. Adachi and T. Harada, Org. Lett., 2008, 10, 4999.

8 C.-T. Chen, S.-D. Chao, K.-C. Yen, C.-H. Chen, I.-C. Chou and S.-W.
Hon, J. Am. Chem. Soc., 1997, 119, 11341.

9 Y. Genisson and L. Gorrichon, Tetrahedron Lett., 2000, 41, 4881.
10 C. M. Bode, A. Ting and S. E. Schaus, Tetrahedron, 2006, 62, 11499.
11 For examples:(a@) R. Shen, C. T. Lin, E. J. Bowman, B. J. Bowman

and J. A. Porco, J. Am. Chem. Soc., 2003, 125, 7889; (b) C. Aissa,
R. Riveiros, J. Ragot and A. Fiirstner, J. Am. Chem. Soc., 2003, 125,
15512; (¢) A. K. Ghosh and S. Kulkarni, Org. Lett., 2008, 10, 3907,
(d) J. E. Bower, T. Riis-Johannessen, P. Szeto, A. J. Whitehead and T.
Gallagher, Chem. Commun., 2007, 728; (e) W. Seitz, H. Geneste, G.
Backfisch, J. Delzer, C. Graef, W. Hornberger, A. Kling, T. Subkowski
and N. Zimmermann, Bioorg. Med. Chem. Lett., 2008, 18, 527; (f) J.
Jamison, S. Levy, X. Sun, D. Zeckner, W. Current, M. Zweifel, M.
Rodriguez, W. Turner and S.-H. Chen, Bioorg. Med. Chem. Lett.,
2000, 10, 2101.

12 M. Amere, M.-C. Lasne and J. Rouden, Org. Lett., 2007, 9, 2621.

13 For a review on asymmetric decarboxylative protonations, see: J.
Blanchet, J. Baudoux, M. Amere, M.-C. Lasne and J. Rouden,
Eur. J. Org. Chem., 2008, 5493.

14 M. Pouliquen, J. Blanchet, M.-C. Lasne and J. Rouden, Org. Lett.,
2008, 10, 1029.

15 N. Blaquiere, D. G. Shore, S. Rousseaux and K. Fagnou, J Org
Chem., 2009, 74, 6190.

16 (@) R. E. Ireland and J. A. Marshall, J. Am. Chem. Soc., 1959,
81, 2907; (b) A. 1. Scott, C. J. Wiesner, S. Yoo and S.-K. Chung,

J. Am. Chem. Soc., 1975, 97, 6277; (¢) Y. Kobuke and J.-I. Yoshida,
Tetrahedron Lett., 1978, 4, 367; (d) D. W. Brooks, L. D.-L. Lu and
S. Masamune, Angew. Chem. Int. Ed. Engl., 1979, 18, 72; (e) D. J.
Krysan, Tetrahedron Lett, 1996, 37, 3303.

17 (a) M. Banwell, D. Hockless, B. Jarrott, B. Kelly, A. Knill, R.
Longmore and G. Simpson, J. Chem. Soc., Perkin 1, 2000, 3555;
(b) J. E. McMurry, W. A. Andrus and J. H. Musser, Synth. Commun.,
1978, 8, 53.

18 M. Thara, M. Takahashi, H. Niitsuma, N. Taniguchi, K. Yasui and
K. Fukumoto, J. Org. Chem., 1989, 54, 5413.

19 H. Hellmann and H. Piechota, Liebigs Ann. Chem., 1960, 631, 175.

20 Y. Ryu and A. I. Scott, Tetrahedron Lett., 2003, 44, 7499.

21 (a) B. List, A. Doehring, M. T. Hechavarria Fonseca, K. Wobser, H.
van Thienen, R. Rios Torres and P. L. Galilea, Adv. Synth. & Cat.,
2005, 347, 1558; (b) B. List, A. Doehring, M. T. Hechavarria Fonseca,
A. Job and R. Rios Torres, Tetrahedron, 2006, 62, 476.

22 M. Tanaka, O. Oota, H. Hiramatsu and K. Fujiwara, Bull. Chem.
Soc. Jpn, 1988, 61, 2473.

23 [2-(3-oxopropyl)phenyllmalonic acid.

24 Y. Terao, K. Miyamoto and H. Ohta, Chem. Lett., 2007, 36, 420.

25 J. Nokami, T. Mandai, H. Watanabe, H. Ohyama and J. Tsuji, J. Am.
Chem. Soc., 1989, 111, 4126.

26 (a) J. A. Tunge and E. C. Burger, Eur. J. Org. Chem., 2005, 1715and
references therein; (b) S. C. Marinescu, T. Nishimata, J. T. Mohr and
B. M. Stoltz, Org. Lett., 2008, 10, 1039.

27 S. Orlandi, M. Benaglia and F. Cozzi, Tetrahedron Lett., 2004, 45,
1747.

28 (a) G. Lalic, A. D. Aloise and M. D. Shair, J. Am. Chem. Soc., 2003,
125, 2852; (b) D. Magdziak, G. Lalic, H. M. Lee, K. C. Fortner, A. D.
Aloise and M. D Shair, J. Am. Chem. Soc., 2005,127, 7284; (¢) K. C.
Fortner and M. D. Shair, J. Am. Chem. Soc., 2007, 129, 1032.

29 A. Ricci, D. Pettersen, L. Bernardi, F. Fini, M. Fochi, R. P. Herrera
and V. Sgarzani, Adv. Synth. & Cat., 2007, 349, 1037.

30 DABCO and 3-quinuclidinol gave the same results than NEt;.
Unbhindered secondary amines (piperidine, pyrrolidine) led exclu-
sively to the unsaturated esters 6a of E configuration. Pyridine did
not catalyze the reaction even in a prolonged reaction time. The
less nucleophilic secondary amines (diisopropylamine and 2,2,6,6-
tetramethylpiperidine) gave a mixture of adduct 4a and ester 6a (E)
(ratio 86/14 and 74/16 respectively).

31 T. Kourouli, P. Kefalas, N. Ragoussis and V. Ragoussis, J. Org. Chem.,
2002, 67, 4615.

32 B. Wladislaw, L. Marzorati and C. L. Donnici, J. Chem. Soc., Perkin
Trans. 1,1993, 3167.

33 K. Y. Lee, C. G. Lee and J. N. Kim, Tetrahedron Lett, 2003, 44, 1231.

34 Y. Cai and B. P. Roberts, Tetrahedron Lett, 2003, 44, 4645.

35 J. M. Domagala and R. D. Bach, J. Org. Chem., 1979, 44, 2429.

36 R. Kuwano, Y. Kondo and Y. Matsuyama, J. Am. Chem. Soc., 2003,
125, 12104.

37 S. Niwayama, H. Cho and C. Lin, Tetrahedron Lett., 2008, 49, 4434,

38 M. Flipo, T. Beghyn, J. Charton, V. A. Leroux, B. P. Deprezand R. F.
Deprez-Poulain, Bioorg. Med. Chem., 2007, 15, 63.

39 (a) J. Fuentes, J. L. Molina and M. A. Pradera, Tetrahedron:
Asymmetry, 1998, 9, 2517; (b) Y. Cai, B. P. Roberts, D. A. Tocher
and S. A. Barnett, Org. Biomol. Chem., 2004, 2, 2517.

40 A. Vecchi and G. Melone, J. Org. Chem., 1959, 24, 109.

41 P. Dominguez de Maria, B. Kossmann, N. Potgrave, S. Buchholz, H.
Trauthwein, O. May and H. Groger, Synlett, 2005, 1746.

42 G. A. Molander and P. J. Stengel, Tetrahedron, 1997, 53, 8887.

43 K. Y.-K. Chow and J. W. Bode, J. Am. Chem. Soc., 2004, 126, 8126.

44 A.1. Ayi, T.N. Condom, T. N. Wade and R. Guedj, J. Fluorine Chem.,
1979, 14, 437.

45 Y. S. Suh and R. D. Rieke, Tetrahedron Lett., 2004, 45, 1807.

46 S. Kiyooka and M. Shirouchi, J. Org. Chem., 1992, 57, 1.

47 M. Miyashita, T. Suzuki, M. Hoshino and A. Yoshikoshi, Tetrahe-
dron, 1997, 53, 12469.

48 L. Berlinguet, Can. J. Chem., 1954, 32, 51.

This journal is © The Royal Society of Chemistry 2010

Green Chem., 2010, 12, 252-259 | 259


http://dx.doi.org/10.1039/B915681J

Downloaded on 30 October 2010
Published on 15 January 2010 on http://pubs.rsc.org | doi:10.1039/B920262E

PAPER

View Online

www.rsc.org/greenchem | Green Chemistry

Liquid phase oxidation of p-xylene to terephthalic acid at medium-high
temperatures: multiple benefits of CO,-expanded liquids

Xiaobin Zuo,*” Fenghui Niu,” Kirk Snavely,*¢ Bala Subramaniam** and Daryle H. Busch**

Received 29th September 2009, Accepted 18th November 2009

First published as an Advance Article on the web 15th January 2010

DOI: 10.1039/b920262¢

The Co/Mn/Br catalyzed oxidation of p-xylene to terephthalic acid (TPA) is demonstrated in
CO,-expanded solvents at temperatures lower than those of the traditional Mid-Century (MC)
process. As compared with the traditional air (N,/0,) oxidation system, the reaction with CO,/0O,
mixture at 160 °C and using an additional inert gas (N, or CO,) pressure of 100 bar increases both
the yield of TPA and the purity of solid TPA via a more efficient conversion of the intermediates,
4-carboxybenzaldehyde and p-toluic acid. At the same time, the amount of yellow colored
by-products in the solid TPA product is also lessened, as determined by spectroscopic analysis.
Equally important, the decomposition or burning of the solvent, acetic acid, monitored in terms
of the yield of the gaseous products, CO and CO,, is reduced by ca. 20% based on labeled CO,
experiments. These findings broaden the versatility of this new class of reaction media in
homogeneous catalytic oxidations by maximizing the utilization of feedstock carbon for desired

products while simultaneously reducing carbon emissions.

1. Introduction

The Mid-Century (MC) process is well known for the production
of terephthalic acid (TPA), a very important intermediate in
the synthesis of polyethylene terephthalate and related polymers
that can be fabricated into excellent fibers, resins and films.!? In
this process, p-xylene is oxidized on a large scale by air at 180—
225 °C and 15-30 bar in the presence of a catalyst composed of
cobalt acetate, manganese acetate and hydrogen bromide. The
optimized yield of TPA is greater than 95%, along with excellent
product purity as shown by various analytical techniques.® This
process, despite successful on-stream operation for over 50 years,
has the following distinct disadvantages. (1) High temperature
operation decreases the solubility of O,, while increasing solvent
and product destruction and causing safety concerns. (2) Air is
used as the primary oxidant instead of pure O, for safety reasons.
This produces large amounts of contaminated vent gas and the
abundant unreacted N, must be cleansed before venting into
the environment. (3) The combination of corrosive bromide as a
catalyst component and a high operating temperature requires
the use of highly resistant but expensive titanium reactors. A
recent breakthrough made by Poliakoff et al,* Savage et al®
and Fulton et al.® has shown that this reaction can be effectively
catalyzed by MnBr, with pure O, in a new reaction medium—
high temperature and supercritical water, thus circumventing the
use of acetic acid. However, the scope of such reaction systems is
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limited by the even harsher reaction conditions (7= 300-400 °C,
P > 200 bar).

CO,-based media have attracted much attention in re-
cent years because they provide the possibility of using pure O,
under safe conditions while overcoming most of the aforemen-
tioned limitations of air oxidation systems, as follows.”** (1) The
use of CO, in a mixed solvent increases both the O, solubility
and the mass transport of the reactants in the liquid phase, the
former because of the significant solubility of O, in liquid CO,
and the latter because of improved diffusivities in CO, media."
This is especially the case in carbon dioxide expanded liquids
(CXLs). A rule of thumb is the nearly ten fold increase in oxygen
solubility when the volume of solvent is expanded by a factor of
two, depending on the properties of solvent. (2) The presence of
CO, in the vapor phase reduces flammability hazards because of
the great abundance of inert CO, and its large heat capacity. (3)
Replacing the N, from air with a much greater amount of CO,
eliminates the contaminated vent gas because the CO, is more
easily separated and recycled in the oxidation process. However,
this is counterbalanced by the required separation of O,
from N,.

The first successful application of CXLs in oxidation reactions
was reported in 2002.'>"* The Co(salen) catalyzed oxidation of
2,6-di-tert-butyl phenol to 2,6-di-tert-butyl-1,4-benzoquinone in
CO,-expanded acetonitrile was 1-2 orders of magnitude more
active than in either the neat organic solvent or supercritical
CO,. We recently described the synergistic effect of co-catalyst
zirconium and promoter ketone in the oxidation of toluene from
50 to 100 °C.* Tt was found that CO, has a strong activation
effect on the reaction, especially by shortening the induction
period. Under certain conditions, the Co/Zr(acac), catalyzed
oxidation did not work at all with N,/0, but proceeded
effectively with CO,/0O,, affording high yields of benzoic acid. In
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this work, we extend the CO, effect to this important industrial
TPA process, which is extremely challenging because of much
higher temperatures and the complexity of intermediates. More
specifically, the TPA precipitates during the reaction, occlud-
ing with it 4-carboxybenzaldehyde and other by-products. In
addition, the decomposition, or burning of solvent, is more
significant at higher temperatures. To this end, in the present
work, we first measured the expansion of acetic acid, containing
dissolved catalysts and substrate, by dense CO,. Then, based on
these results, we investigated the semi-continuous oxidation of
p-xylene at lower temperatures as compared with the MC process
for a more significant CO, effect, with the expectation that
CXLs could bring about some specific advantages for product
selectivity and purity in this complex reaction system.

2. Experimental
2.1 Materials

All the catalysts, additives, substrates and solvents were commer-
cially available and used without further treatment. Industrial
grade (= 99.9% purity, < 32 ppm H,0, < 20 ppm THC) liquid
CO, and ultra high purity grade oxygen were purchased from
Linweld. Isotopic gas *CO, (99.5 atom% "*C) was purchased
from Aldrich Chemical Co., Inc.

2.2 Volumetric expansion of acetic acid + catalyst mixtures by
dense CO,

The volumetric expansion by CO, of acetic acid containing
dissolved catalysts was measured in a high-pressure Jerguson
view cell that was placed in a high temperature oven (Yamato
DKN-400, part of a Cambridge Viscosity ViscoPro 2000 system,
Fig. 1). For these expansion studies, a measured volume of acetic
acid containing a known amount of catalysts was loaded into
the view cell and heated to the experimental temperature, which
was followed by the addition of 20 bar N, as the substitute for
O,. Then CO, was gradually introduced into the cell until an
expansion ratio (AV/V,, eqn 1) of ca. 1.0 was obtained.

AV V(P)=V,(P)
v,  V(P)

o

(M

where P, refers to ambient pressure from which the solution
is expanded; and P refers to cell pressure at CO, expansion
conditions.

2.3 Ocidation experiments and product analysis

2.3.1 Oxidation experiments. The semi-continuous oxida-
tion of p-xylene to terephthalic acid was studied in a 50 mL,
stirred, titanium Parr reactor (Fig. 2). Typically, N, or CO, was
first added to the reactor containing the solvent and catalysts and
heated to the reaction temperature; then O, was added until the
selected final pressure was reached. p-Xylene was subsequently
pumped into the reactor at a pre-defined rate (0.08 mL/min) to
initiate the reaction. The total reactor pressure was maintained
constant by continuously supplying fresh O, to compensate for
the oxygen consumed in the reaction.

consarsrervesnce e DKN 400

Fig. 1 Jerguson cell in oven for high temperature studies of CXLs.

2.3.2 Product analysis. After the reaction, the reaction
mixture was cooled to room temperature and then treated as
follows:

The gas mixture was analyzed by GC (Shin Carbon ST
100/120 mesh) to determine the yield of CO and CO, produced
by solvent burning. For isotopic experiments, the *CO,/"*CO,
ratio was measured by mass spectrometry.

The insoluble terephthalic acid was separated from the liquid
mixture by filtration and the solid was washed with methanol to
remove most of the soluble impurities. The resulting white solid
was dried at 100 °C for 2 hrs to remove absorbed solvent, after
which a 10 mg sample was dissolved in 50 mL of methanol by
sonication and analyzed by HPLC (C18 ODS-2 column). The
reactor was washed with methanol and DMF to scavenge the
residual TPA solid, which was combined with the filtrate that
was retained after isolation of the solid TPA and analyzed by
HPLC to determine the composition of liquids. The yields of
products were based on the sums of those determined for the
solid and liquid components.

The presence of yellow colored by-products in solid TPA was
determined from optical density measurements using a UV-
Vis spectrometer at 340 nm." Typically, 0.3 g solid sample
was dissolved in 5 mL 4N NH,OH. The optical density was
calculated as in eqn 2:

OD, = A,/L 2

where A, refers to the absorbance at wavelength A (nm); and L
refers to the distance (cm) that light travels through the sample.

2.4 Safety

The amount of substrate used in the reaction studies was
such that the maximum adiabatic temperature rise for total
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Fig.2 Schematic diagram of semi-continuous oxidation p-xylene to terephthalic acid.

combustion of the substrate (taking into account the heat
capacities of the reaction mixture and the solid reactor) was
25 °C. The actual temperature rise observed during reactions
was a few °C, at most. In addition, the reactor was equipped
with a safety release valve that exhausts the reactor contents
safely to the building vent by means of a rupture disk in the
event the set safe pressure (200 bar) is exceeded.

3. Results and discussion
3.1 CO, expansion measurements at 80 and 120 °C

Since supercritical CO, (T« = 31 °C) expands liquids most
effectively at temperatures up to 1.2 times the absolute critical
temperature, our previous work was focused on reactions
performed at 60 °C or less wherein it was possible to measure
the solvent expansion in a water bath.'>'*!' Here, to measure
the catalyst solubility in CO,-expanded solvent at much higher
temperatures, in experiments that are the first of their kind for
p-xylene oxidation, we placed the high pressure Jerguson view
cell in a high temperature oven that was originally designed for
viscosity measurement (Fig. 1). Though the oven temperature
can be maintained as high as 200 °C, these studies did not go
beyond 120 °C because of the corroding capability of acetic acid
and hydrogen bromide toward the stainless steel Jerguson cell.
The catalyst solution, containing 60 mM cobalt acetate,
1.8 mM manganese acetate and 60 mM hydrogen bromide in
acetic acid, has a slight pink tint at room temperature (Fig. 3a)
which turns blue when heated to 120 °C (Fig. 3b). The solution

(a) (b) (c)
Fig. 3 Catalyst solution and its expansion with increasing CO,
pressure. (a) room temperature, (b) 120 °C with 20 bar N, and 18 bar
CO,, (¢) 120 °C with 20 bar N, and 159 bar CO,; [Co] = 60 mM, [Mn] =
1.8 mM, [Br] = 60 mM prior to the expansion.

is expanded significantly at the much higher CO, pressure of ca.
160 bar (Fig. 3c).

Fig. 4a shows the dependence of the expansion ratio on CO,
pressure at 120 °C. The expansion ratio increases gradually and
reaches a value of 0.85 when CO, partial pressure is elevated to
160 bar (total pressure 180 bar). Accordingly, the concentrations
of cobalt, manganese and bromide are diluted to 33 mM,
1.0 mM and 33 mM, respectively. It is noteworthy that no
catalyst precipitates during the CO, expansion. This implies the
possibility of replacing up to at least 50 vol% of the organic
solvent by CO, while maintaining the catalyst in solution.

Fig. 4b shows the expansion result at 80 °C. As compared
with 120 °C, the expansion ratio at 80 °C is much higher,

262 | Green Chem., 2010, 12, 260-267

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/B920262E

Downloaded on 30 October 2010

View Online

0.9 T T T T Further, the expansion behavior is different from that at 120 °C,
08 (a) .O displaying a sharp enhancement when CO, pressure exceeds 100
: ° bar. This is attributed to the higher compressibility of the CO,
07 ® = with pressure at the lower temperature resulting in enhanced
o [ ] dissolution into and volumetric expansion of the liquid phase.
= 06 ° -
E 05 .. . 3.2 Semi-continuous oxidation of p-xylene
204t ® . 3.2.1 Reactions in CO,-expanded acetic acid: CO, vs. N, as
§ 03l ° ® | inert gas. The CO, effect on oxidation of p-xylene has been
w - .. reported by Yoo et al.'®** However, only a modest increase
02 ° . in the yield of TPA was achieved because of the high reaction
” temperature (> 190 °C) and low CO, partial pressure (< 14 bar).
01 P 7] In these reactions, the solvents were not expanded; i.e., CO, was
0.00—8 1 | I ! not a significant component of the solvent.
0 40 80 120 160 200 We started the reaction at 80 °C, much lower than the
View Cell Pressure, bar temperature used in the p-xylene oxidation process, to ensure
a substantial expansion at relatively low CO, pressure. Accord-
1.4 T T T T T T T T ingly, a preliminary reaction was performed at a CO, pressure
(b) ® of 111 bar, where the expansion ratio was 0.75. However, as
1.2 & ] shown in Table 1, the process was very sluggish, generating only
1% TPA after 22 h (Entry 1). We rationalize this result on the
o 1.0 .. 1 basis of our understanding that the temperature was too low to
§ - overcome the activation energy of the reaction.
= 0.8 & - In the next reaction, the temperature was raised to 120 °C to
.g ° accelerate the oxidation. As shown in Table 1, under a low inert
S 0.6 ° - gas pressure of 45 bar, there is no obvious difference between N,
2 [ ] and CO, in the yield of TPA (ca. 80% in 0.5 h) as well as those of
Wo4t+ PY - . the by-products 4-carboxybenzaldehyde (4-CBA) and p-toluic
... e acid (PTA) (Entries 2 and 3). HPLC analysis of the solid TPA
0.2+ ® o® - quantified the expected major impurities, 4-CBA and PTA. As
o® o compared with p-xylene, PTA is much less reactive than the
0.0® ® | | 1 1 L L ‘ starting material due to the deactivating effect of the electron
0 20 40 60 80 100 120 140 160 180
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View Cell Pressure, bar
Fig. 4 Volumetric expansion of acetic acid by CO, with Co/Mn/Br
catalysts. (a) T = 120 °C, (b) T = 80 °C; [Co] = 60 mM, [Mn] =
1.8 mM, [Br] = 60 mM prior to the expansion.

reaching an approximate value of one (1) when the CO, partial
pressure is 130 bar. However, the catalysts precipitate upon
further increases in CO, pressure; e.g., approaching 140 bar.

withdrawing carboxyl group. During the reaction, 4-CBA tends
to co-precipitate with TPA and is very difficult to remove.
Since 4-CBA is an inhibitor in the subsequent polymerization
reaction, its concentration should be kept as low as possible.
In addition, the solid also contains trace amounts of yellow
colored by-products such as the derivatives of fluorenone and
anthraquinone that can affect the quality of polymers.! The
presence of these compounds is detected by the optical density at
340 nm." The lower that optical density, the lesser the amounts

Table 1 Oxidation of p-xylene in CO, expanded acetic acid*

P inert Expansion Ratio Reaction Y 1pa Y 4csa Yopera TPA(s)’ 4-CBA CO/p-x
Entry Inert gas (bar) PO, (bar) T (°C) (AV/Vo) Time (h) (%) (%) %) (wWt%) (s)* ppm OD,, (mol/mol)
1 CO, 111 28 80 0.75 22 1.0 0.5 155 —— —_— _
2 N, 45 45 120 0 0.5 78.6  10.5 4.7 85.7 104000 0.69 0.011
3 CO, 45 45 120 0.17 0.5 79.0 10.0 4.3 86.2 101000 0.58  0.0065
4 CO, 107 45 120 0.42 2.0 77.6 6.9 4.2 89.1 72000 066 0
5 CO, 145 20 120 0.69 2.0 734 8.6 5.7 85.4 94000 1.30 0
6 N, 30 30 160 0 0.5 946 1.3 0.7 98.4 11700 0.086 0.040
7 CO, 30 30 160 0 0.5 946 1.3 0.7 98.4 11500 0.087 0.038
8 N, 100 30 160 0 0.5 93.8 1.2 0.7 98.5 10500 0.069 0.035
9 CO, 100 30 160 0.15 0.5 95.1 0.8 0.6 99.1 6400 0.063 0.019

¢ Reaction conditions: [Co] = 33 mM, [Mn] = 1.0 mM, [Br] = 33 mM, V| (volume of liquid phase) = 35 mL (with or without CO, expansion), 1.6 mL
p-xylene added at 0.08 mL/min, n (stirrer speed) = 1200 rpm. * TPA in dry isolated solid. < 4-CBA in dry isolated solid. The conversion of p-xylene
is above 99% in all the reactions except entry 1. In addition to 4-CBA and PTA, a few other byproducts were detected in small amounts during the
HPLC analysis. These compounds were not identified.
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of these yellow colored by-products. As shown in Table 1, when
the inert gas pressure is 45 bar, the amount of 4-CBA in the
TPA solid is quite similar for N, and CO,, whereas the optical
density is lower for CO,. As CO, pressure is increased to 107 bar,
the corresponding expansion ratio is 0.42, and the yield of TPA
approaches 80% (Entry 4), however, a relatively long reaction
time of 2 h is required. Further increase of CO, pressure to
145 bar (expansion ratio = 0.69) and decrease of O, pressure to
21 bar produces a lower yield of TPA (Entry 5). On the other
hand, the optical density is much higher, which indicates higher
concentrations of yellow colored by-products. The reason for
this phenomenon remains unclear. Based on HPLC analysis, the
yields of TPA and the common by-products (4-CBA and PTA) at
a CO, pressure of 145 bar are 73.4%, 8.6% and 5.7% respectively
(Table 1, entry 5). Since the p-xylene conversion is above 99%,
the unknown by-products (peaks seen in the HPLC but not
positively identified) account for more than 10% of the p-xylene
converted. The TPA precipitate recovered from the reaction
mixture has a very dense yellow color (the optical density is
much higher as compared with that of the TPA solid produced
at lower CO, pressure), which indicates significant formation
of derivatives of fluorenone and anthraquinone. Based on these
results, it is reasonable to assume that at 120 °C, regardless of
the use of CXLs at various O, partial pressures, the kinetic rates
of the consecutive oxidation reactions of p-xylene to yield TPA
are not fast enough to avoid the intermediate oxidation products
and the other byproducts that adversely affect the TPA purity.

At 120 °C, the only positive effect of CO,-based media is
therefore the lower yield of the gaseous product CO, which falls
to zero when CO, pressure is above 100 bar. This suggests that
CO, might inhibit solvent burning. However, at this point we
have not determined the yield of the second gaseous product,
CO, produced by burning, although such a differentiation
should be possible using labeled CO, (vide infra).

The catalytic performance is greatly improved as the tem-
perature is further increased to 160 °C, where two sets of
reactions were carried out to provide additional comparisons
between the behaviors in N, and CO, at even higher yields of
TPA. As shown in Table 1, under a low inert gas (N, or CO,)
pressure of 30 bar, the reaction results are almost identical for
N, and CO, (Entries 6 and 7). When N, pressure is increased
to 100 bar, there is little difference in the reaction results except
a modest decrease of optical density (Entries 6 and 8). The
results are completely different, however, when CO, pressure is
increased to 100 bar. The expansion ratio is estimated to be
0.15, as extrapolated from the expansion data for 80-120 °C. In
addition to a minor enhancement in TPA yield as compared to
that for 100 bar of N,, the oxidation process in CXL benefits
a great deal in several aspects (Entries 6-9). (1) The yield of
by-products, especially that of 4-CBA, is markedly decreased.
This indicates the more complete oxidation of the intermediates
to TPA in CO,-expanded solvent that is possibly associated
with increased oxygen availability. (2) The purity of solid TPA
is enhanced by the reduction of 4-CBA concentration from
11000 ppm to 6400 ppm. (3) The optical density is the lowest
among the four sets of reaction conditions. (4) The yield of CO
is significantly decreased; i.e., by about 50%. In general, the
concentration of 4-CBA in TPA solid is inversely related to the
burning of solvent, i.e. lower 4-CBA concentrations are always

accompanied by higher burning rate.* In sharp contrast, our
finding demonstrates that it is possible to reduce the production
of both these solid and gaseous by-products simultaneously by
employing high pressure CO,. In conclusion, a multi-beneficial
effect of CXL has been exhibited in the Co/Mn/Br catalyzed
oxidation of p-xylene to terephthalic acid.

3.2.2 Reaction optimization at temperatures less than 180 °C.
As reported in the literature, two methods have commonly been
used to adjust the catalyst to reduced reaction temperatures
while maintaining TPA yields that are close to those of the
current optimized industrial process: (1) The considerable
increase of cobalt and bromide concentrations while decreasing
the manganese concentration.® The mole ratio of cobalt to
manganese can be as high as 100 to avoid the precipitation
of manganese in order to avoid grey or black TPA products.?*
(2) The addition of other transition metals as co-catalysts,>?
among which zirconium is the most efficient one that can further
lower the reaction temperature to about 100 °C. Due to the lack
of systematic data in these related systems, we have optimized the
reactions in the temperature range 120-170 °C, with emphasis
placed on the influence of cobalt and manganese concentrations
and effect of zirconium on the yield of TPA, solid TPA purity,
optical density at 340 nm and yield of CO. For ease of operation
and comparison purposes, the pressure of CO, was chosen as
30 bar. As a superior flame inhibitor to nitrogen, the use of CO,
makes it possible to run the reactions safely with an equimolar
amount of oxygen in the gas phase.? Thus, 30 bar O, was
introduced to ensure a large excess of oxygen over p-xylene.

As shown in Fig. 5a, the yield of TPA is significantly elevated
by doubling the concentration of cobalt from 33 mM to 66 mM
and adding zirconium, in the form of the acetate (Zr/Co =
1/6) at lower temperatures. However, this promoting effect
diminishes when the temperature is above 150 °C. The highest
TPA yield of 97.5% is achieved with the combination of cobalt
and zirconium at 170 °C.

The effect on the purity of solid TPA parallels that on TPA
yield. As shown in Fig. 5b, increasing the cobalt concentration
and the use of zirconium enhances the purity of solid TPA,
an effect that is more pronounced at lower temperatures. Also
the highest purity is achieved with the combination of cobalt
and zirconium at 170 °C. This is not surprising because the
more complete conversion of the dissolved intermediates will
definitely decrease their concentration in solid TPA.

The effect on the optical density at 340 nm is somewhat in-
triguing. As shown in Fig. 5c, an increase in cobalt concentration
always helps lower the yield of yellow colored by-products within
the studied temperature ranges. However, the incorporation of
zirconium works well only at lower temperatures. The quality of
the optical density no longer benefits from zirconium when the
temperature is greater than 160 °C.

The effect on the yield of CO is more complicated. As shown
in Fig. 5d, the production of CO can be inhibited by doubling
the cobalt concentration and adding zirconium at temperatures
below 135 °C. This might be unexpected since higher cobalt
concentrations are considered to favor solvent burning.** In
contrast, there is a surge in CO yield when the temperature
rises above 150 °C, especially with the use of zirconium.
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Fig. 5 Effects of cobalt concentration and zirconium on p-xylene oxidation. Reaction conditions: PCO, = PO, = 30 bar, [Mn] = 1.0 mM, [Br] =
33 mM, V', =35mL, 1.6 mL p-xylene added at 0.08 mL/min, ¢t = 0.5 hr, » = 1200 rpm.

Fig. 6 shows the effect of manganese. The reactions were
carried out with a higher cobalt concentration of 66 mM at
170 °C. No zirconium was used because of the much higher
solvent burning at this temperature.

As shown in Fig. 6a and 6b, the yield of TPA and
solid TPA purity decrease monotonically with the increase
of manganese concentration. In the absence of manganese,
the yield and purity can be as high as 96.9% and 99.5%,
and these are decreased to 93.3% and 98.5% respec-
tively when the manganese concentration is increased to
8.0 mM.

Too much manganese is also disadvantageous from the
standpoint of the optical density. As shown in Fig. 6¢, in the
complete absence of manganese, the TPA solid has a very low
optical density of 0.025. In comparison, this value quadruples
to ca. 0.1 when the manganese concentration is 8.0 mM.

In spite of all these negative effects, manganese still plays a
crucial role. As shown in Fig. 6d, the yield of CO is decreased by
ca. 30% at a very low manganese concentration of 1.0 mM. At
the same time, the yield of TPA is only slightly decreased from
96.9% to 96.6%. Thus, manganese is very effective in reducing
solvent burning.

From the results described above, the optimized parameters
for the medium-high temperature oxidation of p-xylene are:
[Co]= 60 mM, [Mn] < 1.0 mM, [Zr] = 0 mM, T = 150-160 °C.

3.2.3 Effect of CO, on solvent burning—isotopic study.
Solvent burning is a very important side reaction in p-xylene
oxidation, which accounts for a significant loss of acetic acid
each year. It is estimated that 70% of acetic acid produced
worldwide is used to manufacture TPA, and about 5% of this
solvent is destroyed by burning.?**! Therefore, solvent burning
is a significant factor in the economics of the MC process. The
burn rate is reported as the mole ratio of gaseous products,
CO and CO,, produced to the moles of p-xylene added. Our
previous work on the Shell catalyst (Co/Zr) suggests that
CO, might reduce solvent burning by inhibiting the Co(1)-
catalyzed decarboxylation of acetic acid.'* The compelling issue
is expressed in the question “is it possible to reduce solvent
burning in the Co/Mn/Br catalyzed oxidation of p-xylene by
using CO,-based media?”

For this purpose, we chose the labeled compound *CO, as
the inert gas. By mass spectrometry, the CO, produced by
burning can be differentiated from the CO, added to the system
by chemical reaction(s). To compare the different behavior of
N, and CO, in solvent burning, three sets of reactions have
been carried out, among which two sets are based on a lower
temperature of 160 °C and a higher inert gas pressure of 45 bar,
while the other set is based on a higher temperature of 191 °C
and a lower inert gas pressure of 23 bar. The O, pressure for
the latter case is controlled at 7 bar to mimic an MC process as
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Table 2  Effect of CO, on solvent burning

Inert gas T(°O) P inert (bar) PO, (bar) Y 1pa (%) 2CO (mmol) 2CO, (mmol) (2C0O,+"2C0O)/p-x (mol/mol)
N, 160 45 45 94.6 0.52 1.30 0.14

BCO, 160 45 45 95.1 0.32 1.11 0.11

N, 160 45 12 94.1 0.37 0.89 0.095

3CO, 160 45 12 94.3 0.23 0.76 0.075

N, 191 23 7 84.7 0.45 0.68 0.085

3CO, 191 23 7 94.1 0.46 1.13 0.12

Reaction conditions: for 160 °C reaction [Co] = 33 mM, [Mn] = 1.0 mM, [Br] = 33 mM; for 191 °C reaction [Co] = [Mn] = [Br] = 5.5 mM; V| =
35mL, 1.6 mL p-xylene added at 0.08 mL/min, ¢ = 0.5 hr, » = 1200 rpm. The conversion of p-xylene is above 99% in all the reactions. In addition to
4-CBA and PTA, a few other byproducts were detected in small amounts during the HPLC analysis. These compounds were not identified.
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Fig. 6 Effects of manganese concentration on p-xylene oxidation. Reaction conditions: PCO, = PO, = 30 bar, T = 170 °C, [Co] = 66 mM, [Br] =
33mM, V', =35mL, 1.6 mL p-xylene added at 0.08 mL/min, ¢t = 0.5 hr, » = 1200 rpm.

operated by industry. As the data in Table 2 reveal, the reactions
yield 2-3 times as much CO, as CO, regardless of the kind of
inert gas present during reaction. This is in good agreement with
the previous report that the CO,/CO mole ratio is around 3.*
Remarkably, the use of CO, can suppress not only the production
of CO, but also the production of CO, at 160 °C, and it is
interesting to note that the yield of CO is reduced to a larger
extent. As a result, the burn rate is 0.14 for N, and 0.11 for CO,
when O, pressure is 45 bar, and 0.095 for N, and 0.075 for CO,
when O, pressure is 12 bar. In both cases, the burning is reduced
by ca. 20% when compared to N, with similar yields (ca. 95%) of
TPA. Also, the yield of TPA is much better with CO, at 191 °C,

suggesting the positive effect of overcoming the kinetic barrier.
While the yield of CO is nearly indistinguishable, the yield of CO,
is increased markedly at the higher temperature. Consequently,
the reactions should be performed at lower temperature and
higher CO, pressure to inhibit solvent burning.

The formation of CO, (CO plus CO,) during the MC process
involves a very complicated reaction mechanism. Apart from
the solvent burning that is the major source of CO,, CO,
can also be produced by the over-oxidation of p-xylene and
the decomposition of the TPA product. These mechanisms
are currently under investigation. From the point of view of
thermodynamics, it seems plausible that the equilibrium shifts
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to the left upon the addition of a large excess of CO,. In addition,
we also observed that the CO, yield is decreased by adding an
appropriate amount of water, another by-product of burning.
This also suggests the leftward shift of the equilibrium.

4. Conclusion

In summary, we have studied the Co/Mn/Br catalyzed medium-
high temperature oxidation of p-xylene to terephthalic acid
in CO,-expanded acetic acid based on the measurement of
solvent expansion in a Jerguson cell that is equipped with
a high temperature oven. The reactions have been optimized
by varying the reaction temperature, the concentration of
cobalt and manganese and the use of co-catalyst zirconium.
As compared with N,/0O,, the use of CO,/0, at sufficiently high
inert gas pressure and 160 °C significantly improved the catalytic
performance by decreasing the yield of 4-carboxybenzaldehyde,
p-toluic acid and other sources of yellow colored by-products. In
addition, the quality of solid TPA is also greatly increased due to
the reduction of the concentration of the by-products, especially
4-carboxybenzaldehyde. More worthy of mention is that solvent
decomposition can also be effectively inhibited with CO,, as
confirmed by isotopic experiments, which adds greater value to
the CO,-expanded solvents. These results, as an extension of our
previous work on the remarkable CO, effect on Co/Zr catalytic
system, further support the feasible and promising industrial
application of CXLs in this kind of important oxidation
reaction. The use of high pressure CO, as reaction medium
requires compression power and this could nullify the energy
gain made by operating at lower temperatures. However, with
the ever-growing global sentiment towards reduction of carbon
emissions, novel solutions such as the one discussed here would
be needed to meet government regulations on such emissions and
thereby make carbon-emitting processes economically viable.
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Cellulose is the most abundant biorenewable and biodegradable resource on the earth. However,
the extent of its application is limited due to its inefficient dissolution in solvents. Thus, the
development of new cellulose solvents continues to be an active area of investigation. In this work,
a series of ionic liquids (ILs) have been synthesized by coupling the 1-N-butyl-3-methyl-
imidazolium cation [C,;mim]* with the Brensted basic anions [CH;COO]-, [HSCH,COO]",
[HCOOT, [(CsH;COO], [H,NCH,COO], [HOCH,COO], [CH;CHOHCOO] and [N(CN),]".
The solubilities of microcrystalline cellulose (MCC) in these ionic liquids were determined as a
function of temperature. The effect of the anion structure on the solubility of cellulose has been
estimated, and investigated by '"H NMR and a solvatochromic UV/vis probe. It was found that
the solubility of cellulose increases almost linearly with increasing hydrogen bond accepting ability
of anions in the ionic liquids. At the same time, novel [C,;mim][CH;COO]/lithium salt (LiCl, LiBr,
LiAc, LiNO;, or LiClO,) solvent systems have been developed by adding 1.0 wt% of lithium salt
into [C,mim][CH;COO]. It was shown that the addition of lithium salts significantly increased the
solubility of the cellulose. This observation was studied by *C NMR spectra, and the results
suggested that the enhanced solubility of cellulose originated from the disruption of the
intermolecular hydrogen bond, O(6)H - - - O(3) owing to the interaction of Li* with the hydroxyl
oxygen O(3) of cellulose. Furthermore, the cellulose materials regenerated from the ionic liquids
were characterized by scanning electron micrograph, thermogravimetric analysis and Fourier
transform infrared spectroscopy, and the degree of polymerization of the original and regenerated
cellulose materials was also determined. Good thermal stability was found for the regenerated
cellulose. It is expected that the above information is useful for the design of novel ionic liquids

and ionic liquid-based solvent systems for cellulose.

Introduction

Cellulose is the most abundant biorenewable and biodegradable
resource in the world, with an annual yield of over 1.0 x 10" ton.!
Cellulose can be derived from cellulose-rich starting materials
like trees, cotton, and crop wastes. Cellulose and its derivatives
have been widely used in our society in fibers, tissues, paper,
membranes, polymers, paints and medicines.>® However, due
to its close packing by numerous inter- and intramolecular
hydrogen bonds, cellulose is extremely difficult to dissolve in
water and most of the conventional organic solvents. Therefore,
the main obstacle to the further application of cellulose is the
lack of powerful solvent systems. Until now, only a limited
number of solvent systems have been industrialized. However,
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1 Electronic supplementary information (ESI) available: '"H NMR data
of the ILs and FTIR spectra of cellulose before and after dissolution.
See DOI: 10.1039/b916882f

the dissolution processes using these solvent systems suffer from
environmental, energy, safety, and other problems. For example,
the viscose process, which is a traditional technology used
in industry, sometimes causes serious environmental pollution
and involves derivatization of cellulose products.* Although
the N-methylmorpholine-N-oxide (NMMO) process is a direct
dissolution process commercialized for the manufacture of so-
called lyocell fibres,* this process also has some problems,
such as the severe fibrillation of the manufactured fibres, a
high dissolution temperature (130 °C), and the requirement
of a major investment in safety technology because of its
thermal instability. Other solvent systems investigated include
DMACc/LiCl, DMSO/TBAF, DMF/N,O,, LiClO,-3H,0, and
LiSCN-2H,0,>®* where DMAc, DMSO, TBAF, DMF, and
N,O, stand for N,N-dimethylacetamide, dimethyl sulfoxide,
tetrabutyl ammonium fluoride, N,N-dimethylformamide and
nitrous tetroxide, respectively. Such solvent systems still retain
certain drawbacks such as high cost, toxicity, difficulty in
solvent recovery or harsh processing conditions. Therefore, it
is highly desirable to develop less energy consuming, more
environmentally friendly, and highly efficient solvent systems
for cellulose.
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Ionic liquids (ILs) are a novel class of green solvents. They
have many distinct advantages such as chemical and thermal
stability, non-flammability, non-detectable vapor pressures and
chemical tunabilities,*"" and promise widespread application
in industry. In 2002, Rogers and coworkers' reported, for the
first time, that cellulose could be efficiently dissolved in 1-N-
butyl-3-methylimidazolium chloride [C,mim]Cl, whereas the ILs
containing [BF,]” and [PF,]" anions were poor solvents. *C
and *¥Cl NMR relaxation measurements demonstrated that
the high solubility of cellulose in [C,mim]Cl was attributable
to the formation of hydrogen bonding between the hydroxyl
protons of cellulose and the chloride anion of the TL."*"* Since
then, a series of researches has been conducted in this field.
Zhang et al.® reported that 1-N-allyl-3-methylimidazolium
chloride [Amim]Cl was a powerful solvent for cellulose, in which
microcrystalline cellulose could be dissolved quickly without
activation or pretreatment. They also indicated that 1-N-ethyl-
3-methylimidazolium acetate [C,mim][CH;COQ], which has
a lower melting point and viscosity, showed a much higher
ability to dissolve cellulose.’® Ohno et al."'® found that N,N’-
dialkylimidazolium formates, [RR’im][HCOO], and N-ethyl-
N’-methylimidazolium alkylphosphates, [C,mim][(MeO),PO,],
displayed superior solubility for a variety of polysaccharides,
including cellulose. In the extended dissolution studies of
Schubert er. al® for cellulose in imidazolium-based ionic
liquids, an odd-even effect was found for different alkyl side-
chain lengths of the imidazolium chlorides, and 1-ethyl-3-
methylimidazolium diethyl phosphate was found to be best
suited to the dissolution of cellulose. It was also reported that
wood and other biomasses such as bagasse and straw can be
dissolved, at least partially, in ILs such as [Amim]Cl, [C,mim]Cl
and [C,mim][CH;COO].*** These encouraging results provide
possibilities for the dissolution of cellulose and biomass by
ILs instead of conventional organic solvents, as well as for
solutions to the problems described above in the solvent systems
of cellulose.

Although previous investigations revealed some important
aspects for the dissolution of cellulose in ILs, very few studies
have been conducted to explore the influence of the structure of
ILs on the dissolution performance of cellulose. Considering the
fact that the dissolution of cellulose is significantly determined
by the nature of the anions in ILs,"** we prepared a series
of ionic liquids with a fixed cationic backbone and a fixed
alkyl chain length, i.e. the 1-butyl-3-methylimidazolium cation
[Cymim]*, but with varied anion structures. This allowed us to
examine the effect of the ILs’ anion structure on the solubility
of cellulose, as well as the related dissolution mechanism. In
order to further enhance the dissolution of cellulose, several
novel solvent systems have been developed by the addition of
1.0 wt% of a lithium salt (LiAc, LiCl, LiBr, LiClO,, or LiNO;)
into [C,mim][CH;COO]. The dissolution of cellulose in the ILs
and the [C;mim][CH;COO]/lithium salt solvent systems was
studied by '"H and *C NMR spectroscopies and solvatochromic
UV/vis probe. In addition, the regenerated cellulose materials
were investigated by means of scanning electron microscopy
(SEM), thermogravimetric analysis (TGA), and Fourier trans-
form infrared (FT-IR), and the dissolution temperature and
dissolution time effects on the degree of polymerization of the
regenerated cellulose were also discussed.

Table 1 Solubility of microcrystalline cellulose in the ILs at different
temperatures

Solubility/wt%

Entry IL 40°C 50°C 60°C 70°C
1 [C;mim][CH,;CO0] 1.5 125 13.0 15.5
2 [Cymim][HSCH,COO] <1.0 95 12.5 13.5
3 [Cymim][HCOO] 7.5 8.5 9.0 12.5
4 [C,mim][(C¢H;)COO] <1.0 <10 <1.0 12.0
5 [Cymim][H,NCH,COO] <1.0 2.0 8.0 12.0
6 [C;mim][HOCH,COOQO] — 7.5 9.0 10.5
7 [Cymim][CH;CHOHCOO] — — 8.0 9.5

8 [C;mim][N(CN),] - — —

“Insoluble at the given temperature.

Results and discussion

Influence of the ionic liquids’ anion structure on the solubility of
cellulose

The solubility values of microcrystalline cellulose in the studied
ILs are shown in Table 1 as a function of temperature. It can
be seen that the structure of the anions significantly affects
the solubility of the cellulose. Among the investigated ILs,
[Csmim][CH;COQ] is the most efficient ionic liquid for the
dissolution of cellulose. In contrast, cellulose is insoluble in
[Cymim][N(CN),]. This indicates that the anions of the ILs play
a key role in the disruption of the inter- and intramolecular hy-
drogen bonds of cellulose. Generally, the solubility of cellulose in
these ILs decreases in the order: [C,mim][CH;COO] > [C,mim]-
[HSCH,COO] > [C,mim][HCOO] > [C,mim][(C,H5)COO] >
[C;mim][H,NCH,COO] > [C,mim][HOCH,COO] > [C,mim]-
[CH;CHOHCOO] > [C,mim][N(CN),]. It is interesting to
note that replacing H in the CH;COO™ anion of the ionic
liquid [C,mim][CH;COQ] with electron-withdrawing groups
such as OH, SH, NH, or CH;OH leads to decreased solubility.
Considering the fact that replacement of H in the CH;COO~
anion by an electron-withdrawing group would decrease the
ability of CH,XCOO~ (X = OH, SH, NH, and CH;OH) to
form hydrogen bonds with the hydroxyl protons of cellulose,
the decreased solubility observed is not difficult to understand.
This suggests that the hydrogen bond accepting ability of the
anions strongly dominates the ILs’ capacity for the dissolution of
cellulose. In addition, it is noted from Table 1 that the solubility
of cellulose in these ILs is enhanced with increasing temperature.
In the case of [C,mim][CH;COO], the solubility of cellulose at
70 °C (15.5 wt%) is higher than that at 40 °C (11.5 wt%) by about
35%. This is an indication that hydrogen bonds of the cellulose
were also partially disrupted by the increased temperature.

The f parameter, introduced by Kamlet and Taft, has been
established as a measure of the hydrogen bond accepting ability
of anions of ionic liquids.*? Unfortunately, most of the 8
parameters for the ILs investigated in the present work are
not available in the literature. Therefore, we determined these
parameters and the results are given in Table 2. It is evident that
the ILs with different anion structures exhibit a marked variation
in the B parameter. As shown in Fig. 1, the solubility values of
cellulose increase almost linearly with increasing B parameter
of the ILs. This indicates that the solubility of the cellulose
strongly depends on the hydrogen bond-accepting ability of the
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Table 2 The 8 parameter values for the ILs investigated

Entry IL B
1 [C,mim][CH,COO] 1.161
2 [C,mim][HSCH,COO] 1.032
3 [C,mim][HCOO] 1.008
4 [C,mim][(C,H;)COO] 0.987
5 [C,mim][H,NCH,COO] 1.096
6 [C,mim][HOCH,COO] 0.967
7 [C,mim][CH,CHOHCOO] 0.964
8 [Cymim][N(CN),] 0.621
16 [C,mim][CH,COO
144 [C,mim][HSCH,COO]
1 2_' [C,mim][HCOQ] » .
[C,mim[[H,NCH,CO0]_“1c mim]j(c,H,)c00]
210 [C,mim][HOCH,COO]
=] = [C,mim][CH,CHOHCOO]
% 5
>
5 %1
=
2 4
2]
0 ® [C,mim][N(CN),]
-2 T T T g T T T T T T T T T
0.6 0.7 0.8 0.9 1.0 1.1 1.2

B

Fig. 1 Linear correlation between solubility of microcrystalline cellu-
lose at 70 °C and 8 Parameter of the ILs investigated.

anions of the ILs. The stronger the hydrogen bond accepting
ability of the anions, the higher the solubility of cellulose in
the IL. For example, the anion of [C,mim][CH;COO] has the
strongest hydrogen bond accepting ability (highest  value) of
the ILs investigated, and solubility of the cellulose is found to
be the highest in [C,mim][CH;COQ].

It is known that the '"H NMR chemical shift () of the
proton in the 2-position of the imidazolium ring can be used
as a measure of the capacity of the anion of an IL to form
hydrogen bonds,”® which is crucial to the breaking of the inter-
and intramolecular hydrogen bonds of the cellulose chains,'”*®
and thus to the dissolution of cellulose. Therefore, 'H NMR
chemical shifts of the proton in the 2-position of the imidazolium
ring have been determined for the ILs under study, and the
correlation between the solubility of cellulose and the chemical
shift of this proton is shown in Fig. 2. As expected, the solubility
of cellulose increases almost linearly with the chemical shift of
the proton in the 2-position of the imidazolium ring. Hence,
the solubility of cellulose in a certain IL can be predicted by
using this linear correlation. According to our result, the ILs
with a § value smaller than 9.5 are not suitable solvents for the
dissolution of cellulose.

Lithium salt-promoted dissolution of cellulose in
|Csmim][CH;COO]

The solubility of cellulose in various [C,mim][CH;COO]/
lithium salt solvent systems was investigated at different
temperatures. Table 3 summarizes the results obtained for
microcrystalline cellulose. It can be seen that solubility of

Table 3 Solubility of microcrystalline cellulose in [C,mim][CH;COO]/
lithium salt solvent systems

Solubility (wt%) at different

temperatures
Solvent system 40°C 50°C 60°C 70°C 80°C
[C;mim][CH;COO0] 1.5 125 13.0 155  19.0

[C,mim][CH,COO)/LiAc 120 160 17.5 190  20.0
[C,mim][CH,COO)/LiCl ~ 12.0 145 160 185  20.0
[C,mim][CH,COO)/LiBr 115 135 150 180 19.5
[C,mim][CH,COO]/LiCIO, 12.0 150 17.5 200 210
[C,mim][CH,COO)/LINO, 12.0 150 185 195 210

161 [C,mim][CH,COO0]
144 [C,mim][HSCH,CO0]
124 [C,mim][HCOO]® % a
i o))
<10 [gmlm][HOCHZCOO] n o3
ES [C,mim][CH,CHOHCOO] = o0
> =N
= 64 =
2 EE
2 44 E.of
o2
24
0- u[C,mim][N(CN),]
-2 T T T T T T T T T T T T T T T
9.0 9.2 9.4 9.6 9.8 10.0 10.2 104

5/ ppm
Fig. 2 Linear correlation between solubility of microcrystalline cel-
lulose at 70 °C and the '"H NMR chemical shifts of the proton in
the 2-position of the imidazolium ring measured in DMSO-d, at a
concentration of 1.0 mol kg™'.

the cellulose is enhanced significantly after the addition of
a small amount of lithium salt into [C,mim][CH;COOQO]. As
reported in the literature,? some lithium salt hydrates have the
capacity to dissolve cellulose through the hydroxyl groups of the
cellulose taking part in the coordination of Li*. Compared to
LiX-nH,O, the lack of water molecules in LiX leads to more
free coordination sites at the lithium cation. These sites can
be occupied by other coordinating groups, e.g. the hydroxyl
groups of cellulose, resulting in the breaking of some inter-
and intramolecular hydrogen bonds of cellulose. This is a
possible reason why higher solubility was observed for cellulose
in [Cymim][CH;COO]/lithium salt solvent systems than in
[Csmim][CH;COQ] alone.

In order to further examine how the addition of lithium
salts increases the solubility of cellulose, *C NMR measure-
ments of cellulose were carried out in solutions of [C,mim]-
[CH;COO]/cellulose (9.0 wt%) and [C,mim][CH;COOQO]/LiCl
(1.0 wt%)/cellulose (9.0 wt%) at 90 °C. The *C NMR spectra
are shown in Fig. 3, and the "C NMR chemical shift data
are presented in Table 4. It can be seen from Table 4 that
the addition of LiCl produces a downfield shift (an increase
in chemical shift) for C3 and upfield shifts (decrease in
chemical shift) for the other C atoms. Based on the results
reported in literature,***! the hydrogen bonds of cellulose are
mainly the intramolecular hydrogen bonds, O(3)H - - - O(5) and
O(2)H - --0O(6), present on both sides of the cellulose chain,
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Fig. 3 *C NMR spectra of microcrystalline cellulose in IL and
IL/lithium salt systems at 90 °C: (A) [C,mim][CH;COO]; (B)
[C;mim][CH;COO]/LiCl.

and the intermolecular hydrogen bond, O(6)H - - - O(3), which
builds a bridge between two neighboring molecules (Fig. 4).
After the addition of LiCl into the [C,;mim][CH;COQ]/cellulose
system, the intermolecular hydrogen bond, O(6)H - - - O(3), was
broken owing to the interaction of Li* with the hydroxyl oxygen
0O(3) of cellulose, and thus the electron cloud density of C3
bonded to the hydroxyl oxygen O(3) of cellulose decreased.
Consequently, the "C NMR signal of C3 shifts downfield,
and the chemical shift of C3 increases correspondingly. At

Table4 "CNMR chemicalshifts (6 (ppm) relative to TMS) of cellulose
in [C;mim][CH;COO)]/cellulose(9.0 wt%) and [C,mim][CH,;COO]/LiCl
(1.0 wt%)/cellulose (9.0 wt%) systems

0 (ppm)
c(1)

Solvent system C2) C3) Cc@ cCiB) ceo

[C;mim][CH;COO] 103.165 74.188 75.468 79.488 76.242 61.063
[Cimim][CH;COO]/ 103.146 74.182 75.478 79.467 76.189 61.034
LiCl

the same time, disruption of this intermolecular hydrogen
bond prompts further dissolution of the cellulose. However,
the chemical shifts for the other C atoms of cellulose behave
differently. This may be interpreted as the interactions of the
CI" anion of LiCl with the hydroxyl proton of cellulose in
the [C,mim][CH;COQ]/LiCl/cellulose system, which leads to
an increase of electron cloud density of the C atoms and an
upfield shift of their C NMR signals. The dissolution mech-
anism of cellulose in [C,;mim][CH;COO]/LiCl reported here is
somewhat similar to that in N,N-dimethylacetamide/LiCl, and
the breaking of intermolecular hydrogen bonds results from
the direct interaction of lithium with the cellulosic hydroxyl
oxygen.*> The difference is that [C,mim][CH;COO] in the
[C,mim][CH;COQ]/LiCl solvent system can dissolve cellulose,
but N,N-dimethylacetamide in N,N-dimethylacetamide/LiCl
cannot.

Compared to other solvent systems for cellulose, the
[Csmim][CH;COQ]/lithium salt solvent systems reported in the
present work have the advantages of higher solubility and lower
dissolution temperature. For example, at 40 °C, the solubility
of cellulose in [C,mim][CH;COO]/LiX (X = Cl, NO;, ClO,,
Ac) systems could be as high as 12.0 wt%, whereas only
8.0 wt% of cellulose was dissolved in [C,mim][(MeO)HPO,]."®
At 60 °C, 18.5 wt% of cellulose can be dissolved in
[C,;mim][CH;COOQO]/LiNO;, but only 10.0 wt% of cellulose
has been dissolved in [C,mim][HCOO]."” On the other hand,
cellulose cannot be dissolved in [Amim]Cl at temperatures below
70 °C," and the temperature needs to be maintained at 130 °C
for the dissolution of 10-15 wt% of cellulose in the NMMO
system. In addition, our ILs and [C,mim][CH;COQ]/lithium
salt solvent systems can be used for the direct dissolution of
cellulose without any pretreatment or activation. In contrast,
in most of the conventional solvent systems for cellulose such

Fig.4 Schematic structure and numbering of cellulose.
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Fig. 5 SEM images of the free and fracture surfaces for the regenerated cellulose films from [C,mim][CH;COO]/LiCl/cellulose solution: (A) free
surface at 10 000x magnification; (B), (C) fracture surface at 3000x magnification and 10 000x magnification, respectively.

as DMAc/LiCl and NaOH/H,O, pretreatment or activation of
the original cellulose is often necessary.***

Encouragingly, it is also found that absorbent cotton with a
degree of polymerization as high as 1586 could be dissolved in
the [C,mim][CH;COO]/LiCl system in high concentrations (up
to 21 wt%) at 90 °C. We have tried to increase the content of
the lithium salts in [C,mim][CH;COO] to enhance the cellulose
solubility further. However, we failed to do this because of the
limited solubility of the lithium salts in the ILs.

Structure and properties of the regenerated cellulose

The cellulose regenerated from [C,mim][CH;COO]/lithium salt
solvent systems (see Experimental section) was characterized by
SEM, TGA, and FTIR spectroscopy. The degree of polymer-
ization of the original and the regenerated cellulose materials
was also determined, and the dissolution temperature and the
dissolution time effects were examined.

SEM images of the regenerated cellulose films from
[Cymim][CH;COOQ]/LiCl solution are shown in Fig. 5. It can be
seen that the free surface and fracture surface of the dried films
display homogeneous structures from the interior to the surface,
indicating a dense architecture, in which no undissolved original
cellulose can be detected. The structure of the regenerated
cellulose is quite similar to that reported by Zhang et al.’®
and Zhang et /., but different from the porous structure
regenerated from aqueous NaOH/thiourea solution.*

FTIR spectra of the original and the regenerated cellulose
materials are shown in Fig. S1 (see ESIT). It can be seen that all
the spectra are quite similar and no new peaks are observed in
the regenerated sample. This indicates that no chemical reaction
takes place during the cellulose dissolution and regeneration
processes. The absorption band at 1427 cm™ in the regenerated
cellulose was assigned to the CH, scissoring vibration. This band
was weakened and shifted to a lower wavenumber compared to
the peak at 1431 cm™ for the original cellulose, suggesting the
destruction of an intra-molecular hydrogen bond involving O6.%
A new shoulder at 990 cm™ was observed in the regenerated
cellulose, which could be assigned to a C-O stretching vibration
in the amorphous region.? The O-H vibration in the regenerated
cellulose shifts to a higher wavenumber (3427 cm™), indicating
the breaking of hydrogen bonds to some extent.®** The ab-
sorption bands in the range of 1164-1061 cm™ are assigned to
the C-O-C stretching of the original cellulose.* The presence
of such bands in the absorption of the regenerated cellulose

suggests that the macromolecular structure of cellulose has not
been destroyed.

TGA curves for both the original cellulose and the regenerated
cellulose are shown in Fig. 6. It is noted that the two TGA curves
nearly overlapped at lower temperatures, and rapid decomposi-
tion occurred in the temperature range from 313 to 351 °C for
the original cellulose and from 301 to 341 °C for the regenerated
cellulose. The regenerated sample exhibits a slightly lower onset
temperature (301 °C) for the decomposition compared to the
original cellulose (313 °C), and gives a slightly higher char
yield (nonvolatile carbonaceous material) on pyrolysis, indicated
by the slightly higher residual mass after the decomposition
step. This result indicates that the cellulose regenerated from
the [C,mim][CH;COO]/lithium salts solvent systems has good
thermal stability. This is significantly different from the cellulose
regenerated from the reported solvent systems'>!* in which a
large difference in the decomposition temperature was observed
between the regenerated and the original materials.
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Fig. 6 Thermal decomposition profiles of the original cellulose and
the regenerated cellulose materials: (A) the original cellulose; (B) the

cellulose regenerated from [C,mim][CH;COO]/LiCl/cellulose after 1 h
of dissolution at 60 °C.

The effects of the dissolution temperature and dissolution
time on the degree of polymerization (DP) of the regenerated cel-
lulose are shown in Fig. 7 and 8, respectively. In the temperature
range from 40 to 80 °C, the DP values (from 215 to 209) of the
regenerated cellulose are slightly smaller than that of the original
cellulose (DP = 229). Only at 100 °C was a slight degradation of
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Fig. 7 Degree of polymerization for the cellulose regenerated from

[Cymim][CH;COO]/LiCl/cellulose after 1 h of dissolution at different
temperatures.
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Fig. 8 Degree of polymerization for the original cellulose and the
cellulose regenerated from [C,mim][CH;COO]/LiCl/cellulose at 40 °C
as a function of the dissolution times: (@) the original cellulose; (H) the
regenerated cellulose.

cellulose observed, with the DP value of the regenerated cellulose
being 181. It is worth noting that at 40 °C, the DP value of the
regenerated cellulose hardly changed, even if the dissolution
time was prolonged to as much as 5 h. This result indicates
that no cellulose degradation took place at 40 °C during 5 h
of dissolution in the [C,mim][CH;COO]/lithium salt solvent
systems. Obviously, the [C,mim][CH;COO]/lithium salt solvent
systems of cellulose are superior to some of the reported systems
in which cellulose degradation definitely occurred.’* All of
these facts suggest that our new solvent systems are excellent
solvents for cellulose, and they could provide a new platform for
the homogeneous processing of cellulose and the production of
advanced cellulose materials under mild conditions.

Conclusions

In this work, solubility, '"H and *C NMR and solvatochromic
UV/vis probe measurements have been performed to study the
effects of the structure of the anion in selected ILs and the effect
of adding lithium salts to [C,mim][CH;COO] on the solubility
of microcrystalline cellulose. It was shown that the structure of

the anion and the addition of lithium salts significantly affected
the solubility of cellulose. The hydrogen bond accepting ability
of the anions of the ILs, as characterized by the chemical shift
values of the proton in the 2-position of the imidazolium ring,
and the f parameter of the ILs, are closely linked to the solubility
of cellulose. Thus, replacement of H in the CH;COO™ anion of
[C,mim][CH;COO] by an electron- withdrawing group such as
OH, SH, NH, or CH;OH leads to decreased solubility. The
nature the enhanced dissolution achieved with lithium salts is
suggested to result from the interaction of Li* with the hydroxyl
oxygen O(3) of the cellulose, which disrupts the intermolecular
hydrogen bond O(6)H---O(3). Such information is expected
to be useful for the design of novel ILs and IL-based solvent
systems for cellulose.

Cellulose can be regenerated from the ILs and the [C,mim]-
[CH;COO]/lithium salt solvent systems by precipitation with
water. The regenerated cellulose was studied by SEM, TGA,
FTIR and degree of polymerization measurements. It was found
that no chemical reaction took place between cellulose and
the ILs or the [C,mim][CH;COQ]/lithium salt systems during
the dissolution and precipitation processes. The regenerated
cellulose exhibited a quite similar thermal stability to the original
cellulose. Therefore, the [C,mim][CH;COQ]/Li salt solvent sys-
tems reported here are expected to provide a possible platform
for the homogeneous processing of cellulose and the production
of advanced cellulose materials under mild conditions. However,
it should be pointed out that the recovery and reuse of the
ILs and the lithium salts are the key issue for the practical
application of the new solvent systems mentioned above.
Although both of them can be recovered by simple evaporation
from their aqueous solutions and then dried under vacuum,
this method is energy consuming and thus expensive. Therefore,
alternative low-cost methods for the recovery of the ILs and the
lithium salts from the aqueous solutions need to be developed.

Experimental
Materials

Absorbent cotton and 1-methylimidazole (99%) were pur-
chased from Shanghai Chem. Co.; 1-chlorobutane (>99.0%),
I-bromobutane (98.0%), mercaptoacetic acid (>97.0%), gly-
colic acid (98.0%)), glycine (>99.0%), microcrystalline cellulose
(MCC) and anion exchange resin (Ambersep 900 OH) were from
Alfa Aesar; acetic acid (>99.5%), formic acid (>88.0%), ben-
zoic acid (>99.5%)and lactic acid (85.0-90.0%) were obtained
from Shanghai Shiyi Chem. Reagent Co. Ltd.; N,N-diethyl-
4-nitroaniline (97.0%) was purchased from Nanjing Chemlin
Chemical Industrial Co. Ltd.; deuterated DMSO (DMSO-
ds) used for NMR samples was purchased from Qingdao
Weibo Tenglong Technol. Co. Ltd. The above materials were
used as received. 1,1,1-Trichloroethane (95.0%) was obtained
from Shanghai Shanpu Chem. Co. Ltd., and distilled before
use. 4-Nitroaniline (98.0%) from Alfa Aesar was dissolved in
methanol, and the mixture was stirred and then filtered to
remove insoluble impurities. The methanol in the filtrate was
evaporated, and 4-nitroaniline was dried under vacuum for 12 h
at40 °C. LiCl-3H,0, LiBr-2H,0, LiAc-2H, 0, LiClO,-3H,0 and
LiNO;-3H,O were obtained from Shanghai Chem. Co. and dried
under vacuum before use to remove the crystallization water.
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Synthesis of 1-butyl-3-methylimidazolium bromide [C,mim]|Br
and 1-butyl-3-methylimidazolium chloride |C,mim]Cl

[C,mim]Br was prepared and purified by using the proce-
dure described in the literature.* Briefly, the reaction of 1-
methylimidazole with an excess of 1-bromobutane was per-
formed in 1,1,1-trichloroethane at 70 °C for 48 h. The solid
product of [C,mim]Br was washed with 1,1,1-trichloroethane
and then filtered. The residual solvent was removed by rotary
evaporation, and the resulting product was dried under vacuum
for 24 h. [C,mim]CI was prepared similarly, but ethyl acetate was
used instead of 1,1,1-trichloroethane.*

Synthesis of 1-butyl-3-methylimidazolium acetate
[Csmim]|[CH;COO], 1-butyl-3-methylimidazolium formate
[Csmim][HCOO], 1-butyl-3- methylimidazolium lactate
[Csmim][CH; CHOHCOQOJ], 1-butyl-3-methylimidazolium
glycollate [C,mim][HOCH,COO], 1-butyl-3-methylimidazolium
thioglycollate |[C,;mim][HSCH,COO], and
1-butyl-3-methylimidazolium benzoate [C,mim][(CsHs)COO]

An aqueous solution of [C,mim]Br was allowed to pass
through a column filled with anion exchange resin to obtain
[C,mim][OH]." The aqueous [C,mim][OH] solution was then
neutralized with equal molar acetic acid. After removing water
by evaporation under reduced pressure, the viscous liquid
[Cysmim][CH;COO] was thoroughly washed with diethyl ether,
and finally dried under vacuum for 72 h at 70 °C. The other ionic
liquids were prepared by a similar process.

Synthesis of 1-butyl-3-methylimidazolium aminoethanic acid salt
[Cymim][H,NCH,COO]

This IL was prepared by a similar procedure to that reported by
Ohno et al.* Aqueous [C,mim][OH] solution was thoroughly
mixed with a slight excess of aqueous amino acid solution.
After 12 h of reaction under cooling, water in the mixture was
evaporated at 50 °C, and a slightly viscous liquid was obtained.
After addition of acetonitrile-methanol (9: 1, v/v), the mixture
was stirred and then filtered to remove the excess amino acid.
The organic solvents in the filtrate were evaporated and the
product was dried under vacuum for 72 h at 80 °C.

Synthesis of 1-butyl-3-methylimidazolium dicyanamide
[Csmim][N(CN),]

This IL was synthesized and purified by using the procedure
described by Sheldon and coworkers.* Briefly, to a solution
of [C,;mim]Cl in acetone, Na[N(CN),]was added. The mixture
was stirred for 24 h and the solid NaCl was removed by
filtration. After removing acetone by evaporation under reduced
pressure, the viscous liquid [C,mim][N(CN),] was washed with
dichloromethane, and dried under vacuum for 24 h at 60 °C.

The '"H NMR data of the above ILs are summarized in the
supporting information. They were in good agreement with
those available in literature.*>*4

Preparation of [C,mim][CH;COQ]/lithium salt solvent systems

1.0% (w/w) of LiCl, LiBr, LiAc, LiNO; or LiCIO, was dissolved
in [C;mim][CH;COO] to prepared the [C,mim][CH;COO]/

lithium salt solvent systems. These solvent mixtures were
prepared immediately before use to minimize moisture
uptake.

Dissolution of cellulose in the ILs and
|Csmim][CH,;COQJ/lithium salt solvent systems

In a typical dissolution experiment, microcrystalline cellulose or
absorbent cotton sample was added into a 20 mL colorimetric
tube which contained 2.0 g of the dried IL or the IL/lithium
salt, and the tube was sealed with parafilm. The tube was then
immersed in an oil bath (DF-101S, Gongyi Yingyu Instrument
Factory); the instability of the bath temperature was estimated to
be £ 0.5 °C. The mixture was heated at a given temperature and
stirred under argon atmosphere. Additional cellulose was added
until the solution became optically clear under a polarization
microscope (Nanjing Jiangnan Novel Optics Co. Ltd.). When
cellulose became saturated, judged to be the point where
cellulose could not be dissolved further within 1 h, its solubility
(expressed in g per 100 g of IL) at the given temperature
could be calculated from the amount of solvent and cellulose
added. For each IL or [C,mim][CH;COO]/lithium salt solvent,
the solubility values of cellulose were measured at different
temperatures with 10 °C intervals.

Measurements of "H NMR and *C NMR spectra

'"H NMR spectra of the ILs were collected at room tem-
perature on a Bruker Avance-400 NMR spectrometer operat-
ing at 400.13 MHz. Measurements of “C NMR spectra for
the cellulose in [C,;mim][CH;COQ]/cellulose (9.0 wt%) and
[C,mim][CH,COO]/LiCl (1.0 wt%)/cellulose (9.0 wt%) were
performed on a Bruker DMX 300 spectrometer at 90 °C. Chem-
ical shifts were given in ppm downfield from TMS.

Measurements of the  parameter for the ILs

The B parameter of the ILs, introduced as a measure of the
hydrogen bond accepting ability of a solvent, was determined by
following the procedure reported by Ohno ez al.'® To calculate
the B parameter, two different dyes, 4-nitroaniline (NA) and
N,N-diethyl-4-nitroaniline (DENA) were employed. In a dry
box, a given amount of the dried IL and a concentrated solution
of NA or DENA in dry methanol were added into a vial
and mixed homogeneously. The methanol was then carefully
removed by drying under vacuum at 40 °C for 12 h. To avoid
aggregation of the dyes, concentrations of NA or DENA in the
ILs were selected to give an absorbance between 0.15 and 0.30.
The IL containing NA or DENA was added into a quartz cell
in a dry box and the cell was capped and sealed. The visible
spectra of the ILs containing NA or DENA were recorded
on a TU-1810 ultraviolet-visible spectrophotometer at 25.0
0.1 °C. The wavelength at the maximum absorption (A,,,) was
determined and used to calculate the 3 values by the following
equations:*®

Vaun) = 1/ (Amax vay X 107) (D)
Vioenay = 1/ (Amax ena) X 107) )
B=(1.035vna) + 2.64 — Vipena))/2.80 3)

274 | Green Chem., 2010, 12, 268-275

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/B916882F

Downloaded by Lomonosov Moscow State University on 30 October 2010
Published on 04 November 2009 on http://pubs.rsc.org | doi:10.1039/B916882F

View Online

Recovery and recycling of [C,mim]|CH;COQ]/Li salt solvent
systems

After the complete dissolution of cellulose in the
[C,mim][CH,;COOQO]/Li salt solvent systems, cellulose can
be regenerated and the [C,mim][CH;COO]/Li salt solvent
mixtures can be recovered by addition of water or ethanol. In a
typical recovery trial, 2.0 g of [C;mim][CH,COO]/LiCl solvent
and 5.0 wt% cellulose solution were used. The cellulose solution
was poured into a 100 mL beaker containing 10 mL of water.
The beaker was sealed with preservative film and the mixture
was stirred for 30 min at ambient temperature. The precipitated
cellulose was separated by filtration through a ceramic funnel
with Nylon filter paper on a Biichner flask under vacuum.
The cellulose was washed four times to ensure that all the
[C,mim][CH;COO]/LiCl solvent had been washed out. The
filtrates were combined in a round bottomed flask, and water
was removed by rotatory evaporation under reduced pressure.
The resulting [C,;mim][CH;COO]/LiCl solvent mixture was
dried under vacuum for 24 h at 70 °C, and then could be used in
the next dissolution process. In each dissolution—-recovery cycle,
the recovery percentage of [C,mim][CH;COO]/LiCl solvent
is approximately 99.2 wt%, and the dissolving capacity of the
recovered solvent for cellulose is equivalent to the original
solvent.

Characterization of the regenerated cellulose

Fourier transform infrared (FTIR) spectra were recorded on
a Necolet Nexus spectrometer with KBr pellets. A total of 16
scans were taken for each sample at a resolution of 2 cm™.
Scanning electron micrographs were taken with a JEOL JSM-
6390LV scanning electron microscope. The regenerated cellulose
films in the dry state were frozen in liquid nitrogen, immediately
snapped, and then dried under vacuum. The free surface (side in
direct contact with the coagulant) and the fracture surface of the
films were sputtered with gold, and then photographed. TGA
was carried out with a NETZSCH STA 449 C thermal analyser
using alumina crucibles. The sample mass was ca. 10-15 mg per
measurement. The measurements were carried out under flowing
N, at a heating rate of 10 °C min™. The viscosity-average degree
of polymerization (DP) for the original and regenerated cellulose
materials was determined by using an Ubbelohde viscometer in
cupriethylenediamine hydroxide solutions.
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Ligand-free iron/copper cocatalyzed cross-coupling reactions of aryl halides with amines were
carried out to provide the corresponding coupling products in good yields. It is worth noting that
the method displays a broad substrate scope, and is convenient, rapid, low-cost and

environmentally friendly.

Introduction

Transition metal-catalyzed carbon-nitrogen bond formation
with aryl halides and aliphatic or aromatic amines is considered
to be an important strategy that finds wide applications in
the synthesis of many substances such as natural products,
agrochemicals, materials, dyes, and pharmaceuticals.! In par-
ticular, the majority of the existing protocols for performing the
N-arylation of amines with aryl halides have been mediated
by palladium,”> copper® and, more recently, environmentally
benign iron* catalysts. Although significant progress has been
made in this field, there are still some drawbacks of these
methods that include the need for (1) specially designed ligands
or stoichiometric amounts of catalysts/reagents, (2) anhydrous
solvents and an inert atmosphere, and (3) long reaction time.
Recently, Norrby, Bolm and their co-workers reported copper-
catalyzed cross-couplings with parts-per-million catalyst load-
ings; they lowered the catalyst loading to 0.01 mol%. And they
found that it was crucial that the ligand-to-metal ratio was
high (with 20 mol% of DMEDA).* Therefore, it is a highly
challenging and desired endeavor to find a readily available,
inexpensive and ligand-free®’ catalytic system for cross-coupling
reactions. Taillefer and co-workers reported the first ligand-free
iron/copper cooperative catalysis for N-arylation of nitrogen
heterocycles.® Although these results are encouraging, there is
much room for improvement. For example, the methods require
long reaction times and are limited in terms of the substrates
for which they can be used. So room for exploration of an
efficient ligand-free catalytic system, especially proceeding in
short reaction times, still remains.

In continuation of our endeavors devoted to the development
of copper and iron catalyzed cross coupling reactions,” herein
we wish to report the first ligand-free iron/copper cocatalyzed'
C-N cross coupling reaction in the presence of water!' under
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microwave (MW) irradiation. This method is attractive for
several reasons: (i) it employs an economically competitive and
environmentally-friendly catalytic system that is a combination
of readily available iron and copper salts, without ligands or
other additives; (ii) it offers experimental simplicity, and does
not require an inert atmosphere and anhydrous solvents; (iii)
it is applicable to a broad scope of substrates, both aliphatic
and aromatic amines and various substituted aryl halides; (iv)
it proceeds quickly and affords moderate to good yields within
minutes under microwave irradiation,”? which proved to be a
green and rapid route in organic synthesis. At the same time,
water is abundant, cheap and an environmentally benign solvent.
In recent years the combination of these two prominent green
chemistry principles, “microwaves” and “water”, has become
very popular and has received substantial interest.'*

Results and discussion

Initially, we screened typical reaction parameters including
catalysts, solvents, base and temperature, using iodobenzene
(1.5 equiv) and morpholine (1.0 equiv) as model substrates,
and the results are summarized in Table 1. The preliminary
investigation was carried out in water under microwave ir-
radiation at 135 °C for 30 min using caesium carbonate as
base. The coupling reaction provided promising products in the
presence of catalytic amounts of both Fe,O; (having a purity of
99.9995+%, from Alfa Aesar) and Cu(acac), (23% yield; Table 1,
entry 1; acac = acetylacetonate). To our pleasure, switching pure
H,O to H,O:DMSO = 1:1 promoted the yield to 75% (Table 1,
entry 2), while it was not able to increase the yield in DMSO
(Table 1, entry 3). Comparing the microwave-assisted reaction
conditions with conventional thermal conditions, the former
manifested a significant boost in terms of shorter reaction time
and higher yields (Table 1, entries 2 and 6). When we raised
the temperature to 150 °C, the yields were improved (Table 1,
entries 7-9). In the absence of an iron source, catalytic amounts
of Cu(acac), afforded a moderate yield of the coupling product
(Table 1, entries 5 and 11), and it indicated that the iron
source also had a pronounced impact on the efficient cocatalysis
(compare entries 2 and 9 with 5 and 11, Table 1). However,
a catalytic amount of Fe,O; alone was unable to promote the
reaction (Table 1, entries 4 and 10), indicating that the copper
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Table 1 Optimization of the catalysis conditions

oW

[Fe)/[Cu] cat.
base, solvent
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@NJ

MW, 30min
Entry Iron (0.2 eq) Copper (0.1 eq) T/°C Base (2.0 eq) Solvent Yield (%)
1 Fe,O, Cu(acac), 135 Cs,CO; H,O 23
2 Fe,0, Cu(acac), 135 Cs,CO, DMSO:H,0 = 1:1 75
3 Fe,0; Cu(acac), 135 Cs,CO; DMSO 10<
4 Fe,0, 135 Cs,CO; DMSO:H,O0 = 1:1 trace
5 — Cu(acac), 135 Cs,CO; DMSO:H,0 =1:1 47
6" Fe,0; Cu(acac), 135 Cs,CO; DMSO:H,0 = 1:1 56
7 Fe,0, Cu(acac), 150 Cs,CO; H,0 46
8 Fe,0; Cu(acac), 150 Cs,CO; DMSO 31
9 Fe,O, Cu(acac), 150 Cs,CO; DMSO:H,O0 =1:1 83
10 Fe,0, 150 Cs,CO; DMSO:H,O = 1:1 trace
11 — Cu(acac), 150 Cs,CO; DMSO:H,0 = 1:1 62
12 — 150 Cs,CO; DMSO:H,0 = 1:1 0
13 Fe,0, Cul 150 Cs,CO, DMSO:H,0 = 1:1 70
14 Fe,0; Cu(OAc), 150 Cs,CO; DMSO:H,0 = 1:1 76
15 Fe,O, Cu,O 150 Cs,CO; DMSO:H,0 = 1:1 67
16 FeCl, Cu(acac), 150 Cs,CO, DMSO:H,0 = 1:1 71
17 FeCl, Cu(acac), 150 Cs,CO; DMSO:H,0 = 1:1 61
18 Fe(acac), Cu(acac), 150 Cs,CO;, DMSO:H,0 =1:1 75
19 Fe,0; Cu(acac), 150 NaOrBu DMSO:H,0 = 1:1 16
20 Fe,O; Cu(acac), 150 K,CO; DMSO:H,0 = 1:1 29
21 Fe,0, Cu(acac), 150 K,PO, DMSO:H,O = 1:1 trace
22 Fe,0; Cu(acac), 150 Cs,CO; DMF:H,0 = 1:1 60
23 Fe,O, Cu(acac), 150 Cs,CO; NMP:H,0 = 1:1 63

“ Performed under conventional thermal conditions, 24h. *Yield of isolated product.

source is essential for this process (Table 1, entries 2, 4, 5
and 9-12). Combined with Fe,O; as cocatalyst, copper salts
such as Cul, Cu(OAc), and Cu,O were also effective (Table 1,
entries 13-15). When we screened the iron sources, preliminary
results showed that the yield afforded by Fe,O; was better than
that afforded by FeCl; (having a purity of 98+%, from Alfa
Aesar), FeCl, (having a purity of 99.5+%, from Alfa Aesar) and
Fe(acac), (having a purity of 99.9+%, from Aldrich) (Table 1,
entries 16-18). Furthermore, we found that the nature of bases
was crucial for the reaction. NaO¢Bu, K,CO; and K;PO, were
all ineffective (Table 1, entries 19-21). Among the solvents used,
H,O:DMSO = 1:1 was superior to other solvents (Table 1,
entries 22 and 23). In summary, the optimum results were
obtained when amine (1.0 equiv) and aryl halide (1.5 equiv) were
allowed to react with Fe,O; (0.2 equiv), Cu(acac), (0.1 equiv),
Cs,CO; (2.0 equiv) stirred in H,O:DMSO = 1:1 at 150 °C for
30 min.

With the optimized conditions in hand, we investigated
the scope of this methodology among a variety of nitrogen-
containing compounds, including aliphatic primary amines,
aliphatic secondary amines, benzylamine, phenethylamine, ani-
lines and nitrogen heterocycles. In general, the corresponding
N-arylation products were obtained in moderate to good yields
(Table 2). All the aliphatic primary amines and benzylamine,
phenethylamine were effective in the formation of C—N bonds
(Table 2, entries 1-5, 8 and 9). Although the steric hindrance of
secondary amines often makes them more sluggish than primary
amines to couple with aryl halides, it was a delight to find that
the coupling of aliphatic secondary amines with iodobenzene
was also quite successful (Table 2, entries 6 and 7). Low yields

were observed for nitrogen heterocycles, such as pyrazole and
indole, but elevating the reaction temperature could lead to an
improvement in reaction yields (Table 2, entries 10 and 11).
As shown, anilines containing an electron-withdrawing group
typically gave lower yields than anilines and those containing an
electron-donating group (Table 2, entries 12-14).

The scope of the process with respect to aryl halides was then
investigated (Table 3). The coupling reactions of morpholine
as the model amine with aryl halides containing various sub-
stituents were carried out under the optimal reaction conditions.
As expected, the desired products were obtained in moderate to
good yields. The results indicated that aryl iodides were more
reactive than aryl bromides and aryl chlorides (Table 3, entries
1, 5 and 8). This protocol was tolerant to electron-donating
functional groups (Table 3, entries 2 and 5); a good yield was
obtained even in the presence of a strongly electron-donating
functional group (Table 3, entry 2). Although a satisfactory
result was obtained for 4-chloroiodobenzene (Table 3, entry
12), the protocol didn’t exhibit good tolerance with aryl halides
bearing the strongly electron-withdrawing functional groups,
such as CF; or NO, (Table 3, entries 8 and 11). The steric effect
was significant, the reactions of para- or meta-substituted aryl
halides afforded higher yields than steric ortho-substituted aryl
halides. The results indicated the reactivity order of substituted
aryl halides: para- > meta- > ortho- (Table 3, entries 2-7, 9
and 10).

In an endeavor to expand the scope of the methodology,
we attempted to apply the iron/copper cocatalytic system to
some important compounds that occur in many natural and
synthetic products, such as indoline,"* N-alkylanthranilic acid"*
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Table 2 Iron/copper cocatalyzed N-arylation of aryl iodide with

various nitrogen derivatives

Table 3 Iron/copper cocatalyzed N-arylation of morpholine with
different substituted aryl halides

Fe,0; (0.2 equiv)
Cs,C03 (2.0 equiv)

Cu(acac), (0.1 equiv)

! Ry

+ HN_

Rz DMSO:H,0 = 1:1
MW 150°C, 30 min

>

1a-1n

R4

N

Entry  Amines Product Yield (%)
1 A "NH, /@ la 76
NN
H
2 \o/\/NHZ /@ 1b 90
/o\/\N
H
3 O~ NH; /O\/\/H 1c 93
4 NH, 1d 76
HN
> O
5 O/NHz 4 le 75
6 O\IH /@ 1f 73
C
7 (\NH O 1g 83
0\) (\N
o
8 HZN/\© @\ 1h 77
O
H
9 Hsz\© H 1i 66
10 n N\‘/ 1j 35
o o
11 m @ 1k 22
N N
H @
12 HzN\©\ i 11 51
-« OO0,
13 HzN\© H 1m 35
14 HzN\©\ H In trace
NO,

“MW 165 °C, 30 min. ® Yield of isolated product.

Fe,03 (0.2 equiv)
Cu(acac); (0.1 equiv)

Cs,C0; (2.0 equiv)
x o« [9

(o

Ar HN N
\) DMSO:H,0 = 1:1 Ar”
MW 150°C, 30 min
19, 2a-2k
Entry  Aryl halides Product Yield (%)
1 /\ 1Ig 85X=1)
W e 22 (X = Br)
0(X=Cl
2 Meo@—l MeOQN\_/O a8
3 | N/_\O 2b 54
/
MeO MeO
O O 2
OMe OMe
5 /N 2d 83 (X=]
< > ! < > NP 20 (X = Br)
0(X=Cl
6 | N/_\o 2e 45
/
7 | N/_\0 2f trace
—/
8 \ 26 25(X=1)
Fﬁ°@' F3°‘Q"\_/° 11 (X = Br)
9 | AR 2h 62
/
FsC FsC
10 | N/_\0 2i trace
—/
CF; CF;
11 2j 39
on{m ol
12 ( ) ( > /N 2k 78
Cl | Cl N\_/O

*Yield of isolated product.

and quinazolinone.”® The synthesis of their derivatives has
attracted much attention because of their importance as drug
molecules and key core blocks. Generally, it was encouraging
to reveal that the desired products were obtained in moderate
yields (Scheme 1). Further work is underway in our laboratory.

Conclusion

In summary, we have developed a convenient, rapid, economical,
and environmentally friendly protocol for the N-arylation of
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@(\/ 52% yleld
MW 150°c 30 min N
3a
@COOH HN | ds%yield COOH
\O MW 130°C, 30 min NH
1.0 equiv 1.5 equiv 3b l
COOH NH 48% yield o
v He NH
Br HyN MW 130°C, 30 min _
N)\
1.0 equiv 1.5 equiv 3c

Scheme 1 Iron/copper cocatalyzed synthesis of indoline, 2-(cyclo-
hexylamino)benzoic acid and 2-methylquinazolin-4(3H)-one.

various amines with differently substituted aryl halides pro-
moted by a ligand-free iron/copper cocatalyst under microwave
irradiation. In addition, the short reaction times and simple
reaction conditions coupled with a broad substrate scope make
this method viable for use both in the efficient preparation of
biologically and medicinally interesting molecules, and library
synthesis in drug discovery.

Experimental
General experimental procedures

The reagents were purchased from a commercial chemical
reagent company, and used without further purification unless
otherwise stated. All of the microwave-assisted reactions were
performed in an Initiator™ EXP microwave system (Biotage,
Inc.) at the specified temperature using the standard mode
of operation. Analytical thin-layer chromatography (TLC) was
HSGF 254. Proton and carbon magnetic resonance spectra ('H
NMR and “C NMR) were recorded using tetramethylsilane
(TMS) in CDCIl; or DMSO-d, as the internal standard (‘H
NMR: TMS at 0.00 ppm, CDCIl; at 7.24 ppm, DMSO at
2.50 ppm; *C NMR: CDCI; at 77.0 ppm, DMSO at 40.0 ppm).

General procedure for the coupling reaction

A mixture of Fe,O; (32 mg, 0.2 mmol), Cu(acac), (26 mg,
0.1 mmol), and Cs,CO; (650 mg, 2.0 mmol) was dissolved in
DMSO (3 mL). Subsequently, iodobenzene (160 puL, 1.5 mmol),
morpholine (88 pL, 1.0 mmol) and H,O (3 mL) were added
to this mixture. The vial was sealed and the mixture was then
irradiated for 30 min at 150 °C. The mixture was then cooled to
room temperature, and diluted with dichloromethane, washed
with brine, dried using anhydrous Na,SO,, and concentrated in
vacuum. The residue was purified by flash column chromatogra-
phy (petroleum ether/ethyl acetate = 10:1) to yield the expected
product.

Spectroscopic and analytical data

N-butylbenzenamine (1a). 'H NMR (300 MHz, CDCl,): 6
7.19-7.14 (m, 2H), 6.70-6.66 (m, 1H), 6.61-6.58 (m, 2H), 3.12-

3.07 (m, 2H), 1.61-1.54 (m, 2H), 1.46-1.38 (m, 2H), 0.98-0.93
(m, 3H). ®C NMR (100 MHz, CDCl,): 6 148.4, 129.1, 117.0,
112.6, 43.6, 31.6, 20.2, 13.8. MS (EI, m/z): 149 [M]*; HRMS
(EI): Calcd. for C,(H,sN [M]*: 149.1204; Found: 149.1208.

N-(2-methoxyethyl)benzenamine (1b). 'H NMR (300 MHz,
CDClLy): 6 7.20-7.15 (m, 2H), 6.74-6.69 (m, 1H), 6.64-6.61
(m,2H), 3.58 (t,J = 5.1 Hz, 2H), 3.37 (s, 3H), 3.27 (t,/ = 5.1 Hz,
2H). *C NMR (100 MHz, CDCl;): 6 148.1, 129.1, 117.5, 113.0,
70.9, 58.6, 43.3. MS (EI, m/z): 151 [M]*; HRMS (EI): Calcd.
for C,H;3NO [M]*: 151.0997; Found: 151.0990.

N-(3-methoxypropyl)benzenamine (Ic). 'H NMR
(300 MHz, CDClLy): 6 7.19-7.14 (m, 2H), 6.71-6.66 (m,
1H), 6.62-6.59 (m,2H), 3.50 (t, J = 6.0 Hz, 2H), 3.35 (s,
3H), 3.21 (t, J = 6.0 Hz, 2H), 1.91-1.83 (m, 2H). “C NMR
(100 MHz, CDClL;): 6 148.4, 129.1, 117.0, 112.6, 71.1, 58.6,
41.6, 29.2. MS (EI, m/z): 165 [M]*; HRMS (EI): Calcd. for
C,)H;sNO [M]*: 165.1154; Found: 165.1149.

N-(cyclopropylmethyl)benzenamine (1d). 'H NMR
(300 MHz, CDCl): 6 7.19-7.14 (m, 2H), 6.71-6.66 (m,
1H), 6.61-6.58 (m,2H), 2.94 (d, J = 6.3 Hz, 2H), 1.11-1,06 (m,
1H), 0.57-0.51 (m,2H), 0.25-0.20 (m,2H). *C NMR (100 MHz,
CDCL): 6 148.4, 129.2, 117.2, 112.7, 49.0, 10.8, 3.4. MS
(EI, m/z): 147 [M]*; HRMS (EI): Calcd. for C,iH;;N [M]*:
147.1048; Found: 147.1044.

N-cyclohexylbenzenamine (le). 'H NMR (300 MHz,
CDCl,): 6 7.18-7.12 (m, 2H), 6.68-6.63 (m, 1H), 6.59-6.56 (m,
2H), 3.29-3.21 (m, 1H), 2.08-2.03 (m, 2H), 1.79-1.72 (m, 2H),
1.68-1.62 (m, 1H), 1.44-1.08 (m, 5H). *C NMR (100 MHz,
CDCly): 6 147.3, 129.2, 116.8, 113.1, 51.6, 33.4, 25.9, 25.0. MS
(EIL, m/z): 175 [M]*; HRMS (EI): Calcd. for C,H;N [M]*:
175.1361; Found: 175.1362.

N-phenylpiperidine (1f). 'H NMR (300 MHz, CDCL):
6 7.26-7.21 (m, 2H), 6.94-6.92 (m, 2H), 6.83-6.78 (m, 1H), 3.14
(t, J = 5.7 Hz, 4H), 1.74-1.66 (m, 4H), 1.59-1.54 (m, 2H). *C
NMR (100 MHz, CDCl;): 6 152.2, 128.9, 119.2, 116.5, 50.6,
25.8, 24.2. MS (EI, m/z): 161 [M]*; HRMS (EI): Calcd. for
C,H;sN [M]*: 161.1204; Found: 161.1201.

4-phenylmorpholine (1g). 'H NMR (300 MHz, CDCL):
6 7.30-7.25 (m, 2H), 6.92-6.85 (m, 3H), 3.85 (t, J = 4.8 Hz, 4H),
3.14 (t, J = 4.8 Hz, 4H). "C NMR (100 MHz, CDCl,): 6 151.2,
129.1, 120.0, 115.6, 66.9, 49.3. MS (EI, m/z): 163 [M]*; HRMS
(EI): Calcd. for C,(H;;NO [M]*: 163.0997; Found: 163.0995.

N-benzylbenzenamine (1h). 'H NMR (300 MHz, CDCl,):
6 7.34-7.24 (m, SH), 7.18-7.12 (m, 2H), 6.73-6.68 (m, 1H), 6.61-
6.58 (m, 2H), 4.27 (s, 2H). *C NMR (100 MHz, CDClL;): 6
148.0, 139.3, 129.2, 128.6, 127.4, 127.1, 117.5, 112.8, 48.2. MS
(EI, m/z): 183 [M]*; HRMS (EI): Calcd. for C;H ;N [M]*:
183.1048; Found: 183.1090.

N-phenethylbenzenamine (1i). 'HNMR (300 MHz, CDCl;):
6 7.35-7.30 (m, 2H), 7.26-7.15 (m, 5H), 6.75-6.69 (m, 1H), 6.61-
6.59 (m, 2H), 3.40 (t, / = 6.9 Hz, 2H), 2.91 (t, J/ = 6.9 Hz, 2H).
BCNMR (100 MHz, CDCl;): 6 147.9,139.2,129.2,128.7,128.5,
126.4,117.4,112.9, 45.0, 35.4. MS (EI, m/z): 197 [M]*; HRMS
(ED): Calcd. for C,,H;sN [M]*: 197.1204; Found: 197.1218.
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1-phenyl-1H-pyrazole (1j). 'H NMR (300 MHz, CDCl;):
7.92-791 (m, 1H), 7.74-7.69 (m, 3H), 7.48-7.42 (m, 2H), 7.31-
7.26 (m, 1H), 6.47-6.45 (m, 1H). *"CNMR (100 MHz, CDCl,): §
141.0, 140.0, 129.3, 126.6, 126.3, 119.0, 107.4. MS (EI, m/z): 144
[M]*; HRMS (EI): Calcd. for C,HgN, [M]*: 144.0687; Found:
144.0691.

1-phenyl-1H-indole (1k). 'H NMR (300 MHz, CDCl;): &
7.70-7.67 (m, 1H), 7.57-7.54 (m, 1H), 7.49-7.46 (m, 4H), 7.34-
7.30 (m, 2H), 7.24-7.14 (m, 2H), 6.67-6.66 (m, 1H). *C NMR
(100 MHz, CDCl;): 6 139.8, 135.8, 129.5, 129.3, 127.9, 126.4,
124.3, 122.3, 121.1, 120.3, 110.4, 103.5. MS (EI, m/z): 193
[M]*; HRMS (EI): Calcd. for C,,H;,N [M]*: 193.0891; Found:
193.0886.

4-methoxy-/V-phenylaniline (11). 'H NMR (300 MHz,
CDCl,): 6 7.23-7.19 (m, 2H), 7.08-7.06 (m, 2H), 6.91-6.81 (m,
SH), 5.49 (s, br, 1H), 3.70 (s, 3H). *C NMR (100 MHz, CDCl,):
6155.2,145.1,135.7,129.3, 122.1, 119.5, 115.6, 114.6, 55.5. MS
(EIL, m/z): 199 [M]*; HRMS (EI): Calcd. for C;;H;;NO [M]*:
199.0997; Found: 199.0999.

Diphenylamine (Im). 'H NMR (300 MHz, CDCL,): 6 7.29-
7.25 (m, 4H), 7.08-7.06 (m, 4H), 6.96-6.91 (m, 2H). *C NMR
(100 MHz, CDCl,): 6 143.0, 129.3, 121.0, 117.8. MS (EI, m/z):
169 [M]*; HRMS (EI): Calcd. for C,H; N [M]": 169.0891;
Found: 169.0886.

4-(4-methoxyphenyl)morpholine (2a). 'H NMR (300 MHz,
CDClL): 6 6.91-6.83 (m, 4H), 3.87-3.84 (m, 4H), 3.77 (s, 3H),
3.07-3.04 (m, 4H). *C NMR (100 MHz, CDCl;): § 153.9, 145.5,
117.8, 114.5, 67.0, 55.5, 50.8. MS (EI, m/z): 193 [M]*; HRMS
(EI): Calcd. for C,;H;sNO, [M]*: 193.1103; Found: 193.1108.

4-(3-methoxyphenyl)morpholine (2b). 'H NMR (300 MHz,
CDCly): 6 7.23-7.17 (m, 1H), 6.56-6.52 (m, 1H), 6.47-6.44 (m,
2H), 3.85 (t, J = 4.8 Hz, 4H), 3.80 (s, 3H), 3.15 (t, J = 4.8 Hz,
4H). ®*C NMR (100 MHz, CDCI,): 6 160.5, 152.6, 129.8, 108.3,
104.6, 102.1, 66.7, 55.0, 49.1. MS (EI, m/z): 193 [M]*; HRMS
(EI): Calcd. for C,;;H;sNO, [M]*: 193.1103; Found: 193.1105.

4-(2-methoxyphenyl)morpholine (2c). 'H NMR (300 MHz,
CDCl;): 6 7.03-6.99 (m, 1H), 6.94-6.92 (m, 2H), 6.89-6.86 (m,
1H), 3.89 (t, / = 4.8 Hz, 4H), 3.86 (s, 3H), 3.07 (t, / = 4.8 Hz,
4H). *'C NMR (100 MHz, CDCl;): 6 152.1, 141.0, 123.1, 120.9,
117.9, 111.1, 67.1, 55.2, 51.1. MS (EI, m/z): 193 [M]*; HRMS
(ED): Calcd. for C,;H;sNO, [M]*: 193.1103; Found: 193.1110.

4-p-tolylmorpholine (2d). 'H NMR (300 MHz, CDCL,): §
7.21-7.19 (m, 2H), 7.05-7.02 (m, 2H), 3.87 (t, J/ = 4.5 Hz, 4H),
2.93 (t, J = 4.5 Hz, 4H), 2.33 (s, 3H). *C NMR (100 MHz,
CDCly): 6 153.4, 148.8, 130.0, 129.6, 116.3, 115.1, 66.8, 50.1,
20.4. MS (EI, m/z): 177 [M]*; HRMS (EI): Calcd. for C;;H;;NO
[M]*: 177.1154; Found: 177.1158.

4-m-tolylmorpholine (2¢). 'H NMR (300 MHz, CDCl,): &
7.20-7.17 (m, 1H), 6.77-6.73 (m, 3H), 3.89-3.86 (m, 4H), 3.19-
3.16 (m,4H), 2.35 (s, 3H). *"C NMR (100 MHz, CDCl;): § 151.2,
138.8,128.9, 120.9, 116.5, 112.8, 66.8, 49.4, 21.7. MS (EI, m/z):
177 [M]*; HRMS (EI): Calcd. for C;H;sNO [M]*: 177.1154;
Found: 177.1151.

4-(4-(trifluoromethyl)phenyl)morpholine  (2g). 'H NMR
(300 MHz, CDCl;): 6 7.50 (d, J = 6.6 Hz, 2H), 6.92 (d, J =

6.6 Hz, 2H), 3.87 (t, J = 3.6 Hz, 4H), 3.24 (1, J = 3.6 Hz, 4H).
BC NMR (100 MHz, CDCL): § 153.3, 126.5, 126.4, 114.3,
66.6, 48.1. MS (EI, m/z): 231 [M]*; HRMS (EI): Calcd. for
CH,F:NO [M]': 231.0871; Found: 231.0871.

4-(3-(trifluoromethyl)phenyl)morpholine  (2h). 'H NMR
(300 MHz, CDCly): 6 7.39-7.33 (m, 1H), 7.17-7.11 (m, 2H),
7.08-7.05 (m, 1H), 3.91-3.88 (m, 4H), 3.22-3.20 (m, 4H). “C
NMR (100 MHz, CDCl;): 6 151.4, 129.6, 118.4, 116.3, 116.2,
111.9, 111.8, 66.7, 48.8. MS (EI, m/z): 231 [M]*; HRMS (EI):
Calcd. for C;;H,,F;NO [M]*: 231.0871; Found: 231.0873.

4-(4-chlorophenyl)morpholine (2j). 'H NMR (300 MHz,
CDCl,): 6 8.16-8.12 (m, 2H), 6.93-6.90 (m, 1H), 6.84-6.81 (m,
1H), 3.87 (t, J = 5.1 Hz, 4H), 2.93 (t, J = 5.1 Hz, 4H). *C
NMR (100 MHz, CDCl;): 6 155.0, 138.9, 126.2, 125.9, 115.6,
112.6, 66.3, 47.1. MS (EI, m/z): 208 [M]*; HRMS (EI): Calcd.
for C,,H;,N,O; [M]*: 208.0848; Found: 208.0855.

4-(4-chlorophenyl)morpholine (2k). 'H NMR (300 MHz,
CDCl): 6 7.23-7.20 (m, 2H), 6.84-6.81 (m 2H), 3.86-3.83 (m,
4H), 3.13-3.09 (m, 4H). *C NMR (100 MHz, CDCI;): 6 149.8,
129.0, 124.8, 116.8, 66.7, 49.3. MS (EI, m/z): 197 [M]*; HRMS
(ED): Calcd. for C,,H,,CINO [M]*: 197.0607; Found: 197.0610.

Indoline (3a). 'H NMR (300 MHz, CDCl;): § 7.13-7.10 (m,
1H), 7.04-6.98 (m, 1H), 6.73-6.70 (m 1H), 6.68-6.62 (m, 1H),
3.64 (s, br, 1H), 3.52 (t, J = 8.1 Hz, 2H), 3.01 (t, / = 8.1 Hz,
2H). *C NMR (100 MHz, CDCl;): 6 151.4,129.3, 127.1, 124.5,
118.6, 109.4, 47.2, 29.7. MS (EI, m/z): 119 [M]*; HRMS (EI):
Calcd. for CsHoN [M]*: 119.0735; Found: 119.0730.

2-(cyclohexylamino)benzoic acid (3b). 'H NMR (300 MHz,
CDCl): 6 7.99-7.96 (m, 1H), 7.38-7.33 (m, 1H), 6.73-6.70 (m
1H), 6.58-6.53 (m, 1H), 3.43-3.42 (d, br, 1H), 2.07-2.02 (m, 3H),
1.80-1.77 (m, 2H), 1.43 (s, 1H), 1.40-1.28 (m, SH). *C NMR
(100 MHz, CDCl;): 6 174.8, 151.0, 135.4, 132.8, 114.0, 111.8,
108.3, 50.6, 32.8, 25.8, 24.7. MS (EI, m/z): 219 [M]*; HRMS
(ED): Calcd. for C;;H,;NO, [M]*: 219.1259; Found: 219.1264.

2-methylquinazolin-4(3H)-one (3c). 'H NMR (300 MHz,
DMSO-d¢): 6 12.2 (s, br, 1H), 8.07(d, 1H, J = 7.8 Hz), 7.76
(t, I1H, J = 7.2 Hz), 7.56 (d, 1H, J = 7.8 Hz), 7.44 (t, 1H,
J = 7.2 Hz), 2.35 (s, 3H). *C NMR (100 MHz, DMSO-d,): 6
161.7, 154.3, 149.0, 134.2, 126.6, 125.8, 125.7, 120.6, 21.4. MS
(EI, m/z): 160 [M]*; HRMS (EI): Calcd. for C,HgN,O [M]*:
160.0637; Found: 160.0641.

Acknowledgements

We gratefully acknowledge financial support from the Na-
tional Natural Science Foundation of China (Grant 20721003
and 20872153), International Collaboration Projects (Grant
2007DFB30370 and 20720102040) and the 863 Hi-Tech Pro-
gram of China (Grants 2006AA020602).

References

1 For general reviews, see: () 1. P. Beletskaya and A. V. Cheprakov,
Coord. Chem. Rev.,2004, 248, 2337; (b) S. V. Ley and A. W. Thomas,
Angew. Chem., Int. Ed., 2003, 42, 5400; (¢) C. Bolm, J. Legros, J.
Le Paih and L. Zani, Chem. Rev., 2004, 104, 6217; (d) G. Evano,

280 | Green Chem., 2010, 12, 276-281

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/B917010C

Downloaded by Lomonosov Moscow State University on 30 October 2010
Published on 11 November 2009 on http://pubs.rsc.org | doi:10.1039/B917010C

View Online

N. Blanchard and M. Toumi, Chem. Rev., 2008, 108, 3054; (e)
J.-P. Corbet and G. Mignani, Chem. Rev., 2006, 106, 2651; (f) S.
L. Buchwald, Acc. Chem. Res., 2008, 41, 1439; (g) D. S. Surry and
S. L. Buchwald, Angew. Chem., Int. Ed., 2008, 47, 6338; (h) J. F.
Hartwig, Nature, 2008, 455, 314.

2 For representative papers on the palladium-catalyzed C-N cross
coupling reactions, see: (a) N. Kataoka, Q. Shelby, J. P. Stambuli
and J. F. Hartwig, J. Org. Chem., 2002, 67, 5553; (b) J. Barluenga,
F. Aznar and C. Valés, Angew. Chem., Int. Ed., 2004, 43, 343; (¢) S.
L. Buchwald, C. Mauger, G. Mignani and U. Scholz, Adv. Synth.
Catal., 2006, 348, 23; (d) K. W. Anderson, R. E. Tundel, T. Ikawa,
R. A. Altman and S. L. Buchwald, Angew. Chem., Int. Ed., 2006, 45,
6523; (¢) Q. Shen and J. F. Hartwig, J. Am. Chem. Soc., 2007, 129,
7734.

3 For representative papers on the copper mediated C—N cross coupling
reactions, see: (a) H. Zhang, Q. Cai and D. Ma, J. Org. Chem., 2005,
70, 5164; (b) D. Ma and Q. Cai, Acc. Chem. Res., 2008, 41, 1450;
(¢) N. Xia and M. Taillefer, Angew. Chem., Int. Ed., 2009, 48, 337,
(d) S. L. Buchwald and C. Bolm, Angew. Chem., Int. Ed., 2009, 48,
5586; (e) E. R. Strieter, B. Bhayana and S. L. Buchwald, J. Am. Chem.
Soc., 2009, 131, 78.

4 For representative papers on the iron catalyzed mediated C—N cross
coupling reactions, see: (a) A. Correa, O. Garcia Mancheno and
C. Bolm, Chem. Soc. Rev., 2008, 37, 1108; (b) A. Correa and
C. Bolm, Angew. Chem., Int. Ed., 2007, 46, 8862; (c) A. Correa,
S. Elmore and C. Bolm, Chem.—FEur. J., 2008, 14, 3527; (d) A.
Correa, M. Carril and C. Bolm, Chem.—Eur. J., 2008, 14, 10919;
(e) M. Nakanishi, A.-F. Salit and C. Bolm, Adv. Synth. Catal.,
2008, 350, 1835; (f) A. Correa and C. Bolm, Adv. Synth. Catal.,
2008, 350, 391; (g) Y.-C. Teo, Adv. Synth. Catal., 2009, 351, 720;
(h) B. Yao, Z. Liang, T. Niu and Y. Zhang, J. Org. Chem., 2009, 74,
4630.

5 P. F. Larsson, A. Correa, M. Carril, P. O. Norrby and C. Bolm,
Angew. Chem. Int. Ed., 2009, 48, 5691.

6 For representative papers on the ligand-free transition metal-
catalyzed cross-coupling reactions, see: (@) S. Uk Son, I. Kyu
Park, J. Park and T. Hyeon, Chem. Commun., 2004, 778; (b) A.
Correa and C. Bolm, Adv. Synth. Catal., 2007, 349, 2673; (¢) T.
Kubo, C. Katoh, K. Yamada, K. Okano, H. Tokuyama and T.
Fukuyama, Tetrahedron, 2008, 64, 11230; (d) E. Sperotto, G. P.
van Klink, J. G. de Vries and G. van Koten, J. Org. Chem., 2008,
73, 5625; (¢) H. Xu and C. Wolf, Chem. Commun., 2009, 1715;
(f) M. Wang, K. Ren and L. Wang, Adv. Synth. Catal., 2009, 351,
1586.

7 For metal-free amination of aryl halides via the benzyne mechanism
in the presence of a strong base in refluxing DMSO, see: L. Shi, M.
Wang, C.-A. Fan, F.-M. Zhang and Y.-Q. Tu, Org. Lett., 2003, 5,
3515.

8 M. Taillefer, N. Xia and A. Ouali, Angew. Chem. Int. Ed., 2007, 46,
934.

9 (a) Z. Li, H. Sun, H. Jiang and H. Liu, Org. Lett, 2008, 10, 3263;
(b) H. Huang, X. Yan, W. Zhu, H. Liu, H. Jiang and K. Chen, J
Comb. Chem, 2008, 10, 617; (¢) D. Guo, H. Huang, J. Xu, H. Jiang
and H. Liu, Org. Lett., 2008, 10, 4513; (d) E. Feng, H. Huang, Y.
Zhou, D. Ye, H. Jiang and H. Liu, J. Org. Chem, 2009, 74, 2846.

10 For recent examples on iron/copper cocatalyzed cross-coupling

reactions, see: (a) V. H. Jadhav, D. K. Dumbre, V. B. Phapale, H.

B. Borate and R. D. Wakharkar, Catal. Commun., 2007, 8, 65; (b) H.

Huang, H. Jiang, K. Chen and H. Liu, J. Org. Chem., 2008, 73, 9061;

(¢) Z. Wang, H. Fu, Y. Jiang and Y. Zhao, Synlett, 2008, 2540; (d) C.

M. Rao Volla and P. Vogel, Tetrahedron Lett., 2008, 49, 5961; (e) J.

Mao, G. Xie, M. Wu, J. Guo and S. Ji, Adv. Synth. Catal, 2008, 350,

2477; () X. Ku, H. Huang, H. Jiang and H. Liu, J. Comb. Chem.,

2009, 11, 338; (g) S. Li, W. Jia and N. Jiao, Adv. Synth. Catal., 2009,

351, 569.

For recent examples on transition metal-catalyzed cross-coupling

reactions with the participation of water or in water, see: (a) Y. Ju

and R. S. Varma, L., Green Chem., 2004, 6, 219; (b) Liu, Y. Zhang
and B. Xin, J. Org. Chem., 2006, 71, 3994; (¢) H. Xu and C. Wolf,

Chem. Commun., 2009, 3035; (d) L. Liang, Z. Li and X. Zhou, Org

Lett, 2009, 11, 3294; (e) Y.-C. Teo and G.-L. Chua, Chem.-Eur. J.,

2009, 15, 3072; () G. Marzaro, A. Guiotto and A. Chilin, Green

Chem., 2009, 11, 774.

12 For representative papers on the microwave irradiation, see: (a) C. O.
Kappe, Angew. Chem. Int. Ed., 2004, 43, 6250; (b) B. A. Roberts and
C. R. Strauss, Acc. Chem. Res., 2005, 38, 653; (¢) D. Dallinger and C.
O. Kappe, Chem. Rev., 2007, 107, 2563; (d) P. Appukkuttan and E.
Van der Eycken, Eur. J. Org,. Chem., 2008, 1133; (¢) V. Polshettiwar
and R. S. Varma, Chem.-Eur. J., 2009, 15, 1582; (f) C. O. Kappe,
Chem. Soc. Rev.,2008, 37, 1127; (g) V. Polshettiwar and R. S. Varma,
Acc. Chem. Res., 2008, 41, 629; (h) V. Polshettiwar and R. S. Varma,
Chem. Soc. Rev., 2008, 37, 1546.

13 For representative papers on the synthesis of indoline, see: (a) R.
Viswanathan, E. N. Prabhakaran, M. A. Plotkin and J. N. Johnston,
J. Am. Chem. Soc., 2003, 125, 163; (b) A. Correa, I. Tellitu, E.
Dominguez and R. SanMartin, J. Org. Chem., 2006, 71, 8316; (¢) R.
Viswanathan, C. R. Smith, E. N. Prabhakaran and J. N. Johnston, J.
Org,. Chem., 2008, 73, 3040; (d) T. Watanabe, S. Oishi, N. Fujii and
H. Ohno, Org. Lett., 2008, 10, 1759.

14 For representative papers on the synthesis of N-alkylanthranilic
acids, see: (a) X. Mei, A. T. August and C. Wolf, J. Org. Chem.,
2006, 71, 142; (b) C. Wolf, S. Liu, X. Mei, A. T. August and M. D.
Casimir, J. Org. Chem., 2006, 71, 3270; (c¢) L. Zeng, H. Fu, R. Qiao,
Y. Jiang and Y. Zhao, Adv. Synth. Catal., 2009, 351, 1671.

15 For representative papers on the synthesis of quinazolinone, see:
(a) C. L. Yoo, J. C. Fettinger and M. J. Kurth, J. Org. Chem., 2005,
70, 6941; (b) D. J. Connolly, D. Cusack, T. P. O’Sullivan and P. J.
Guiry, Tetrahedron, 2005, 61, 10153; (¢) D. Yang, H. Fu, L. Hu, Y.
Jiang and Y. Zhao, J. Comb. Chem., 2009, 11, 653; (d) X. Liu, H. Fu,
Y. Jiang and Y. Zhao, Angew. Chem. Int. Ed., 2009, 48, 348.

1

—

This journal is © The Royal Society of Chemistry 2010

Green Chem., 2010, 12, 276-281 | 281


http://dx.doi.org/10.1039/B917010C

Downloaded by Lomonosov Moscow State University on 30 October 2010
Published on 24 November 2009 on http://pubs.rsc.org | doi:10.1039/B916788A

PAPER

View Online

www.rsc.org/greenchem | Green Chemistry

Direct synthesis of hydrogen peroxide in methanol and water using scCO,

and N, as diluents

Teresa Moreno, Juan Garcia-Serna* and Maria José Cocero

Received 21st August 2009, Accepted 6th October 2009

First published as an Advance Article on the web 24th November 2009

DOI: 10.1039/b916788a

Direct synthesis of hydrogen peroxide is of high importance nowadays due to its improvement over
the traditional anthraquinone hydrogenation-oxidation process. In this work we show how H,0,
can be obtained from H, and O, in water pressurised with CO, under supercritical conditions or
with N, at similar conditions without using organic solvents. Pressures up to 16.7 MPa and mild
temperatures from 10 to 45 °C using a commercial 5 wt.% Pd/C catalyst lead to yields from 10.8%
to 82.6%, concentrations from 0.22 to 4.01 wt.% of H,0, and Turn Over Frequency at 30 minutes
values, TOF,,, from 6.0 to 1538 mol-h™'-kg.,.'. The effect of several variables on H,0, yield has
been examined: amount of catalyst, promoters/Pd ratio, amount and nature of solvent and inert
gas, reaction temperature, and O,/H, ratio. Results for methanol and water are compared.

Introduction

Hydrogen peroxide (H,0,) is a strong oxidising agent used in
applications as varied as chemical synthesis, bleaching in the
pulp and paper industry, wastewater treatment and electronics.
Since H,O is its only by-product in oxidation reactions, it is
considered a very attractive selective oxidant to be used in green
oxidations. Over 95% of the current industrial production of
hydrogen peroxide is carried out via the anthraquinone route
(see Scheme 1), which involves hydrogenation of a 2-alkyl-
anthraquinone using Ni or Pd catalyst followed by an extremely
rapid oxidation with air. The hydrogen peroxide stream is then
purified and concentrated."* This process has the advantage of
avoiding direct contact between H, and O,, and offers a contin-
uous production at moderate temperatures. Nevertheless, large
amounts of by-products (mainly over-reduced anthraquinone)
are produced, and the process requires several steps of separation

Hy
o] H,0, — =+ 2H,0
Y / AQ ‘.,/ -136 KJ/mol 2v2 FE— 2
Ld e
\ Fﬁ‘ Hy0; || Hp+ 0; 4106 Ki/mol
OH
N/
1 22imol N o0+ 14 0,

Scheme 1 Reactions involved in the anthraquinone route (left) and
direct synthesis of H,O, (right).
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and concentration, consequently requiring a rather large energy
input.

Several alternatives have been investigated over the last
few years, as Campos-Martin et al.® have thoroughly analysed
in their extensive review of hydrogen peroxide synthesis. Among
these, direct synthesis of hydrogen peroxide has become a
promising alternative to the anthraquinone route.* In theory,
the direct reaction between hydrogen and oxygen would be the
simplest way to produce H,O,. In practice, the actual reaction
scheme is more complex due to the occurrence of simultaneous
and consecutive reactions, all of which are thermodynamically
favoured and highly exothermic, including the formation of wa-
ter, the decomposition of hydrogen peroxide, and the reduction
of hydrogen peroxide (see Scheme 1). Furthermore, the process
is highly complicated owing to the existence of three phases:
gases (H, and O,), liquid (solvent) and solid (catalyst), which
usually involves important mass transfer limitations.

One of the issues that traditionally have promoted the use
of the anthraquinone process instead of direct synthesis is that
H,/0, mixtures are explosive over a wide range, flammability
limits for H, in O, and air (at 25 °C and atmospheric pressure)
are 4.0 mol% H, (Lower Flammability Limit, LFL) to 94 mol%
H, (Upper Flammability Limit, UFL).5 In the former process
H, and O, are not in contact. For direct synthesis operation
under the LFL is preferred for safety reasons but also in order
to minimise the hydrogenation of H,0O,. This forces the use
of large amounts of diluents, usually nitrogen. Due to the
hazardous nature of the gas mixture, the choice of solvent is
decisive. All these issues associated with the direct synthesis
process have made it a challenge for scientists over the last
century; the anthraquinone process extended worldwide due to
its high tonnage scalability and the absence of effective catalysts
for direct synthesis at the moment of the first industrial plant
commissioned by DuPont in 1953.¢

The most desirable solvent and the first option for a lig-
uid reaction medium is water, since it provides the safest
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conditions, is non toxic, non flammable, and highly miscible
with hydrogen peroxide. In fact, aqueous reaction media are
found in literature;”'® however, their main drawback is the
low solubility of the reacting gases, which strongly limits mass
transfer and thus the rate of peroxide production, and therefore
results using water have been rather poor this far. To minimise
this limitation, organic co-solvents (i.e. alcohols) are usually
added to the reaction medium," and even pure ethanol' and
methanol®® are found as solvents in literature. For instance,
Degussa/Headwaters recently announced the construction of
the first pilot plant for direct synthesis of organic or aqueous
organic H,O, to be used as an in situ source integrated into
a propylene oxide plant disclosing that methanol is used as
solvent."'* Aninteresting alternative as cosolvent is supercritical
CO,, which is considered a “green solvent” and presents
total miscibility with the reagent gases and low solubility of
the product, thus facilitating its separation from the solvent
and minimising the chances for product degradation due to
prolonged contact with the catalyst.’* Moreover, the acidic
character of CO, also helps in the stabilisation of aqueous
hydrogen peroxide reducing the need for acidic promoters."”
Beckman and his co-workers® first achieved the direct synthesis
of H,0, in liquid CO, following a Pd-catalysed hydrogenation
and a subsequent oxidation process of fluorinated and therefore
CO,-philic anthraquinones. Later, they developed CO, soluble
Pd catalysts' and also obtained good results using regular Pd-
based catalysts.'”?

The substitution of organic solvents by water is a break-
through in the synthesis that will certainly reduce fire risks,
avoiding possible oxidations of the solvent by O,. Nevertheless,
note that explosion hazards associated to H, still remain and
operation under flammability limits is indispensable.* Following
this argument, several authors stated that the use of CO, as inert
diluent in a H,/air mixture increases the LFL up to 9.5% for
H, at atmospheric pressure.?? Other groups and our group have
found in a previous study that at higher pressures, however,
the flammability region of systems containing H,, O, and CO,
becomes wider as pressure increases. Thus, the LFL is reduced
to ca. 3.5% at 10.0 MPa.*® The use of pure oxygen will put up the
price of the final product; therefore, the preferred raw material
is air or enriched air mixtures. In this work we show results that
assure that water works well as a solvent for both CO, and N,
as diluents.

The choice of an active and highly selective catalyst is one of
the most important variables in the direct synthesis of H,O,.

Most catalysts described in literature are supported on
carbon, zeolites, ALLO; or SiO,* and the active metals are
usually palladium,* gold®?” or combinations of Pd+Au!*?2
or Pd+Pt.’>® Tt must be noted that the major drawback of
the active metals for H,O, production is the fact that they are
also active for the combustion of hydrogen to water and the
decomposition of hydrogen peroxide. To minimise this effect,
promoters—namely acids (H,SO,, HBr, H;PO,) and halides
(CI, Br-)—are added*** or the support* is modified.

Many of the published results present very low H,O, con-
centrations in the final product or low conversions of H,,
although selectivities reach values as high as 80%.!" This cannot
be accepted for an industrial process, where economics require
concentrations of H,O, at least between 10 and 20 wt.% and

yields above 80-85%, inasmuch as in the anthraquinone process
the hydrogen peroxide is stripped from the organic working
solution producing solutions of ca. 30% by weight H,O,.
Further distillations remove impurities and can increase the
concentration up to a maximum of 70 wt.%.?

This work is included in a project dedicated to the direct
synthesis of H,O, in a mixture of methanol and CO, at
supercritical conditions aimed at producing H,0O, in a greener
way compared to the traditional synthesis. There are two main
improvements identified: change of the synthesis route and
substitution of the solvent by a benign pressurised solvent
(methanol, water and CQO,). The efficient use of water as a solvent
for the direct synthesis opens a novel alternative avoiding the
use of organic solvents, thus reducing the risks associated and
minimising the number of separation steps.

Materials and methods

The catalyst used in this study was made up of fine particles with
an average of 5 wt.% palladium over carbon support purchased
from Aldrich and used fresh for each experiment. It has been
selected because it is well known, commercially available and
monometallic, so the influence of the catalyst (which is critical)
is not studied here, and this study is focussed on the use of
methanol or water together with scCO,. Industrial grade oxygen
and carbon dioxide and premier grade hydrogen and argon were
purchased from Carburos Metalicos (Spain) and used without
further modification. Methanol with a purity of 99.8% was used
as solvent (Panreac). KI, H,SO, and Na,S,0;-5H,0 (Panreac)
were used for iodometric titration of hydrogen peroxide.’s A
method for analysing H, and O, by Micro Gas Chromatography
(Varian CP 4900 with a 5A molecular sieve column operating
at 90 °C and equipped with a TCD detector, injector initial
temperature was 110 °C and pressure 20 psi) was also developed.
(Note: since the micro-GC is intended to be used in a continuous
system these results are not included in this work.)

Experimental section
Experimental apparatus

A flow diagram of the system is shown in Fig. 1. H, and O,
were stored in high pressure cylinders, outlet pressure was fixed
using self-regulating valves (V1 and V4 respectively). The flow of
H, and O, was controlled by Bronkhorst EL-FLOW mass flow
meter controllers (E1 and E3) before entering the reactor. CO,
from a cylinder was pumped as a liquid by a refrigerated Jasco
2080 HPLC pump (E2). Reactions were performed in a 0.350 L
AISI 316 SS agitated reactor (E4). A magnetic stirrer lined with
DuPont™ Teflon® and a magnetic stirrer operating at 1000 rpm
were used. The reactor has an internal coil used for cooling
down the reaction and it has an external heating jacket as well.
Temperature was controlled by modifying both cooling/heating
as per requirement. The effluent of the reactor is depressurised
using a back-pressure valve, the product is separated in a flash
vessel (E7) into the off-gas (CO,, N,, O,, H, mainly) and the
liquid product (H,0,, H,O and CH;OH). Liquid samples were
taken every 10 to 30 mins and analysed oft-line by iodometric
titration.
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Fig. 1 Experimental set-up for direct synthesis of H,O, Equipment, El: mass flow controller, E2: HPLC pump, E3: mass flow controller, E4:
Reactor, ES: 1 um online filter, E6: 5 um online filter, E7: flash separator, V1,V4: pressure regulators, V2,V5, V7, V10: check valves, V3,V6: globe
valves, V8, V9, V11,V12: ball valves, V13: rupture disc, V14: pressure safety valve, V15 and V16: back pressure regulators.

From the point of view of transport phenomena, the process
is carried out in a stirred slurry batch reactor where three phases
are present. The catalyst (solid phase) contains the metal active
sites and is dispersed in water or methanol (liquid phase), the gas
reagents H, and O, (gas phase) are dissolved in the liquid phase
and react on the surface of the catalyst. To increase mass transfer
between the gas and liquid phases, the system is pressurised
using an inert gas (that also permits us to operate under safe
conditions, away from the explosive range). To increase mass
transfer between the liquid and the catalyst, the system is
vigorously stirred. The reaction step is affected by the type of
catalyst, solvent, inert gas, temperature and O,:H, ratio.

Experimental procedure

The reactor was initially passivated with 35% HNO; for 4 h
and 30% H,0, for 10 h to minimise H,O, decomposition. All
tests were carried out in methanol or water under high pressure
(4.6-16.7 MPa). Temperature was measured via an internal
thermocouple and datalogged automatically. The calculated
amounts of solvent and promoters (H;PO, and NaBr) were
introduced in the reactor together with the catalyst before each
run. The reactor was first flushed with CO,, and then CO,
was introduced using the HPLC pump until the calculated
pressure was reached, according to a simulation using Aspen
Plus software. O, and H, were introduced afterwards in this
order, using the counters of their mass flow controllers. During
runs, small aliquots of the liquid phase (2.5-10~* L) were sampled
and used for hydrogen peroxide iodometric determination. At
the end of each run, gas samples were injected in the pGC
without any dilution. H,O, yield is defined in eq. 1:

H,0, generated (mol)

H,0, Yield (%) =100 x
H, added to reactor (mol)

(M

Results and discussion

Two sets of 14 experiments in methanol and 15 in water were
carried out to determine the influence of catalyst, solvent,

temperature, O,:H, ratio and inert gas. The main results and
experimental conditions of these experiments are summarised in
Tables 1 and 2. These experiments have been designed in order to
identify the complex influences of the variables in the synthesis
of H,0,; the maximum values for yield and concentration are
included as well as the Turn Over Frequency at 30 minutes
(TOF;) giving the idea of initial rate of reaction and Turn
Over Number at 120 min (TON,,) indicating productivity after
2 hours. The transient state is included in the figures.

Effect of the amount of catalyst and Br /Pd ratio

Different amounts of Pd/C catalyst ranging from 50-10° to
400-107° kg were tested under the same conditions in methanol in
runs M1 to M6 (35 °C, 25 wt.% methanol, 0.142 mol of hydrogen
and oxygen/hydrogen ratio 2:1) and from 75-10° to 750-10~° kg
of catalyst in water in runs W1 to W5 (35 °C, 25 wt.% methanol,
0.174 mol of hydrogen and oxygen/hydrogen ratio 2:1). Since
the experiments were carried out in batch mode, pressure is not
constant and varies between experiments. For safety reasons, the
initial composition of the gas mixture was kept to CO,:0,:H,
92.3:5.1:2.6.

For the case of using methanol as solvent, the optimum
amount of catalyst to maximise H,O, production was 75-10° kg,
reaching a 37.4% yield after 90 minutes (1.87 wt.%) in these
initial experiments. At this point, the amount of peroxide in the
reaction medium slowly decreases due to its decomposition and
hydrogenation, as most of the initial H, has been consumed.
Using 50-10° kg led to a slightly lower maximum yield of
34.9% but higher TOF,, (1538 mol-h™'-kg, ") and TON,,,
(950 mol-kg., ") were obtained. In the case of H,O as a
solvent, the optimun amount of catalyst seems to be higher,
ca. 150-10°° kg, achieving yields of 45.6% after 120 minutes
(3.02 wt.%), as plotted in Fig. 3. The influence of side reactions
is higher as can be observed comparing Fig. 2 and Fig. 3.

Although the yields in methanol are slightly lower than in
water, note that the initial observed reaction rates expressed
as TOF,, are considerable higher as shown in Table 1. For
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Table 1 Experiment summary for H,0, batch production. Reaction conditions: 5.0 wt.% Pd/C catalyst, overall promoter concentrations were
maintained at 0.018 mol-L™' H;PO, and 3-10~* mol-L~' NaBr, solvents methanol (M) and water (W)

Catalyst Solvent O,:H, Initial H, TON 5 H,0, yield Max. Conc. H,O,
Run (10%-kg) (wt.%) T (°C) ratio (mol) TOF; (mol-h™" kg, ")  (molkg,™) (%) wt.% (time, min.)
Ml 50 25 35 2:1 0.142 1538 950 34.9 1.82 (165)
M2 75 25 35 2:1 0.142 1279 664 37.4 1.87 (90)
M3 100 25 35 2:1 0.142 692 485 35.0 1.81 (165)
M4 150 25 35 2:1 0.142 451 278 30.4 1.54 (165)
M5 250 25 35 2:1 0.142 141 84.8 15.5 0.78 (165)
M6 400 25 35 2:1 0.142 103 50.1 14.4 0.71 (30)
M7 75 10 35 2:1 0.142 513 458¢ 24.2 3.79 (90)
M8 75 35 35 2:1 0.142 1152 602 35.6 1.07 (120)
M9 75 25 25 2:1 0.142 982 670 36.5 1.91 (165)
MI10 75 25 45 2:1 0.142 983 567 30.8 1.55 (165)
MIl1 75 25 35 1:1 0.142 290 216 11.6 0.62 (165)
MI12 75 25 35 4:1 0.142 942 753 40.4 2.01 (165)
MI13 150 45 25 2:1 0.0659 59.6 113 25.8 0.43 (120)
M14 150 71 25 2:1 0.0659 69.3 61.5 14.0 0.22 (120)
Wi 75 25 35 2:1 0.173 616 620 31.6 2.54 (210)
w2 150 25 35 2:1 0.173 413 528 45.6 3.02 (120)
W3 250 25 35 2:1 0.173 147 309 45.2 3.01 (140)
W4 500 25 35 2:1 0.173 52.4 95.4 27.4 1.76 (120)
W5 750 25 35 2:1 0.173 5.96 24.4 10.8 0.88 (165)
W6 250 10 35 2:1 0.200 61.0 50.4¢ 12.0 2.12 (180)
\\i 250 50 35 2:1 0.109 73.6 191 43.5 0.91 (120)
W8 150 25 10 2:1 0.173 543 636 54.6 3.90 (165)
W9 150 25 25 2:1 0.173 253 683 57.4 4.01 (120)
W10 150 25 45 2:1 0.173 217 276 23.9 1.78 (120)
W11 150 25 25 1:1 0.173 126° 141 11.9 0.79 (120)
W12 150 25 25 4:1 0.173 746 648 53.6 3.95(120)
W13« 150 81 25 2:1 0.0659 406 352 82.6 1.38 (165)
Wwi4 150 36 25 2:1 0.0659 127 291 66.3 1.09 (120)
W15 150 60 25 2:1 0.0659 118 199 452 0.74 (120)
“M14 and W13 with N,. ® Data at 30 min N/A, W6 at 45 min, W1lat 60 min. ¢ Data at 120 min N/A, M7 and W6 at 90 min.
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Fig. 2 H,O0, yield for different amounts of Pd/C catalyst in MeOH,
35°C, 25 w% H,0, O,:H, = 2. Series: ® 50-10° kg, A 75-10° kg, H
100-10° kg, 4 150-10° kg, O 250-10° kg, A 400-10° kg.

methanol, the maximum TOF;, was 1538 mol-h™'-kg.,™" using
50-107° kg of catalyst (run M1), and for water 746 mol-h™" kg,
using 150-10° kg of catalyst (run W12). The stability of the
catalyst is currently being studied in order to evaluate a possible
reutilization of the catalyst.

Interestingly, in both cases higher amounts of catalyst lead to
lower productivities (see Fig. 4), indicating that an excessive
amount of catalyst causes decomposition or less probable
hydrogenation. Nevertheless, we are interested in increasing the
amount of catalyst to the maximum to enhance the reaction
rate (reducing reactor volume), which we can achieve using

Fig. 3 H,0, yield for different amounts of Pd/C catalyst in H,O,
35 °C, 25 w% H,0, O,:H, = 2. Series: @ 75-10° kg, A 150-10° kg,
W 250-10 kg, 4 500-10 kg, O 750-10°° kg.

promoters. The role of halide anions has been thoroughly
studied in literature. Tt has been proposed® that the basic
role of halide anions is the inhibition in the cleavage of O-O
bonds in both H,0, and O, during their adsorption on the
catalytic sites, resulting in a higher selectivity towards hydrogen
peroxide, but an acidic medium is also necessary since the role
of protons is to facilitate the adsorption of halide anions on the
catalyst.’® Furthermore, the acidic medium decreases peroxide
decomposition by decreasing its adsorption on decomposition
sites. However, an excess of halide ions results in catalyst
poisoning, with the consequent decrease in activity. Most
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Table 2  Effect of halide and acid to Pd molar ratios on direct synthesis of H,0, in scCO,. Reaction conditions: 5 wt.% Pd/C catalyst, 35 °C, 25 wt.%

methanol
Catalyst Br /Pd H*/Pd Initial H, TOF;, TON 5 Max. Conc. H,0, wt.%

Run (10°-kg) (mol/mol) (mol/mol)  (mol) H,O0, yield (%) (mol-h kg, ™) (mol-kge, ™) (time, min.)
M2 75 8.26 52.15 0.142 37.4 1279 664 1.87 (90)
M4 150 4.13 26.07 0.142 30.4 451 278 1.54 (165)
MI15 150 8.26 26.07 0.142 45.9 727 431 2.30 (165)
Ml6 150 4.13 52.15 0.142 45.7 613 426 2.26 (90)
M17 150 8.26 52.15 0.142 24.0 748 455 1.19 (120)
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Fig. 4 Turn Over Frequency of the Pd/C catalyst in methanol (filled
bars) and water (empty bars).
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Fig. 5 H,O, yield for different amounts of Pd/C catalyst and effect of
Br~/Pd ratio in methanol, bars = H,O, yield (%), ® molar ratio Br-/Pd.

of the authors focus on determining the optimum promoter
concentration, but we believe that the halide and acid required is
a function of the amount of active sites of the catalyst. As shown
in Fig. 5, the optimum amount of catalyst in the case of methanol
corresponds to a Br/Pd molar ratio of 8.26. Therefore, we
have studied the influence of the promoter/Pd ratio carrying
out an additional set of 3 experiments taking experiments M2
and M4 as starting point for comparison purposes (M2 yielded
more than M4 having less catalyst), using 50-10-° kg of catalyst
and different halide/Pd and H*/Pd ratios; the main results are
summarised in Table 2 and Fig. 6.

In run M15, the Br /Pd ratio was raised from 4.13 to 8.26,
which had been found to be optimal in experiments M1 to
M6, increasing the yield from 30.4% to 45.9%. In run M16,
the Br /Pd ratio was not changed and the H*/Pd ratio was
doubled, increasing the yield from 30.4% to 45.7%. Interestingly,
when both acid and halide to palladium ratios were doubled

t (min)
Fig. 6 Effect of Br/Pd and H*/Pd molar ratios on H,0O, yield in

methanol. Series (see Table 1 and Table 2): ® M2, A M4, ll M15,
& Mi16, O M17.

in the same experiment (run M17), the yield was reduced by
21% in respect to experiment M4. Therefore, comparing runs
M2 and M17, where Br/Pd and H*/Pd ratios were identical
but the amount of catalyst was increased from 75-10° kg
(M2) to 150-10° kg (M17), the yield decreased from 37.4%
to 24.0%.

To sum up, increasing the halide (M15) achieves faster
reaction rates compared to increasing the acid (M 16), exhibiting
TOF;, of 727 vs. 471 mol-h™'-kg,, " respectively. This result cor-
roborates the interaction between halide ions and protons and
the necessity of an optimisation of the trinomial catalyst-halide-
acid. Further research into the role of these ions in hydrogen
peroxide decomposition and hydrogenation is currently being
carried out.

Effect of the amount of solvent

The concentration of H,O, produced is one of the variables to
consider, and the simplest way to increase its value (keeping
initial H, and reaction time constant) is by reducing the amount
of solvent. However, this will also decrease the quantity of gases
dissolved, therefore reducing productivity. Fig. 7 represents the
results obtained using different volumes of solvent, expressed
as wt.% in relation to the total reaction mixture. The maximum
yield using methanol (37.4%) was reached using 25 wt.%, while
the maximum H,O, concentration of 3.79 wt.% was obtained
for 10 wt.% solvent. In the case of water, the effect is slightly
different, obtaining the maximum concentration (3.01 wt.%
H,0,), yield (45.2%) and TOF; (147 mol-h™ kg, ™) with
25 wt.% of H,0.
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Fig.7 H,0, yield for different amounts of solvent, in methanol: 35 °C,
75-10° kg Pd/C, O,:H, = 2. Series: @ 10 wt.%, A 25 wt.%, B 35wt.%;
in water: 35 °C, 250-10 kg Pd/C, O,:H, = 2. Series: O 10 wt.%, A
25 wt.%, [ 50 wt.%.

Effect of reaction temperature

From an industrial point of view, the use of energy in terms of
quality (temperature level) and quantity (kilowatts consumed)
has to be considered, especially for these types of exothermic
reactions. Several researchers claim to obtain the best results at
low temperatures'>*® while others have worked at temperatures
close to room temperature.”3"%® It is generally accepted that H,O,
formation rate decreases by increasing reaction temperature®*
due to the enhancement of decomposition reaction over H,0,
production. As indicated above, reduction of energy consump-
tion is one of the aims of this work, therefore 35 °C has been
chosen as a desired operational temperature for three main
reasons: firstly, the reaction will occur above the supercritical
point of CO, enhancing mass transfer, secondly, at industrial
scale 35 °C can be reached easily by only using cooling water
and thirdly, it minimises energy losses to ambient. Nonetheless,
tests at higher (45 °C) and lower (10, 25 °C) temperature have
also been carried out in order to study the effect of temperature.

Fig. 8 shows that for methanol, temperatures of 45 °C lead
to lower production of peroxide, probably due to an increase
of side reactions (decomposition/hydrogenation) coupled with
a decrease of the solubility of reagents. Although there is not a
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Fig. 8 Effect of reaction temperature on H,O, yield in methanol
solvent, 75-10 kg Pd/C, 25 w% MeOH, O,:H, = 2. Series: A 25 °C,
H 35 °C, ¢ 45 °C and in water of reaction temperature on H,0, yield,
15010 kg Pd/C, 25 w% H,0, O,:H, = 2.0. Series: O 10 °C, A 25°C,
035°¢, < 45°C.

large difference, the maximum yields of 36.6% and 35.6% were
obtained at 25 and 35 °C respectively, reaction at 35 °C reached
its maximum after 90 minutes (TOF;, of 1279 mol-h™"-kg ™),
whereas reaction at 25 °C was slightly slower (TOF;, of
982 mol-h™-kg.,™"). Therefore, the optimum reaction temper-
ature was found to be 35 °C, which is, interestingly, right
above the critical temperature of CO,. This confirms previously
reported results® which showed that the yield of H,O, increases
as the temperature passes through the critical temperature of
CO,. For the case of water, yields are considerably higher and
the maximum yield of 57.4% was obtained at 25 °C with a
TOF;, of 253 mol-h™ kg, . Note that a similar good result was
obtained at 10 °C (54.6% yield, TOF;, of 543 mol-h™"-kg. ",
3.90 wt.% H,0,), but such a low temperature requires a cryogenic
system and therefore is a less attractive alternative at industrial
scale.

Effect of the O,:H, ratio

For safety reasons the concentration of H, needs to be below
the LFL, but the concentration of O, is a variable that will affect
the reaction and must be optimised. For economic reasons H,
must react to the maximum (over 99% if possible). Considering
the reaction pathway for H,O,, low partial pressure of O, may
benefit the formation of water, decomposition of H,0, and
hydrogenation over oxidation; therefore, O,:H, ratios over the
unity are recommended at a glance. This prediction has been
demonstrated in runs M11 and M 12 for methanol and W11 and
W12 for water (see Fig. 9), in which ratios of 1 and 4 were tested.
Results using a stoichiometric ratio were similarly poor in both
solvents: yields of 11.6 and 11.9% and H,O, concentration 0.62
and 0.79 wt.% (in methanol and water, respectively). On the
other hand, a ratio O,:H, = 4 in methanol provided the best
results (yield 40.4%, H,O, concentration 2.01 wt.%, TOF;, of
942 mol-h™'-kgcat™), although the reaction rate was slower than
using a ratio O,:H, = 2 (TOF;, of 1279 mol-h™'-kgcat™). For
water, the ratios O,:H, = 2 and 4 provide similar yields and con-
centrations but the reaction rates were faster for the higher ratio
tested (TOF;, of 253 mol-h™'-kgcat™ and 746 mol-h™'-kgcat™
respectively).
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Fig.9 Effect of O,:H, ratio on H,O, concentration in methanol solvent,
75-10° kg Pd/C, 25 w% MeOH, 35 °C. Series: ® O,:H, = 1.0, A
0,:H, = 2.0, B O,:H, = 4.0 and in water: 150-10° kg Pd/C, 25 w%
H,0, 25 °C. Series: O 0,:H, = 1.0, A\, O,:H, = 2.0, 0 O,:H, = 4.0.
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Inert gas: CO, vs. N,

The reduction of H, concentration to avoid explosive mixtures is
normally achieved by adding an inert gas. Traditionally, N, has
been used, as air is a cheaper choice compared to pure oxygen.
However, the use of CO, is a good alternative for reaction in a
number of processes. For this synthesis, CO, has good affinity
with both O, and H, increasing the solubility in methanol and to
alesser extent in water. Results for methanol and H,O are plotted
in Fig. 10. In the case of methanol, after 90 minutes reaction time,
the amount of peroxide formed in the CO,-compressed system
is 136% higher than in the N,-compressed system. This could be
explained to some extent by two effects: an increased solubility
of the reactant gases and the acidification effect of CO,. Due to
the latter effect, CO, can be considered an acid promoter itself
helping in the minimization of H,O, decomposition. In the case
of water, two different pressures for CO, were tested in order
to either maintain similar high pressure conditions to those in
the experiment with N, (P = 16.7 MPa) or to maintain equal
numbers of mols of CO, and N, (P = 4.6 MPa). The best result
was obtained using N, achieving a yield of 82.6% and 1.38 wt.%
H,0, after 165 minutes, compared to the results in CO,. We
consider this a striking result, since a high yield is obtained using
water as solvent, nitrogen as a diluent and ambient temperature,
making it very attractive from an industrial point of view. For
CO, higher pressures gave better results, as expected due to an
increase in H, and O, solubility.
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Fig. 10 H,O, formation in N, and CO, in both solvents, methanol:
25°C, 150-10° kg Pd/C, O,:H, = 2, Series: @ N, (initial P 12.2 MPa),
ACO, (initial P 9.8 MPa); water: 25 °C, 150-10° kg Pd/C, O,:H, = 2.
Series: O N, (initial P 11.5 MPa), /A CO, (initial P 16.7 MPa), O CO,
(initial P 4.6 MPa).

Conclusions

In this work, a commercial 5 wt.% Pd/C catalyst has been
successfully used for direct synthesis of hydrogen peroxide
in CO, expanded methanol (obtaining yields from 11.6 to
45.9% and H,O, concentrations between 0.22 and 3.79 wt.%)
and in water using CO, and N, as pressurising gas at nearly
ambient temperature (with yields from 11.9 to 82.6% and H,O,
concentrations between 0.74 and 4.01 wt.%). It is the first time
that H,0, has been produced via direct synthesis at high yields
and medium concentrations in water without using organic
solvents. The possibility of synthesising H,O, in H,O without the

use of organic solvents is a breakthrough that must be considered
for the future development of this process.

In order to study in depth this reaction system, future work
includes testing of different catalysts and also different solvent
solutions (i.e. water-methanol mixtures), as well as the study
of the effect of catalyst reuse. A mathematical model of the
system that can predict the experimental results obtained is
also under development. As mentioned previously, extensive
research on hydrogen peroxide decomposition and hydrogena-
tion is currently being carried out. Also, a novel technique for
hydrogen peroxide determination using Raman technology is
under investigation. Ultimately, one of the main objectives of this
research is to design a continuous system for hydrogen peroxide
production.
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The hydrogenolysis of glycerol was performed in an autoclave at temperatures between 190 and
225°C and at a H, pressure of 5 MPa over a CuO/ZnO catalyst prepared by an oxalate gel (OG)
method. Compared to a CuO/ZnO catalyst prepared by coprecipitation, much higher conversions
of glycerol and space—time yields up to 9.8 gy opyienc giyeot Ecu ' h™' are achieved with CuO/Zn0O-0G,
whereas both catalysts produced propylene glycol with selectivities of about 90%. Additionally,
the influence of the temperature and the solvent was examined. Compared to a conversion of
glycerol of only 5% in an aqueous glycerol solution, the use of 1,2-butanediol as a solvent leads to
a high conversion of 55%. Moreover, experiments were carried out in pure glycerol and from
transmission electron microscopy images of fresh and spent catalysts, it was obvious that the
morphology of the catalyst changed during the reaction. By X-ray diffraction and N,O
chemisorption, it was proved that a tremendous loss of copper surface area occurred during the
hydrogenolysis of glycerol. Taking together the influence of the solvent on the conversion of
glycerol and the results of the catalyst characterization, it can be concluded that water, as an
unavoidable by-product of the reaction, is responsible for a strong deactivation of the catalyst.

1. Introduction

As a byproduct of biodiesel production, glycerol is a highly-
functionalized platform chemical available in large amounts
and, thus, at low costs. Therefore, the development of new
catalytic processes to convert glycerol to value-added products,
e. g dihydroxyacetone or hydrogen,! is the subject of an
increasing number of investigations. One of the promising
approaches is the hydrogenolysis of glycerol, leading to 1,2-
propanediol (propylene glycol). Propylene glycol has a wide
range of practical applications, like its use as a heat transfer fluid
or its polymerisation to polyesters and polyurethanes. Supported
Pt, Rh, Co, Ru and Cu catalysts are used for the hydrogenolysis
of glycerol at temperatures between 170 and 220 °C under
elevated hydrogen pressures and in dilute aqueous solutions
of glycerol.”® Several attempts were made to enhance glycerol
conversion by the addition of solid acids like ion-exchange
resins®!® or zeolites and sulfated zirconia'' to supported noble
metal catalysts, suggesting that the hydrogenolysis of glycerol
occurs in two steps. Initially, glycerol is dehydrated to acetol
over acid sides followed by hydrogenation over metal catalysts.
Indeed, acetol was detected by several groups,® particularly when
the hydrogenolysis of glycerol is carried out in the vapour phase
and, thus, under rather low hydrogen pressures.'***

Department of Chemistry, Ernst-Berl-Institute/ Chemical Technology II,
Technical University Darmstadt, Petersenstr, 20, 64287, Darmstadt,
Germany. E-mail: claus@ct.chemie. tu-darmstadt.de; Fax: +49 6151 16
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Among the different noble metal catalysts, Cu catalysts turned
out to combine high selectivities for propylene glycol with
satisfying conversion levels of glycerol.>¢*7

However, the reaction times needed to achieve high glycerol
conversions are rather long. Additionally, Cu catalysts suffer
from deactiviation in the hydrogenolysis of glycerol. It is
observed in the literature that a strong decrease in glycerol
conversion occurs if a Cu/Zn/Al catalyst is used in a second
run, regardless of whether the spent catalyst was dried or
calcinated before it was reused.!” Moreover, Montassier et al.
reported the deactivation of Cu/C because of the sintering
of copper particles in the hydrogenolysis of glycerol in a tube
reactor.'s

Besides the preparation of copper catalysts by
precipitation,>*”  different preparation methods like
the template preparation of Cu-Cr catalysts® and the
precipitation—gel method for a Cu/SiO, catalyst’ have
been applied. However, the Cu/ZnO catalysts used in the
hydrogenolysis of glycerol have usually been prepared by
precipitation and the effect of the Cu/ZnO catalyst synthesis
procedure was not investigated, although the properties
of Cu/ZnO catalysts, and, thus, their performance in the
methanol synthesis from CO and H,, have been shown to be
strongly dependent on the preparation method.”>* Here, we
report the preparation of a copper catalyst by an oxalate gel
method, its characterization and its use in the hydrogenolysis
of glycerol. Additionally, the deactivation of the catalyst was
examined with regard to the reaction temperature and the
generation of water as a by-product of the hydrogenolysis of
glycerol.
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2. Experimental
2.1 Preparation of the catalysts

The preparation of the CuO/ZnO catalyst was carried out
by an oxalate gel coprecipitation method.”® Cu(NO;),-2.5H,0
(4.87 g, 20.9 mmol) and Zn(NO,),-6 H,O (12.2 g, 41 mmol)
were dissolved in 65 ml ethanol. Then, oxalic acid (6.68 g,
74.3 mmol) in 40 ml ethanol was added to form a light blue
precipitate. After one hour, the precipitate was separated by
filtration, washed with 500 ml deionised water and finally dried
overnight at 70 °C. Afterwards, the precipitate was calcined at
150, 200 and 300 °C for one hour at each temperature, followed
by a final step at 360 °C for four hours. Hereafter, this catalyst
will be referred to as the CuO/ZnO-OG catalyst.

Asareference, a CuO/ZnO catalyst was prepared by coprecip-
itation. Copper acetate (3.8 g, 20.9 mmol) and Zn(NO;),-6H,O
(12,2 g, 41 mmol) were dissolved in 300 ml deionised water.
Precipitation was achieved by the dropwise addition of 140 ml
of a 1 M NaOH solution at 80 °C. The precipitate was aged for
2 h at a constant pH value of 9 at the same temperature. Finally,
the precipitate was separated by filtration, washed with one litre
of deionised water and dried over night at 70 °C. The calcination
of this catalyst was the same as that for the CuO/ZnO-OG
catalyst. This catalyst will be referred to as the CuO/ZnO-
CP catalyst. The copper oxide content of both catalysts was
33 wt%.

2.2 Catalyst characterisation

Copper surface areas were determined by N,O chemisorption
followed by temperature-programmed reduction (TPR) of the
formed Cu,O species in a stream of H, (Cu,O-TPR). All these
treatments of the catalyst were carried out by means of a TPDRO
1100 device (Porotec). Before the analysis, in situ pre-reduction
of the catalysts in a stream of 4.95% H, in Ar (20 ml min™), at
a heating rate of 10 °C min™, to a temperature of 330 °C was
performed. This temperature was held for 60 min. The catalyst
was cooled down in a stream of He in order to oxidize Cu to
Cu,0 with 1% N,O in He (10 ml min™) at 20 °C. Finally, Cu,O-
TPR was carried out in 4.95% H, in Ar (20 ml min™") at a heating
rate of 10 °C min™, to a temperature of 330 °C. From the amount
of H, needed to completely reduce Cu,O, the specific copper
surface area, the dispersion and the mean particle diameter were
calculated.

Additionally, the morphology of the catalysts was examined
by transmission electron microscopy (HRTEM JEOL, JEM
3010, 300 kV). Powder X-ray diffraction (XRD) patterns of the
catalysts were recorded using Co Ko radiation (1= 1.78896 A).

2.3 Hydrogenolysis of glycerol

In a standard experiment, 140 mL pure glycerol and 3 g catalyst
were loaded into a stainless steel reactor (Parr). The reactor was
pressurized with hydrogen to a pressure of 5 MPa and heated
to a temperature of 200 °C. The samples were taken at desired
time intervals and analyzed with a Hewlett-Packard 6890 gas
chromatograph equipped with a DB-WAX GC column and a
flame ionization detector. The selectivity of the products was
calculated on a carbon basis.

In order to investigate the role of water (section 3.4) in the
deactivation of the catalyst, 1,2-butanediol was used as a solvent.
Glycerol and the reaction products, including several alcohols,
have to be dissolved easily in the solvent making the use of an
alcohol desirable. Furthermore, no C, to C; components were
chosen as solvent due to their possible formation during the
hydrogenolysis of glycerol. Therefore, this C, polyol was used as
the solvent.

3. Results and discussion
3.1 Preparation method of the catalyst

Initially, the CuO/ZnO catalysts prepared by the two different
preparation methods were tested in the hydrogenolysis of
glycerol. According to Table 1, no differences between the
two catalysts in terms of the selectivities are observed. Both
CuO/Zn0O-0OG and CuO/ZnO-CP catalysts exhibited high
selectivities towards propylene glycol of 90 and 87%, respectively.
Moreover, the selectivities towards undesired side products like
ethylene glycol and acetol were low. Concerning the activity
of the two catalysts, a much higher conversion of glycerol was
achieved in the case of the CuO/ZnO-OG catalyst compared to
Cu0O/ZnO-CP. Using the CuO/Zn0O-0OG catalyst, a conversion
of 46% is achieved, whereas the conversion at the CuO/ZnO-
CP catalyst is only 17%. With the CuO/ZnO-OG catalyst, the
space-time yield amounts to 9.8 g,opyiene giyeol 8w ' h™'. Compared
to other copper-based catalysts like Cu/SiO," and CuO/ZnO,
prepared by coprecipitation,** which produce propylene glycol
with space-time yields of 3.2 and 0.8 g, opyiencgyeor Ccu™t O,
respectively, the CuO/ZnO-OG catalyst is extremely active.
Therefore, the CuO/Zn0O-OG catalyst was chosen for further
investigations.

In order to determine the reason for the different conversions
of glycerol, N,O chemisorption was carried out with both
catalysts which were reduced in 4.95% H, in Ar at 330 °C (heating
rate = 10 °C min™") for 60 min prior to N,O chemisorption. The
resulting copper surface areas, dispersions and mean copper
particle diameters are listed in Table 2. The copper surface
area of the CuO/ZnO-CP catalyst amounts to 16.8 m* g”', and

Table 1 Hydrogenolysis of glycerol over the CuO/Zn0O-OG and CuO/ZnO-CP catalysts, both with a copper oxide content of 33 wt%

Selectivity(%)

Catalyst Conversion (%) Propylene glycol Ethylene glycol Acetol Others®
Cu0O/ZnO-0G* 46 90 1 1 8
CuO/ZnO-CP* 17 87 1 12

@ Reaction conditions: 140 mL pure glycerol, 3 g catalyst, 5 MPa H,, 200 °C, 7 h. ® Unidentified side products.
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Table 2 Comparison of the structural properties of the CuO/ZnO-OG
and CuO/ZnO-CP catalysts determined by N,O chemisorption

Catalyst Scu “/m? g! D*®/% de, ¢/nm
Cu0/Zn0O-0G 30.1 16.8 6.3
CuO/ZnO-CP 16.7 9.1 12.1

“ Copper surface area. * Dispersion. ¢ Mean copper particle size.

the mean copper particle diameter is 12.1 nm. Agrell e al.**
prepared a CuO/ZnO catalyst by coprecipitation of an aqueous
Zn(NO;), and Cu(NOs), solution and obtained a catalyst with
a copper surface area of 21.5 m? g'. Taking into account the
higher copper oxide loading of 39 wt% in the study of Agrell
compared to 33 wt% of the CuO/ZnO-CP catalyst, the results
are in good agreement. In comparison, the copper surface area
of the CuO/Zn0O-0G catalyst is twice as high, which indicates
the reason for the improved activity of this catalyst compared to
the CuO/ZnO-CP catalyst.

3.2 Recycling of the catalyst

The CuO/Zn0O-0OG catalyst was recovered and used in a second
experiment under the same reaction conditions. However, a
glycerol conversion of just 10% was achieved, although the high
selectivity for propylene glycol was preserved (97%). In order
to examine the reason for the loss of activity, the catalyst was
recovered after the first experiment and analysed by XRD and
N,O chemisorption. The XRD pattern of the spent catalyst,
along with the pattern of the fresh catalyst, is shown in Fig. 1.

The fresh CuO/ZnO-OG catalyst contained merely CuO
and ZnO crystallites. After the hydrogenolysis of glycerol at
200 °C and at a hydrogen pressure of 5 MPa, the CuO phase
was completely reduced to metallic copper. The crystallite
sizes of the CuO, Cu and ZnO were calculated using the
Scherrer equation. The resulting crystallite sizes, together with
the copper surface areas and copper particle sizes obtained from
N,O chemisorption, are listed in Table 3. Before the reaction,
the mean diameters of the CuO and ZnO crystallites were
determined to be 15 and 10 nm, respectively. After the reaction,
the mean crystallite diameters obtained from XRD of both the
Cuand ZnO crystallites were calculated to be 40 nm. Therefore, a
strong increase in the copper crystallite size during the reaction
was observed, leading to a decrease in the active surface area
and, thus, to a loss of activity. These results were confirmed
by N,O chemisorption as the copper surface area decreases
during the reaction from 30.1 m? g to 5.3 m?> g'. Moreover,
a strong increase in the ZnO crystallite size is also observed. A
loss of activity may occur as well because of the agglomeration
of the ZnO crystallites, as glycerol may be dehydrated to acetol
and glycidol at the ZnO surface.® The loss of active copper
surface area is also known for methanol synthesis. Muhler et al.**
reported the growth of copper particles in a Cu/ZnO methanol
catalyst with increasing time on stream.

To further investigate the deactivation of the CuO/ZnO-OG
catalyst, TEM images of the catalyst were recorded before and
after the reaction (Fig. 2). From the TEM images, a change in
morphology is clearly observed. Before the catalyst was used in
the hydrogenolysis of glycerol, almost spherical particles with
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Fig. 1 XRD patterns of the CuO/ZnO-OG catalyst before (a) and
after (b) use in the hydrogenolysis of pure glycerol or of glycerol with
1,2-butanediol (c) or water (d) as a solvent. Reaction conditions: 140 mL
pure glycerol (b) or 140 mL 50 wt% glycerol in 1,2-butanediol (c) or water
(d), 3 g catalyst, 5 MPa H,, 200 °C, 7 h. * ZnO, O CuO, # Cu.
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Table 3 Comparison of the structural properties of fresh and spent CuO/ZnO-OG catalysts

Catalyst dewo 4/nm dzmo /nm de, /nm Scy ¢/m* g! de, ¢/nm
Fresh CuO/Zn0O-0G 15 10 — 30.1 6.3
Spent Cu/ZnO OG* — 40 40 53 38.2
Spent Cu/ZnO OG* — 40 40 4.2 47.5
Spent Cu/ZnO OG* — 40 80 2.7 75.6

“Reaction conditions: 140 ml pure glycerol, 3 g catalyst, 5 MPa H,, 200 °C, 7 h. ® Reaction conditions: 140 ml 50 wt% glycerol in 1,2-butanediol, 3 g
catalyst, 5 MPa H,, 200 °C, 7 h. ¢ Reaction conditions: 140 ml 50 wt% glycerol in water, 3 g catalyst, 5 MPa H,, 200 °C, 7 h. ¢ Mean CuO, Cu and
ZnO crystallite sizes determined by XRD. ¢ Copper surface area and mean copper particle size determined by N,O chemisorption.

Fig. 2 TEM images of the CuO/ZnO-OG catalyst before (left) and
after (right) use in the hydrogenolysis of glycerol. Reaction conditions:
140 ml pure glycerol, 3 g catalyst, 5 MPa H,, 200 °C, 7 h.

a mean diameter of about 10 nm are visible, while after
the reaction, the catalyst consists of rod-shaped particles with a
considerably larger size.

3.4 The effect of the solvent

Montassier et al. proved that the size of copper particles in
a Cu/C catalyst increased if the catalyst is stirred in water
at elevated temperatures.”® As no water is loaded into the
reactor at the beginning of the reaction, the deactivation of the
Cu0O/Zn0O-0G catalyst might be due to formation of water as an
unavoidable by-product during the hydrogenolysis of glycerol.
Because of this, the deactivation of the catalyst should occur
much faster if the hydrogenolysis of glycerol is carried out with
an aqueous glycerol solution.

Therefore, a 50 wt% aqueous solution of glycerol was loaded
into the reactor. As a reference, the same experiment was
repeated but now with a solution of glycerol in 1,2-butanediol.
The results of these experiments are shown in Table 4. It is
obvious that the conversion of glycerol is strongly affected by
the choice of solvent. Compared to a conversion of glycerol of
only 5% in an aqueous glycerol solution after 7 h, the use of
1,2-butanediol as a solvent leads to a higher conversion of 55%.

In order to determine the reason for the poor conversion of
an aqueous solution of glycerol compared to 1,2-butanediol,
the catalysts were recovered after the reaction and characterised
by XRD and N,O chemisorption. The XRD patterns of the
two recovered catalysts are shown in Fig. 1. From the XRD
patterns, the CuO, Cu and ZnO crystallite sizes were calculated
and are shown in Table 3, together with the copper surface areas
determined after the reaction. Before the catalyst CuO/ZnO-
OG was used in the hydrogenolysis of glycerol, the mean
crystallite size of the CuO and ZnO crystallites was determined
to be 15 and 10 nm, respectively (Table 3). Regarding the ZnO
crystallite size, a strong increase (d = 40 nm) is observed, which
is not affected by the choice of solvent (Table 3). However, the
calculated size of the Cu crystallites after the reaction strongly
depends on the solvent. In comparison to 1,2-butanediol as a
solvent, the size of the Cu crystallites is, in the case of water,
twice the size. This increase in the copper particle size can be
confirmed by N,O chemisorportion as the copper surface is also
influenced by the choice of solvent. The copper surface area
strongly decreased in the case of water as a solvent, from 30.1
m? g! before to 2.7 m? g after the reaction, while in the case of
1,2-butanediol the copper surface area diminished to 4.2 m* g™'.

3.5 Reaction temperature

As well as the solvent, the reaction temperature might also play
an important role in the deactivation process of the Cu/ZnO-
OG catalyst. Thus, the hydrogenolysis of glycerol was performed
in the temperature range between 190 and 225 °C. The effect of
the reaction temperature on the conversion of glycerol and the
selectivity for propylene glycol are shown in Fig. 3. While there
was no significant influence of the reaction temperature on the
selectivity for propylene glycol (S = 84-92%), the conversion
of glycerol was strongly affected when raising the temperature.
However, there is no consistent dependence of the conversion
on the reaction temperature as would be expected according
to Arrhenius behaviour: the conversion first strongly increases

Table 4 Effect of the solvent on the conversion of glycerol and the selectivities towards propylene glycol, ethylene glycol and acetol of the CuO/ZnO-

OG catalyst

Selectivity (%)
Solvent Conversion “ (%) Propylene glycol Ethylene glycol Acetol Others®
1,2-Butanediol 55 86 1 1 12
Water 5 87 9 2 2

@ Reaction conditions: 140 ml 50 wt% glycerol dissolved in 1,2-butanediol or water, 3 g catalyst, 5 MPa H,, 200 °C, 7 h. ® Unidentified side products.
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Fig. 3 Dependence of the conversion (A) and the selectivity for
propylene glycol (l) on the reaction temperature. Reaction conditions:
140 ml glycerol, 3 g CuO/Zn0O-0G catalyst, 5 MPa H,, 7 h.

with an increase in temperature from 190 to 200 °C, but then,
if the temperature is further increased to 210 °C, the conversion
decreases. Raising the temperature further to 215 °C and,
finally, to 225 °C then gives the expected increase in conversion
again. The reason for this relationship between the reaction
temperature and the conversion during glycerol hydrogenolysis
may be an interference between the acceleration of the reaction
rate due to elevated temperatures and the stronger deactivation
of the catalyst at higher reaction temperatures. Furthermore, an
interplay between the temperature dependence of the adsorption
constants determining the individual adsorption enthalpy of
one or more reactants and the temperature dependence of
the rate constant dictating the activation energy may cause
the observed decrease in conversion with rising temperature.
According to the copper surface areas determined by N,O
chemisorption for the CuO/ZnO-OG catalyst after being used in
the hydrogenolysis of glycerol at different temperatures (Fig. 4),
the temperature seems to influence the growth of the copper
particles. It is expected that the decrease in the copper surface
area correlates with the amount of water produced during the
reaction. However, at a reaction temperature of 210 °C, the
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Fig. 4 Copper surface areas determined by N,O chemisorption of the

Cu0/Zn0-0G catalyst after the reaction at temperatures between 190

and 225 °C. Reaction conditions: 140 ml glycerol, 3 g CuO/ZnO-OG
catalyst, 5 MPa H,, 7 h.

glycerol conversion, which proved to be reproducible with a
standard deviation of + 3%, is only 36% compared to 46%
at 200 °C, suggesting that less water is formed at a reaction
temperature of 210 °C. From that, an increase of the copper
surface area can be assumed and Fig. 4 shows that this is
indeed the case (6.0 m? g! vs. 5.2 m* g'). Therefore, it is worth
mentioning that by an increase of reaction temperature from
200 to 210 °C, the conversion of glycerol decreased (Fig. 3)
although the copper surface area increased (Fig. 4). Thus, the
decrease in glycerol conversion between 200 to 210 °C cannot
be attributed to a growth of copper particles. Keeping in mind
that the product distribution remained unchanged during the
course of glycerol hydrogenolysis between 190 and 225 °C (1,2-
propanediol is always produced with high selectivity, Fig. 3),
a change of the reaction mechanism should be ruled out, and
the unusual behavior is likely to be due to a difference in the
temperature dependence of the rate constant and the reactants’
adsorption constants.

4. Conclusions

A CuO/ZnO catalyst prepared by an oxalate gel method was
proven to be highly active in the hydrogenolysis of glycerol
compared to a CuO/ZnO catalyst prepared by the standard
coprecipitation method. The higher activity can be attributed to
the copper surface area, which was as high as 30.1 m? g'! in the
case of the CuO/Zn0O-OG catalyst, whereas the copper surface
area of the CuO/ZnO-CP catalyst amounted to only 16.7 m* g'.
With both catalysts, a selectivity for propylene glycol of about
90% is achieved.

In the presence of water, the size of the copper crystallites
of the CuO/ZnO catalyst increases tremendously, leading to a
decrease in active surface area and, thus, to a loss of activity.
Even if no water is loaded into the reactor, the water formed
during the hydrogenolysis of glycerol causes the deactivation
of the catalyst. Increasing the reaction temperature has no
significant influence on the loss of active surface area and cannot,
therefore, be the reason for the deactivation of the catalyst.
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Hierarchical macroporous-mesoporous SBA-15 silicas have been synthesised via dual-templating
routes employing liquid crystalline surfactants and polystyrene beads. These offer high surface
areas and well-defined, interconnecting macro- and mesopore networks with respective narrow size
distributions around 300 nm and 3-5 nm for polystyrene:tetracthoxysilane ratios >2:1. Subsequent
functionalisation with propylsulfonic acid yields the first organized, macro-mesoporous solid acid
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catalyst. The enhanced mass transport properties of these new bi-modal solid acid architectures
confer significant rate enhancements in the transesterification of bulky glyceryl trioctanoate, and
esterification of long chain palmitic acid, over pure mesoporous analogues. This paves the way to
the wider application of hierarchical catalysts in biofuel synthesis and biomass conversion.

Introduction

The International Energy Agency predicts a 55% increase in
global fuel consumption by the year 2030," principally the result
of the growing needs of emerging nations. The combination of
dwindling oil reserves and growing concerns over carbon dioxide
emissions and associated climate change is driving the urgent
development of clean, sustainable energy supplies. Biomass
offers a partial solution to the replacement of fossil fuels for
the production of key chemical feedstocks and transportation
fuels such as ethanol and biodiesel. First generation alternative
biofuels have proven controversial due to their synthesis from
important food crops including corn, sugarcane and palm or
rapeseed oils, and consequent impact on global food prices.
Recent focus has therefore shifted towards so-called second
generation non-food biomass sources like cellulose, algae or
non-edible plant oils from the Euphorbiaceae family? (notably
Jatropha or Castor oil), which do not compete with traditional
agronomies.

Biodiesel sourced from renewable second generation crops
is non-toxic and biodegradable, with the potential for closed
CO, cycles® and thus vastly reduced carbon footprints compared
with petroleum fuels.®* It comprises long chain fatty acid methyl
esters (FAMES), typically derived from vegetable oils or animal
fats rich in triacyl glycerides (TAGs) and free fatty acids (FFAs).3
The transesterification of oil seed TAGs to methyl (or ethyl)
esters can be catalyzed by acids or bases, and the vast majority of
biodiesel is currently produced via homogeneous catalysis, using
soluble bases such as NaOH/NaOMe or KOH.*” Although
liquid base catalysts offer high transesterification rates, they

School of Chemistry, Cardiff University, Cardiff, UK CF10 3AT.
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870827, Tel: 44 2920 874030

1 Electronic supplementary information (ESI) available: PS bead char-
acterization and comparative textural properties of pre- and post-
functionalized silicas. See DOI: 10.1039/b919341c

are sensitive to water and FFA impurities which are always
present in trace amounts even in refined plant oils. FFA removal
from biodiesel is essential in order to prevent corrosion of
vehicle fuel tanks and engine blocks, and is currently achieved
through an acid catalyzed esterification pretreatment step prior
to transesterification. Simultaneous FFA esterification and TAG
transesterification using acid catalysts provides an alternative
single step (albeit high temperature) process for poor quality
oils containing high FFA levels.>**'* However, in both scenar-
ios reactor corrosion and removal of soluble catalyst species
from the resulting biofuel mixture is particularly problematic,
requiring aqueous quench and neutralisation steps which them-
selves generate undesired emulsions and soap formation.*" The
resultant E-factor (defined as the [total waste]/[product] ratio) is
concomitantly poor due to catalyst losses after each reaction and
the production of copious contaminated water. Furthermore,
the major by-product of biodiesel synthesis, glycerol, is heavily
contaminated by homogeneous catalyst residues and/or water
and therefore of little re-sale value to potential consumers in the
cosmetic, food and pharmaceutical industries.

Non-corrosive heterogeneous catalysts that are easily re-
covered and recyclable could greatly improve the environ-
mental impact of commercial biodiesel processing, eliminat-
ing the need for aqueous quench cycles while offering the
opportunity for continuous operation in flow reactors.>®!1?
Diverse solid acids and bases including zeolites,” resins,'
alkali earth oxides,”*"” hydrotalcites™ and calcined dolomitic
rock® have been investigated for TAG transesterification and
their application recently reviewed.*>*? Unfortunately, the
micro and mesoporous catalyst systems investigated to date
are not optimal for the bulky and viscous C,,—C;; TAGs
typical of plant oils.** Even tailored, large pore (>4-15 nm)
mesoporous catalysts based upon SBA-15?! that are active for
esterification and transesterification,>? often possess long,
isolated parallel channels resulting in slow in-pore diffusion and
correspondingly slow turnover. Current material syntheses have
focused solely on generating and tuning mesoporosity, largely
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ignoring the benefits of hierarchical porous networks containing
macropores to act as rapid transport conduits to the active
sites. Simulations show that in the Knudsen diffusion regime,*
where reactants/products are able to enter/exit mesopores
but experience attendant diffusion limitations, such bi-modal
pore structures could significantly improve catalyst activity.
Catalytically active materials possessing such interconnecting
macropore-mesopore networks? with well-defined dimensions
would be particularly suited to boosting mass-transport in
viscous liquid phase reactions such as biodiesel synthesis. They
can be prepared using microemulsion,?® colloidal polystyrene
microspheres® or co-surfactants® routes in conjunction with
mesoporous templates, and are particularly attractive for appli-
cation in liquid continuous flow reactors wherein rapid pore
diffusion is required. Polystyrene microspheres allow great
control over the final macropore properties. SBA-15 silicas have
been recently synthesised incorporating macropores of a few
hundred nanometres by the use of these templating polymers,3-*
offering high specific surface areas and improved diffusion
characteristics, but to our knowledge have yet to be applied
in heterogeneous catalysis.

Surface grafting of alkoxysilanes offers a convenient method
to covalently attach organic functional groups to porous silica
frameworks without the risk of pore blockage or leaching of the
grafted component.** Sulfonic acid silicas are a class of solid
Bronsted acid catalyst comprising tethered organo-sulfonic acid
groups®’ that provide alternatives to commercially available
sulfonated polymer resins, such as Amberlyst-15 and Nafion-
H. In this paper we explore the use of grafting to attach
pure Bronsted acid sites to macroporous—mesoporous SBA-15
supports and thereby generate a new class of ordered, hierarchi-
cal sulfonic acid functionalised silicas, designed specifically for
bulky plant oils. Macropore inclusion significantly enhances the
rate of both Cy TAG transesterification to FAME and C,; FFA
esterification with methanol.

Experimental
Polystyrene bead synthesis

The emulsion polymerisation approach of Vaudreuil and co-
workers was adopted to generate monodisperse polystyrene
(PS) beads.® 0.083 g of potassium persulfate (99%, Sigma-
Aldrich) was dissolved in 6 ml of deionized water and dried
at 70 °C. Separately, 239.5 ml of deionized water was added to
a 500 ml three-neck round-bottom flask and heated to 70 °C
under N,. 25 ml of styrene (99%, Sigma-Aldrich) and 4.75 ml
of divinylbenzene (80%, Sigma-Aldrich) was washed three times
in a separating funnel with a 0.1 M NaOH solution (pellets,
Sigma-Aldrich) and deionized water to remove polymerization
inhibitors. The styrene and divinylbenzene were transferred to
the 500 ml temperature stabilized flask, along with 26 ml of
deionized water used to wash out the funnel. The potassium
persulfate was then added to initiate styrene polymerization, and
15 h later the resultant white solution was filtered, then washed
three times with deionized water and three times with ethanol.
The final beads possessed a narrow size distribution of ~320 nm
diameter (Figures S1 and 27), while thermo-gravimetric analysis

(TGA) revealed their complete decomposition in air at 550 °C
(Figure S37).

SBA-15 synthesis

Macroporous—mesoporous SBA-15 silicas were synthesized
following the approach of Zhao et al,® with the addi-
tion of polystyrene beads during the synthesis to create
macropores.**>3 Typically, 1.0 g of Pluronic P123 triblock co-
polymer was dissolved in 7.5 ml of water and 25 ml of 2 M HCI
solution (Fisher) while stirring at 35 °C. The required amount
of polystyrene beads for the appropriate PS:tetracthoxysilane
(TEOS 98%, Sigma-Aldrich) mass ratio were then added to
the solution and stirred for an hour. Once a good dispersion
of PS beads was achieved, 2.3 ml of TEOS were added to
the solution, which was maintained at 35 °C for 24 h while
stirring. The mixture was then aged at 80 °C for 24 h and the
solid product filtered, washed 3 times with deionised water, and
calcined statically in air at 550 °C (ramp rate of 0.5 °C min™)
for 6 h. The final solids are termed MM-SBA15-X, where X =
PS:TEOS weight ratio.

Sulfonic acid functionalization

Sulfonic acid functionalization was performed by post-synthesis
grafting as described previously.****! A mixture of 0.5 g of MM-
SBA15-X and 0.50 ml of 3-mercaptopropyl trimethoxysilane
(MPTMS 95%, Alfa Aesar) in 15 ml of toluene (Fisher) was
refluxed at 130 °C for 24 h, and the resulting thiol-functionalized
solid filtered, washed 3 times with methanol (Fisher) and dried at
80 °C overnight. Thiol groups were converted to —SO;H by mild
oxidation with 10 ml of 30% hydrogen peroxide (Sigma-Aldrich)
by continuous stirring at room temperature for 24 h. Sulfonated
MM-SBA15-X solid was subsequently filtered, washed 3 times
with methanol, and dried at 80 °C overnight.

Glyceryl trioctanoate transesterification

Transesterification was performed at 60 °C under stirring using
0.05 g of catalyst, 4.92 ml of glyceryl trioctanoate (commercial
name tricaprylin 99%, Sigma-Aldrich), 0.59 ml of dihexylether
(Fisher) as an internal standard, and 12.50 ml of methanol,
giving a MeOH:TAG ratio of 30: 1. Aliquots of 0.1 ml were
regularly sampled and analyzed by gas chromatography using
a Varian 450-GC equipped with a VF-1ms 25 m x 0.25 mm
capillary column. Product yields were calculated using response
factors derived for methyl octanoate (99%, Fluka).

Palmitic acid esterification

Esterification was performed at 60 °C under stirring using 0.05 g
of catalyst, 2.564 g (10 mmol) of palmitic acid (Sigma-Aldrich),
0.59 ml (2.5 mmol) of dihexylether and 12.50 ml (300 mmol)
of methanol. Aliquots of 0.1 ml were regularly sampled and
analyzed using a Varian 3900 GC equipped with a CP-Sil 5CB,
15 m x 0.25 mm capillary column. Product yields were calculated
using response factors derived for methyl palmitate (99%, Sigma-
Aldrich).
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Fig. 1 SEM images of: a) SBA-15; b) MM-SBA15-1; c) MM-SBA15-2 and d) MM-SBA15-4 hierarchical macroporous—mesoporous silicas.

Material characterization

Powder X-ray diffraction patterns were collected on a Bruker
D8 Advance diffractometer fitted with a Lynx eye high-speed
strip detector and Cu-Ko radiation source. Small-angle patterns
were recorded from 0.65° to 3° with 0.02° steps at 10 s per
point. Sulfur content was determined using an Horiba XGT-
7000 X-Ray Fluorescence spectrometer. Nitrogen porosimetry
was performed on a Quantasorb Nova 1200 instrument, after
sample evacuation at 200 °C for 4 h. Surface areas were
calculated using the Brunauer—-Emmet-Teller (BET) method
over the range P/P, = 0.075-0.35, where a linear relationship
is maintained. Pore size distributions were calculated using the
Barrett-Joyner-Halenda (BJH) model applied to the desorption
isotherm branch. Mesopore volumes were evaluated at P/P, =
0.98. SEM was conducted on a JEOL JSM 7500F system;
samples were gold coated prior to analysis. High-resolution
TEM was carried out on a JEOL 2011 operating at 200 kV;
samples were deposited from ethanolic solution onto holey-
carbon copper grids. XPS measurements were performed using a
Kratos AXIS HSi instrument equipped with a charge neutraliser
and Mg-Ko X-ray source. TGA was performed using a Stanton
Redcroft STA 780 thermal analyser at 10 °C min™ under flowing
He/O, (80:20 v/v) or He (20 ml min™ total) for template
removal and sulfonic acid decomposition studies respectively.

Results and discussion

Materials characterization

A series of macro-mesostructured derived silicas were first
prepared using different PS:TEOS ratios to incorporate macro-
pores within the conventional SBA-15 mesopore framework.
These are denoted MM-SBA15-1, MM-SBA15-2 and MM-
SBA15-4 corresponding to 1:1, 2:1 and 4:1 weight ratios
of PS beads to TEOS. A pure mesoporous SBA-15 silica
was also synthesised for comparison. The morphology and
porosity of these materials were explored via electron microscopy
to confirm successful macropore incorporation. SEM of the
undoped SBA-15 reveals a bead-like morphology characteristic
of this class of material (Fig. 1).*> The addition of PS beads
progressively modifies the SBA-15-like organization, creating
a new morphology comprising two distinct structures for the
intermediate MM-SBA15-1 and MM-SBA15-2 samples, which
evolve into a more uniform macroporous network for MM-
SBA15-4. The macropores in MM-SBA15-2 and MM-SBA15-4
are very regular, with average diameters around 300 nm, close
to the parent PS bead dimensions. This contrasts with previous
reports®** wherein notable macropore shrinkage was observed
after calcination, and likely reflects the slower heating rate used
in the present study. It is also interesting to note that the
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macropores are open and interconnected and thus well-suited
to promote rapid through particle diffusion.

Mesopore character was evaluated by TEM which shows
that the typical 2D periodic hexagonal structure of SBA-15
was retained in all cases, while the introduction of macropores,
as anticipated (and desired) breaks up extended mesoporous
channels. Fig. 2a demonstrates how the macropore framework
silica is composed of highly-organized concentric mesoporous
channels, resulting from self-assembly of the block copolymer
solution around polystyrene beads. Hexagonal ordering of the
mesopore channels is also clearly visible at higher magnification
(Fig. 2b and 2c), with a mean lattice parameter (a,) of 11.2 nm
measured for the purely mesoporous SBA-15, and a slight
decrease to 10.0 nm observed as the degree of macroporosity
increases.t The high curvature of mesoporous channels in
MM-SBA-4 suggests that strong electrostatic and hydrogen-
bonding interactions®’ between polystyrene beads, the block
co-polymer and silica precursor promote self assembly of
templated, mesostructured channels around the physical PS
bead template. This curvature, presumably arising from strain
on the block co-polymer layers of the liquid crystal template
phase in conforming to the PS bead morphology, may account

Fig. 2 HRTEM of: a) hierarchical macro and mesopore structures
in MM-SBA15-4; b) high resolution image of hexagonal mesoporous
arrays in MM-SBA15-4 and ¢) mesoporous channels in MM-SBA15-2.

for the slightly contracted mesoporous channels observed in the
hierarchical materials (Figure S47).

Long range ordering and porosity were subsequently investi-
gated by XRD and N, porosimetry. Fig. 3 presents low angle
diffraction patterns which evidence a major reflection at 26 ~0.9°
for all samples, characteristic of a periodic mesopore framework.
Calcined SBA-15 material exhibits well defined peaks at 0.98,
1.57 and 1.81°, associated with the (100), (110) and (200) planes
of the P6mm space group for the hexagonal arrangement of
mesoporous channels.?**+ Macropore incorporation slightly
shifts diffraction peaks to higher angles, corresponding to a con-
traction in the mesopore lattice parameter from 11.2 to 10 nm.
Increasing PS loading is also accompanied by attenuation and
broadening of the d,y peak; line broadening analysis (Table 1)
indicates a progressive decrease in the average mesopore domain
size from 98 to 35 nm upon macropore inclusion, consistent
with localisation of mesopore domains solely in the walls of
the macropore framework as observed by HRTEM (Fig. 2a).
Porosimetry shows all materials exhibit Type IV adsorption
isotherms with type-H1 hysteresis loops characteristic of bottle-
necked pore openings evident in Fig. 4. The loop size decreases
with increasing macropore character, which may be accounted
for by disruption of extended mesopore networks* that typically
limit diffusion and impart hysteresis in the desorption isotherm
branch. Additional prominent hysteresis observed above P/P, =
0.9 for MM-SBA15-4 is attributed to the high concentration of

Intensity

0.8 1.2 1.6 2 24 2.8
26/°
Fig.3 Low angle powder XRD patterns of: a) SBA-15; b) MM-SBA15-

1; ¢c) MM-SBA15-2 and d) MM-SBA15-4 hierarchical macroporous—
mesoporous silicas.

Volume adsorbed

0 0.2 0.4 0.6 0.8 1

Relative Pressure / P/Py

Fig. 4 Nitrogen adsorption—desorption isotherms of a) SBA-15; b)
MM-SBA15-1; ¢c) MM-SBA15-2 and d) MM-SBA15-4 hierarchical
macroporous—mesoporous silicas.
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Table 1 Physical and structural properties of selected meso and macro-mesoporous silica

Surface Mesopore BJH pore Mesopore domain
Sample area’/m’g™! volume®/cm*g™ diameter’/nm dyp?/nm Wall thickness*/nm size//nm
SBA-15 974 1.08 (1.18) 5.8 9.73 5.4 98.2
MM-SBA15-1 976 0.82(1.07) 5.0 9.17 5.6 74.3
MM-SBA15-2 971 0.87 (0.99) 4.5 8.68 5.0 55.2
MM-SBA15-4 938 0.84 (1.15) 3.9 8.68 6.1 34.6

« Evaluated by multi-point BET method. * BJH mesopore volumes from the desorption isotherm, and total pore volume shown in brackets. < BJH
average pore diameters from desorption isotherm. ¢ Interlayer spacing derived from Bragg’s Law. ¢ Wall thickness = (2d,4/+/3) — pore diameter.

fCalculated from Scherrer equation.

macropores interconnected via bottlenecks.* Porosimetry also
confirms shrinkage of the mesopore diameter with increased
macropore character, shown in Fig. 5.

dV(log D)/ em'g’’

Pore diameter / nm

Fig. 5 BJH pore size distributions of a) SBA-15; b) MM-SBA15-
1; ¢c) MM-SBA15-2 and d) MM-SBA15-4 hierarchical macroporous—
mesoporous silicas.

These textural properties are summarized in Table 1. Conven-
tional mesoporous SBA-15 has a high specific surface area of
974 m*g! and pore volume of 1 cm*g™, in good agreement with
the literature.”*** Comparable high surface areas are achieved
for all the bi-modal MM-SBA 15 materials, although the relative
mesopore volume decreases from 92 to 73% with increasing
macropore density, in line with expectations. The mesopore
walls thicken slightly following co-templating with PS beads,
demonstrating that the mesostructure is not degraded during
removal of the macropore template, and may even possess
greater mechanical stability than their pure mesoporous SBA-15
counterpart.

Sulfonic acid functionalization

Successful grafting of mercaptopropyl thiol groups on these
macroporous—mesoporous SBA-15 analogues, and their sub-
sequent oxidation to yield tethered sulfonic acid centres, was
subsequently assessed vie XRF, TGA and XPS (Table 2).
Elemental analysis reveals the bulk S content ranges between 1.2
and 1.8 wt% across the series, increasing with total surface area.
These values are typical for grafted sulfonic acid silicas,*** and
equate to a sulfonic acid surface site density of ~0.24-0.35 nm™.
In every case, surface sensitive S 2p XP spectra reveal the
presence of a single sulfur chemical environment with a binding

Table 2 Sulfur and sulfonic acid content of functionalized materials
evaluated by different techniques

Sample S content “wt %  RSO;H site density®/nm?
RSO3-SBA-15 1.8 (1.90) 0.35
RSO3-MM-SBA15-1  1.2(1.14) 0.22
RSO3-MM-SBA15-2 1.0 (0.98) 0.20
RSO3-MM-SBA15-4  1.2(1.12) 0.24

“TGA values shown in brackets. ® Based on mean S content from TGA
and XRF

energy of 169.9 eV following peroxide treatment, indicative of
complete thiol oxidation to sulfonic acid (Figure S57).

TGA was also performed to quantify the sulfonic acid
loading and thermal stability of untreated and functionalized
silicas (Fig. 6). SBA-15 tethered mercaptopropyl groups are
known to decompose by 350 °C,* whereas propylsulfonic
acid moieties are stable until 450 °C,* at which point they
decompose evolving C;Hg, SO, and H,0.#® No major weight loss
occurred below 450 °C for any of the functionalized materials,
confirming complete conversion of grafted thiols into the desired
sulfonic acid groups. The loss between 400 and 500 °C, and
corresponding calculated total S content shown in Table 2, is
in good agreement with the degree of sulfonation predicted by
XREF. Although the absolute S content is expected to reflect
changes in the total surface area across these different porous
solids, if the inherent properties of the exposed silica surface
remain identical then one would anticipate a constant surface
density of grafted groups. The fall in sulfonic acid group sur-
face density on transition from mesoporous to dual-templated
SBA-15 silicas is therefore likely associated with the longer

%
f

RSO, H-MM-SBA15-4

Weight loss / %

96 4

RSO, H-SBAI3

94 T T
200 400 600 800

Temperature / °C

Fig. 6 TGA profiles of sulfonic acid functionalized SBA-15 and MM-
SBA15-4 hierarchical macroporous-mesoporous silicas.
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calcination protocol required to synthesise the MM-SBA-15
family, and concomitant lower surface hydroxyl density for
subsequent thiol grafting.

It is important to note that the SBA-15 and MM-SBA15 ma-
terials retained their structural integrity post-functionalization.
Porosimetry and XRD (Figures S6 and S71) demonstrate the
mesopore network is essentially unchanged by sulfonic acid
grafting, while SEM confirms no impact on the longer range
macroporosity (Fig. 7).

3.0kV LEI

Fig. 7 SEM images of (a) as-prepared and (b) sulfonic acid function-
alized MM-SBA15-4 hierarchical macroporous-mesoporous silicas.

Catalytic reactivity

The efficacy of SBA-15 and MM-SBA15 sulfonic acid silicas
was subsequently evaluated towards the transesterification of
tricaprylin, a bulky C; TAG, and separate esterification of
palmitic acid (a C,, saturated FFA), with methanol (Scheme 1).
These chemistries represent the two key steps necessary for
the development of a heterogeneous biodiesel manufacturing
process, namely the removal of FFA impurities and subsequent
transformation of remaining TAGs through to fatty acid methyl
esters.

Co Cy o"‘c&,
o U/KO Catalyst + 0 .
cs /U\O/\I) + 3HC—OH T T g o\cH3 + HO
k. ‘n/o * 0 HO
0 Cy O

Scheme 1 Transesterification of tricaprylin to fatty acid methyl esters
and glycerol using methanol.

Steric factors render tricaprylin difficult to transesterify using
conventional solid acid catalysts,'** wherein diffusion-limited
kinetics are observed, making it an ideal model TAG with
which to assess potential benefits of the hierarchical solid
acids designed in this work. All samples proved active for
tricaprylin transesterification, albeit at a low level under these
mild conditions with only ~0.2 mmol converted after 6 h. Similar
low conversions are common in solid acid catalysed transesterifi-
cation at low temperature.®*' Higher conversions were attained
at elevated temperature (which necessitated autoclave operation
under autogeneous conditions to prevent solvent loss), however
the primary goal of this work was not to optimise FAME yields,
hence of greater interest is the impact of macropores upon the
initial reaction rate and concomitant turnover frequency (TOF,
calculated on a per SO;H site basis). Fig. 8 reveals a striking
enhancement in the rate of transesterification as a function
of increasing macropore density. The sulfonated MM-SBA15-
4 material is more than twice as active as the corresponding
sulfonated mesoporous SBA-15, despite its lower total surface
area and pore volume. We attribute this enhanced reactivity
to the greater accessibility of sulfonic acid sites within the
mesopores of MM-SBA15-X materials. This improved mass-
transport throughout the pore network could arise in two
different ways. First, the interpenetrating macropores could
simply act as large conduits to boost tricaprylin bulk diffusion
throughout catalyst particles. Alternatively, by breaking up the
mesopore domain size, macropore incorporation may increase
the density of accessible sulfonic acid active sites which are likely
located at the entrances to these mesopores. Smaller mesopore
domains arising in the latter scenario would result in a higher
local density of such accessible active sites per mesopore volume.
In light of the strong interdependence between macropore
content and mesopore domain size (the latter accounting for
the majority of active surface acid sites) we cannot easily
discriminate these two possible mechanisms and are therefore
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Fig. 8 Tricaprylin transesterification with MeOH over hierarchical
macro-mesoporous SBA-15 sulfonic acid silicas. Conversions after 6 h
at 60 °C.
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currently undertaking molecular dynamics simulations to better
understand and optimise TAG diffusion via tuning the relative
macropore versus mesopore diameters.

Similar benefits were conferred by macropores in the ester-
ification of palmitic acid over these hierarchical sulfonic acid
silicas (Fig. 9). For all materials, conversions were far superior
to those observed during the transesterification, as is well-
established in the literature, reaching 55% after 6 h using the
sulfonated MM-SBA15-4 catalyst. The associated TOFs reveal
a similar progressive increase with rising macroporosity, with
esterification proceeding 50% faster over the acid modified MM-
SBA15-4 than its SBA-15 countepart.
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Fig.9 Palmiticacid esterification with MeOH over hierarchical macro—

mesoporous SBA-15 sulfonic acid silicas. Conversions shown after 6 h
at 60 °C.

We are also investigating functionalization of this
macroporous—-mesoporous SBA-15 family with more active
surface acid and base species to further promote plant oil
transesterification and esterification.

Conclusions

Macroporous SBA-15 were synthesized via a simple protocol,
using polystyrene bead templates, in order to improve diffusion
of bulk molecules such as long-chain triglycerides and free
fatty acids. PS/TEOS ratios of 2/1 and 4/1 lead to a meso-
macroporous interconnected network of high specific surface
area. TOFs evaluated from tricaprylin methanolysis catalysed by
these sulfonic-acid functionalized silicas show that macropores
enhance reactivity. These materials could provide a solution
to mass-transport limitations encountered in industry when
producing biodiesel from bulky plant oils via heterogeneous
catalysis. Our preliminary study provides a new illustration of
how tailoring the physical properties of solids can improve their
catalytic application.
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Naltrindole, naltrindole analogs and the benzofuran congener naltriben have been prepared by
Fischer syntheses using mildly acidic, purely aqueous conditions. The preparation of naltrindole
and several analogs was accomplished under almost neutral conditions using just the
hydrochloride salts of naltrexone and various electron-rich and electron-poor phenylhydrazines in
boiling water. The products were obtained by simple filtration in good to excellent yields and with
high purities in the majority of cases. The route is suited to gram-scale synthesis, does not require
the use of organic solvents, minimizes the use of corrosive acids, and is simple, efficient and
environmentally friendly. Naltriben was prepared efficiently from the hydrochloride salts of
naltrexone and O-phenylhydroxylamine but more forcing conditions, 6.0 N HCI, were required.
A limitation to the method is the failure of Fischer cyclization between naltrexone and

nitro-substituted phenylhydrazines under aqueous conditions.

Introduction

Since their development by the Portoghese group, naltrindole!
(NTI, 1) and its benzofuran congener naltriben> (NTB, 2)
have become valuable tools for studies of opioid receptor
pharmacology (Fig. 1). These potent and selective & opioid
receptor antagonists were designed from the peptide enkephalin
using the message-address concept.? Tritiated NTT is routinely
used for 6 opioid receptor binding assays in vitro,* while tritiated
NTI analogs and tritiated NTB have been used for in vivo
studies of cerebral § opioid receptors in rodents.* Moreover,
a number of NTI analogs have been labeled with positron- and
single photon-emitting radionuclides for non-invasive imaging.®
In fact, carbon-11 labeled N 1’-methyl-NT1I¢ (Fig. 1) is in use for
clinical positron emission tomography (PET) imaging studies
of the & opioid receptors expressed by normal brain” and
heart,”™ as well as the J sites expressed by the primary tumors of
certain breast® and lung cancer patients.®® In our laboratories,
an area of current interest is the development of radiometal-
labeled, macrocyclic conjugates of NTI (Fig. 1) for studies of the
peripheral & opioid receptors expressed by some normal organs
and certain cancers.® Although small samples of NTT and NTB
for pharmacology studies are commercially available, continued
advances in the field would be facilitated by simple, scalable
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Fig. 1 Naltrindole, naltriben and selected analogs.

and environmentally friendly methods for preparation of gram
quantities of NTI, NTB and analogs for synthetic elaborations
and pharmacological evaluations."

NTI and derivatives having a variety of substituents have been
obtained in moderate to good yields by Fischer cyclizations
between naltrexone (NTX), a ketonic 4,5a-epoxymorphinan,
and various phenylhydrazines as exemplified in Scheme 1.4
Similarly, NTB and analogs have been obtained by using NTX
and O-phenylhydroxylamines.!® These reactions use strongly
acidic conditions, such as concentrated HCI or methanesulfonic
acid, and take place at elevated temperatures in organic solvents,
such as refluxing ethanol or acetic acid. A milder variant using
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Table 1 Exploratory screening of conditions for Fischer synthesis of NTI (1)

“Reactants ®Conditions

NTX-HCI, Phenylhydrazine. HCI
NTX-HCI, Phenylhydrazine. HCI

NTX-HCI, Phenylhydrazine. HC1 0.01 -6 N HC1
NTX-HCI, Phenylhydrazine-HCl H,0
NTX base, Phenylhydrazine-HCI H,O

Amberlyst-15®, toluene
Amberlyst-15®, CH;OH

“Product(s) ¢Conversion (%)
YNTX-phenylhydrazone ~100
NTI ~100
NTI ~100
NTI ~100
NTI ~50
YNTX-phenylhydrazone ~50

“NTX-HCI (10 mg, 25 umol) and phenylhydrazine-HCI (1.2 equiv). * Reflux, 1.5 h. ¢ Product assignments and estimates of conversion are from visual
inspection of analytical silica gel TLC of reaction mixtures as compared to standard samples of reactants and products. TLC used cyclohexane/EtOAc
(25/75) containing 1% triethylamine: R; 0.41, NTX; R; 0.29, NTL; R; 0.51, NTX-phenylhydrazone.  NTX-phenylhydrazone was identified in the
crude mixtures by HRMS (ESI): caled for CyH3N;O; [M+H]* 432.2287; found 432.2271.

OH e [ NRe
N
—
HO 9 o

R=H,X=H
R=CHa, X =H

R=H, X =5-0CHs

R=H, X=7-Cl
R=H,X=7-F

R = CH,CHg, X = 5", 7"-diBr
R=H, X=5-NOs

1,
3,
4,
5,
6,
7,
8,

Scheme 1 Fischer synthesis of naltrindole and analogs from naltrexone.

just 2 equivalents of p-toluenesulfonic acid in ethanol at reflux
has been reported for the Fischer synthesis of several NTI
analogs.’® Overall, fairly harsh conditions are typical for the
classical Fischer indole synthesis.!!

Recently, a variety of synthetic modifications have been
introduced to increase the practicality, and to lessen the envi-
ronmental impact, of the Fischer cyclization. This is particularly
important from the process chemistry viewpoint.'”> Hazardous
materials have been reduced by use of Brensted or Lewis
acids in ionic liquids, followed by filtration or sublimation
for product isolation.”® Mild solid acids, including zeolites*
and montmorillonite clays,'**¢ have been used as catalysts for
some Fischer reactions, although organic solvents, such as
acetic acid, dihydropyran and aqueous dimethylacetamide, are
employed. Zinc chloride has been used successfully in truly
catalytic quantities during microwave-assisted Fischer reactions
conducted in biodegradable triethyleneglycol.’*® The reusable
catalysts, Amberlyst-15®"* and bismuth nitrate,'** have also
been used to promote Fischer indole synthesis in organic
solvents.

Here we report “green” Fischer syntheses of NTI and several
analogs using essentially neutral and purely aqueous media
at reflux. Aqueous mineral acids, however, were required for
efficient synthesis of NTB. The majority of reactions led to the
targets in good to excellent yields, and furnished compounds
of high purity after simple filtration or centrifugation. These
economical and efficient methods do not require the use of
organic solvents, minimize the use of corrosive acids, and

provide an environmentally friendly synthetic approach to this
important class of opioid receptor ligands.

Results and discussion

We explored several conditions on a small scale for Fischer
synthesis of NTI (1) from NTX-HCI and phenylhydrazine-HCl
using various acids and solvents at reflux for 1.5 h (Table 1,
Scheme 1). Initial studies using the strongly acidic resin
Amberlyst-15® in refluxing toluene led quantitatively to a non-
polar compound that remained stable even during extended
reaction times (ca. 10 h). This material was isolated by filtration,
and characterized as the phenylhydrazone of NTX by mass spec-
troscopy. Interestingly, the use of Amberlyst-15® in refluxing
methanol for 1.5 h gave quantitative conversion to NTI-HCI.
Although Amberlyst-15® has some advantages as a reusable
heterogeneous catalyst, the use of water alone and dilute mineral
acids proved simpler and just as efficient. In model reactions,
treating NTX-HCI with phenylhydrazine-HCI in aqueous HCl
ranging from 0.01 to 6.0 N at reflux for 1.5 h led quantitatively to
NTI-HCl by TLC. A 90% yield of NTI-HCI, pure by reversed-
phase HPLC, was obtained on a 1.3 mmol scale by using 0.1
N HCI followed by filtration. Similar aqueous conditions, 4%
H,SO, at reflux, have previously been employed for Fischer
synthesis of various pharmacologically active tryptamines,'¢*®
and indole analogs of the antipsychotic butyrophenones.'*
Next, we investigated the degree of acidity required for NTI
synthesis in water. The minimum amount of HCI necessary was
found to be just two molar equivalents, corresponding to that
provided by the hydrochloride salts of the reactants. Quantitative
conversion of NTX-HCI and phenylhydrazine-HCl to NTI-HCl
in boiling water was observed by TLC over 1.5 h. By contrast,
treating the free base of NTX with phenylhydrazine-HCI under
the same conditions for 2.5 h led to a roughly equimolar
mixture of NTI and a compound tentatively assigned by mass
spectroscopy of the crude mixture as the phenylhydrazone of
NTX. Presumably, the phenylhydrazone is formed quantita-
tively, but one equivalent of HCI is not sufficient to promote
isomerization to the ene-hydrazine tautomer necessary for [3,3]-
sigmatropic rearrangement to the indole.!

The novel synthesis of NTT using just the hydrochloride salts
of the reactants in boiling water is particularly mild, pH ~ 5,
and proved efficient and convenient on a preparative scale. We
obtained 3.6 g (96%) of pure NTI-HCI (8 mmol) after bringing
an equimolar mixture of the salts to reflux and stirring for
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Table 2 Preparation of NTI, NTI congeners and NTB in aqueous media at reflux

% Yield Aqueous % Yield Classical

Reactants Product Conditions % Purity Conditions Conditions
NTX-HCI, Phenylhydrazine-HCl NTI H,O0, precipitation 99 97 714
NTI-HCI 1 H,O0, filtration, 4 °C 99 96
NTX-HCI, N1’-Me-NTI-HC1 3 HC10.1 N, centrifugation, 99 73 584
1-Methyl-1-phenylhydrazine 4°C
HCI10.1 N, evaporation 98 97
NTX-HC], NTB-HCI1 2 HCI1 6.0 N, filtration, 4 °C 98 93 80°
O-Phenylhydroxylamine-HCl
NTX-HC], 5-OMe-NTI-HCl1 4 H,O, centrifugation, 4 °C 95 61 56°
p-Methoxyphenylhydrazine-HCl
NTX-HC], 7’-CI-NTI-HCI 5 HCI10.1 N, filtration, 4 °C 90 78¢ 77
0-Chlorophenylhydrazine-HCl
NTX-HCI, 7-F-NTI-HCI 6 H,O, centrifugation, 4°C 71 53¢ 50¢
o-Fluorophenylhydrazine-HCl
NTX-HCI, N-Ethyl-2.4- N1’-Et-5",7-dibromo-NTI-HC1 7 H,O, extraction and 98 27 134
dibromophenylhydrazine-HCI chromatography
NTX-HC], HO -HC19 HCI 0.1 N, filtration 96 75 -
o-Nitrophenylhydrazine
Q
N
OH
NG

|
HN

OQN" 2

“Ref. 1. ® Present work. ¢ Molar yield calculated based on HPLC data as if purification to homogeneity were performed. Isolated yields of stated

purity reported for other cases. ¢ Ref. 4a. ¢ Ref. 2.

45 min, followed by cooling and simple filtration of the product
that has low solubility in water (Table 2). Alternatively, the
free base of NTI could be prepared, with similar results, by
careful addition of solid potassium carbonate to precipitate the
product from the hot reaction medium. The method can also be
applied to N-substituted phenylhydrazines as long as sufficient
acid is available. Treatment of NTX-HCI with I-methyl-1-
phenylhydrazine in refluxing HCI1 (0.1 N) for 90 min, followed
by chilling and centrifugation at 4 °C, gave N'1’-methyl-NTT (3)
in 73% yield with high purity (Table 2, Scheme 1). Alternatively,
3 was obtained in nearly quantitative yield and with high
purity after evaporation of the reaction medium (Table 2). In
marked contrast, reaction of NTX-HCI with the free base of 1-
methyl-1-phenylhydrazine in plain water was not complete even
after extended times. Next, we attempted to obtain NTB (2,
Fig. 1) from NTX-HCI and phenylhydroxylamine-HCl under
aqueous conditions. NTB synthesis in water or dilute HCI
proved sluggish. However, NTB-HCL was obtained in 90% yield
with 98% purity by using boiling 6.0 N HCI followed by cooling
and filtration. This procedure proved more convenient than
the use of refluxing methanesulfonic acid for NTB synthesis
as previously described.?

To gain insight into the scope and limitations of such
aqueous Fischer syntheses, we treated various aryl-substituted
phenylhydrazines with NTX-HCI (Table 2, Scheme 1). Treat-
ment of electron-rich p-methoxyphenylhydrazine-HCl with
NTX-HCI in boiling water gave 5-OMe-NTI-HCI (4) in 61%
isolated yield with 95% purity. The yield proved similar to
the 56% reported when boiling acetic acid was used,' but

without the need for organic solvents or a discrete purification
step.

We then examined the reactivity of electron-deficient
phenylhydrazines (Table 2). In the halogen series, o-
chlorophenylhydrazine-HCI reacted with NTX-HCI in boiling
water to give 7-CI-NTI-HCI (5) in 74% yield with 90%
purity after filtration. This derivative has not been described
previously to our knowledge, so we also used typical Fis-
cher conditions for synthesis. Refluxing NTX-HCI and o-
chlorophenylhydrazine-HCl in methanol/HCI (g) for 4.5 h,
followed by workup and flash chromatography, provided 5 in
54% yield. Thus, synthesis in water and isolation by filtration
provides a simpler alternative that gives fairly comparable
results. 7-F-NTI (6) was formed as the major product resulting
from refluxing NTX-HCI and o-fluorophenylhydrazine-HCI in
water. However, evaporation followed by HPLC analysis showed
only 42% purity and a calculated yield of 49%. Purity was
increased to a more acceptable 71% by chilling the mixture
and isolating the product by centrifugation in 53% yield. Using
methanol/HCI (g) at reflux, 6 was obtained previously in 50%
yield after recrystallization.!

We then explored Fischer cyclization between NTX-HCI
and N-ethyl-2,4-dibromophenylhydrazine-HCI. This synthesis
was best conducted under dilute conditions, and the poorly
reactive dihalophenylhydrazine had to be used in two-fold excess
to achieve significant conversion. Nonetheless, N1’-ethyl-5",7’-
dibromo-NTI-HCI (7) was obtained after chromatography in
27% yield with >98% purity. Although rigorous purification was
required and the isolated yield was low, the results still compare
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favorably to the 13% yield reported for preparation of 7 under
harsher, classical conditions (concentrated HCl/glacial HOAc)
for use as the precursor to [*H]-N1’-Et-NTI-HCl.*

Fischer synthesis of even simple nitroindoles is difficult, and
requires forcing conditions such as polyphosphoric acid or 85%
phosphoric acid/toluene at elevated temperatures.”” Notably,
Portoghese and colleagues were able to prepare 5-NO,-NTI (8)
in 55% yield using concentrated HCl/glacial HOAc at reflux.!
Treatment of NTX-HCI with p-nitrophenylhydrazine failed to
provide 8 under a variety of aqueous conditions (0.1 - 12 N
HCI, reflux). We then tested the reactivity of NTX-HCI with
o-nitrophenylhydrazine in boiling 0.1 N HCIl and observed
a clean reaction by TLC and HPLC. However, the product
obtained by filtration and drying was not 7-NO,-NTI (R =
H, X = 7-NO,; Scheme 1), but o-nitrophenylhydrazone 9
which was obtained in 71% yield with 96% purity (Table 2).
Although phenylhydrazones are intermediates in the Fischer
cyclization, this compound could not be forced to cyclize after
extended reaction times in aqueous acid. Apparently, reactivity is
diminished predominantly by electronic rather than steric effects
under aqueous conditions since neither p- nor o-nitro groups
permitted cyclization. Thus, nitro-substituted NTI analogs are
best prepared under the classical, harsher conditions.

Conclusion

We have described novel Fischer indole syntheses of NTI, indole
ring-substituted NTI analogs, and the benzofuran congener
NTB under mildly acidic, purely aqueous conditions. Two equiv-
alents of HCI were required to promote the condensation and
rearrangement steps of the Fischer reaction, allowing synthesis
of NTI and analogs using just the hydrochloride salts of NTX
and the various phenylhydrazines in boiling water. In one case
where the HCI salt of the phenylhydrazine was not available,
the reaction took place efficiently in dilute HCI (0.1 N). No-
tably, these mild conditions sufficed for both electron-rich and
electron-poor phenylhydrazines, but failed to furnish the corre-
sponding indoles when the phenylhydrazine was substituted with
strongly electron-withdrawing nitro groups. With the exception
of poorly reactive N-ethyl-2,4-dibromophenylhydrazine-HCI,
the phenylhydrazines were used in only 2 - 10% molar excess
relative to NTX-HCI. Thus, convergent synthesis of more
elaborate NTI analogs from NTX using only a slight excess
of complex phenylhydrazines from custom synthesis seems
feasible. The aqueous Fischer reaction between NTX-HCI
and phenylhydroxylamine-HCI to produce NTB-HCI was best
accomplished using boiling 6.0 N HCI. The synthesis of NTB
analogs from substituted phenylhydroxylamines may also be
possible, but was not explored in our study. The Fischer products
were easily obtained by filtration or centrifugation due to their
insolubility in water with respect to the reactants and byproducts
(e.g., NH,CI). In the majority of cases, product yields and
purities were good to excellent. These mild aqueous conditions
provide a simple, efficient, scalable and environmentally friendly
alternative to the harsher Fischer conditions typically used for
the preparation of NTI, NTB and analogs. Moreover, the use
of only the acid salts of Fischer reaction components in water
may have a degree of general applicability, and could circumvent

problems encountered under the standard conditions when the
product proves acid-sensitive.'®

Experimental
General information

Reagents and solvents were the best grades available, and
were used as received. Naltrexone-HCl was obtained from
Mallinckrodt, Inc. Naltrindole hydrochloride and naltriben
methanesulfonate were purchased as reference standards from
Sigma-Aldrich, Inc. Known, but commercially unavailable,
naltrindole derivatives were synthesized for reference as de-
scribed previously.™** TLC was done on Macherey-Nagel silica
gel 60 UV254 (250 um) plates. Flash chromatography was
conducted with EM Science 9385 silica gel 60 (230 - 400 mesh)
under N2 pressure. Reversed-phase column chromatography
was performed under N2 pressure using C18 (35-75 um) from
Analtech. High resolution mass spectroscopy (HRMS) using
electrospray (ESI) mode was done at the University of Min-
nesota. '"H NMR spectra were obtained on Bruker spectrometers
at 300 MHz. Chemical shifts are parts per million (3) relative
to residual solvent (CHCl;, 7.24 ppm), or to TMS (0.00 ppm)
as an internal standard. Elemental analyses were performed by
Atlantic Microlab, Inc.

17-(Cyclopropylmethyl)-6,7-didehydro-4,50-epoxy-3,14-dihy-
droxy-indolo[6,7:2',3'] morphinan (naltrindole, NTI, 1). Proce-
dure A (NTI free base). NTX-HCI (3.00 g, 7.94 mmol) and
phenylhydrazine-HCI (1.18 g, 8.08 mmol, 1.02 equiv) were
dissolved in water (60 mL) with stirring at ambient temperature.
After approximately 5 min a heavy precipitate, presumably the
phenylhydrazone, was formed. The mixture was then brought to
boiling and a clear yellow solution was obtained. After reflux for
45 min, solid K,CO; (2.00 g, 14.5 mmol) was added cautiously
and in small portions. The mixture was then cooled to ambient
temperature, and a yellow paste was obtained by filtration.
Trituration with water followed by drying in vacuo at 45 °C gave
NTI-0.7 H,O (3.32 g, 98%) as a beige powder of 99% purity by
reversed-phase HPLC. Characteristic'H NMR signals! (CDCl;,
300 MHz): 6 8.15 (s, 1H), 7.39 (d, J = 7.8 Hz, 1H), 7.25 (d, J =
7.8 Hz, 1H), 7.12(dd, J =7.2Hz,J = 7.8 Hz, 1H), 7.0 (dd, J =
7.2 Hz, J = 7.8 Hz, 1H). HRMS (ESI) caled for C,xH,;N,O;
[M+H]* 415.2022; found: 415.2002. Anal. Calcd for C,sH,N,O;
-0.7 H,0: C, 73.11; H, 6.47; N, 6.56. Found: C, 73.15; H, 6.19;
N, 6.63.

Procedure B (NTI-HCIl). As described above, NTX-HCI
(3.00 g, 794 mmol) and phenylhydrazine-HCl (1.18 g,
8.08 mmol) in water (60 mL) were brought to reflux for 45 min.
The mixture was cooled to ambient temperature, and then chilled
at 4 °C for 1 h. The resulting pale yellow solid was filtered,
triturated with ice-cold water, and then dried in vacuo at 45 °C
to give NTI-HCI-1.8 H,O (3.57 g, 93%) as a pale beige powder
of > 99% purity by reversed-phase HPLC. Anal. Calcd for
C,H,;,CIN,O; + 1.8 H,0: C, 64.60; H, 6.38; N, 5.80. Found:
C, 64.58; H, 6.26; N, 6.17.

17-(Cyclopropylmethyl)-6,7-dehydro-4,5a-epoxy-3,14-dihydr-
oxy-1"-methyl-indolo [6,7:2",3'] morphinan hydrochloride (N1’-
methyINTI-HCI, 3). Procedure A (isolation by centrifugation).
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A mixture of NTX-HCI (0.15 g, 0.40 mmol) and 1-methyl-1-
phenylhydrazine (50 uL, 0.052 g, 0.42 mmol) was dissolved in
0.1 N HCI (3 mL) using a 15 mL plastic centrifuge tube as the
reaction vessel. After heating in a boiling water bath for 1.5 h, the
mixture was cooled to ambient temperature and then chilled at
4 °C for 30 min. After centrifugation (10,000 rpm, 4 °C; 5 min),
the supernatant was discarded and the precipitate dried in vacuo
at 45 °C to furnish N1’-Me-NTI-HCI (0.14 g, 73%) as a beige
powder of 99% purity by reversed-phase HPLC. Characteristic
"H NMR signals! for the free base (CDCl;, 300 MHz): 6 7.40 (d,
J=17.8Hz, 1H),7.23(d, J =8.2 Hz, 1H), 7.17 (ddd, J = 1.0 Hz,
J=69Hz,J=8.2Hz,1H),7.0(ddd,/=1.0Hz,J =6.9Hz,J =
7.8 Hz, 1H), 3.80 (s, 3H). HRMS (ESI) calcd for C,,H,N,O;
[M+H]* 429.2173; found: 429.2162. Procedure B (isolation by
evaporation). As described above, NTX-HCI(0.15 g, 0.40 mmol)
and 1-methyl-1-phenylhydrazine (50 uL, 0.052 g, 0.42 mmol) in
0.1 N HCI (3 mL) were heated in a boiling water bath for 1.5 h,
and then cooled to ambient temperature. The entire reaction
mixture was evaporated to dryness under reduced pressure, and
then dried in vacuo at 45 °C to furnish N1’-Me-NTI-HC1(0.20 g,
97%) as a beige powder of 98% purity by reversed-phase HPLC.

17-(Cyclopropylmethyl)- 6,7 - didehydro-4,5a - epoxy-3,14- di-
hydroxy-benzo[b]furano [6,7:2",3'] morphinan hydrochloride (nal-
triben hydrochloride, NTB-HCI, 2). A mixture of NTX-HCI
(1.13 g, 3.00 mmol) and O-phenylhydroxylamine-HCI (0.46 g,
3.16 mmol, 1.05 equiv) in 6.0 N HCI (30 mL) was refluxed for
4 h. The reaction was cooled to ambient temperature, and then
refrigerated at 4 °C overnight. The precipitate was collected by
filtration, and washed with ice-cold 6.0 N HCI until the filtrate
was colorless. The solid was dried in vacuo at 45 °C to furnish
NTB-HCI(1.26 g, 93%) as a pale brown powder of 98% purity by
reversed-phase HPLC. Characteristic 'H NMR signals® for the
free base (CDCl;, 300 MHz): 6 7.42 (d, J = 8.1 Hz, 1H), 7.37 (d,
J=7.4Hz, 1H),7.25(ddd, J =1.3Hz,J =7.2Hz,J = 8.1 Hz,
1H),7.15(ddd, J =09 Hz,J =7.2 Hz, J = 7.4 Hz, |H). HRMS
(ESI) calcd for C,sHysNO, [M+H]* 416.1862; found: 416.1869.

17-(Cyclopropylmethyl)-6,7 -didehydro-4,50.-epoxy-3,14-di-
hydroxy -7’ - chloro - indolo[6,7:2",3’] morphinan (7’ - chloronaltri-
ndole, 7’-CI-NTI, 5). Procedure A (classical Fischer conditions,
free base). A mixture of NTX-HCI (0.75 g, 2.0 mmol) and 2-
chlorophenylhydrazine-HCI (0.54 g, 3.0 mmol) was dissolved in
MeOH (20 mL) that had been treated with HCI (g) to 10% by
weight. After reflux under nitrogen for 4.5 h, the reaction mixture
was cooled, and solvent removed under reduced pressure. The
residue was dissolved in MeOH, and then partitioned between
EtOAc and saturated Na,CO;. The combined organic extracts
were dried (Na,SO,), filtered and concentrated under reduced
pressure. The residue was purified by flash chromatography
using a gradient of hexane/EtOAc (70/30) containing 2 - 10%
MeOH and 2% triethylamine to give 0.72 g (77%) of 7-CI-NTI
monohydrate as a yellow powder (mp 240 °C, dec). '"H NMR
(CDCl;, 300 MHz): 6 8.52 (s, 1H), 7.27 (d, J = 9.0 Hz, 1H), 7.09
(d,J=7.5Hz,1H),691 (t,J/ =7.7Hz, 1 H), 6.62(d, J = 8.1 Hz,
1H), 6.54 (d, J = 8.1 Hz, 1H), 5.67 (s, 1H), 5.23 (br. s, 1H), 3.37
(d,J =6.1Hz),3.13(d, J = 18.5Hz, 1H), 2.86 (d, J = 15.5 Hz,
1H), 2.81 - 2.73 (m, 2H), 2.63 (d, J = 15.5 Hz, 1H), 2.49 - 2.25
(m, 4H), 1.77(d, J = 11.8 Hz, 1H) 1.26 (br s, 1 H), 0.89 (m, 1H),
0.57 (d, J = 7.3 Hz, 2H), 0.17 (d, J = 4.6 Hz, 2H). Anal. Calcd

for C,xH,sCIN,O; - H,O: C, 66.88; H, 5.82; N, 6.00. Found: C,
67.29; H, 5.54; N, 5.93. Procedure B (aqueous Fischer conditions,
HCI salt): A mixture of NTX-HCI (0.15 g, 0.40 mmol) and 2-
chlorophenylhydrazine-HCI (0.080 g, 0.44 mmol) was dissolved
in water (3.0 mL) using a 15 mL plastic centrifuge tube as
the reaction vessel. After heating in a boiling water bath for
1.5 h, the mixture was cooled to ambient temperature and then
chilled at 4 °C for 30 min to give a brown precipitate. After
centrifugation (10,000 rpm, 4 °C; 5 min), the supernatant was
discarded and the precipitate suspended in ice-cold 0.1 N HCI
(2 mL), vortexed thoroughly, and then centrifuged again. This
process was repeated three times, and the solid was then dried
in vacuo at 45 °C to furnish 7"-CI-NTI-HCI-0.4 H,O (0.16 g)
as a brown powder of 90% purity by reversed phase HPLC in
an effective 78% molar yield when adjusted for purity. 'H NMR
data obtained for the free base as reported in Procedure A above.
HRMS (ESI) caled for C,sHosCIN,O; [M+H]* 449.1626; found:
449.1618. Anal. Calcd for C,xH,;CIN,O; - 0.4 H,O: C, 68.46; H,
5.70; N, 6.14, Cl, 7.77. Found: C, 68.43; H, 6.25; N, 6.46, Cl,
7.92.

17-(Cyclopropylmethyl)-4,5a.-epoxy -3, 14-dihydroxymorphi-
nan-6-one, (E)-2-nitrophenylhydrazone hydrochloride (naltrex-
one o-nitrophenylhydrazone-HCL, 9). A mixture of NTX-HCI
(0.15 g, 0.40 mmol) and o-nitrophenylhydrazine (0.065 g,
0.41 mmol, 1.03 equiv) in 0.1 N HCI (3 mL) was refluxed
for 1.5 h, and then cooled to ambient temperature. The bright
orange paste was collected by filtration, and washed with 0.1
N HCI until the filtrate was pale yellow. The solid was dried in
vacuo at 45 °C to furnish the monohydrate of the title compound
(0.16 g, 75%) as a yellow powder of 96% purity by reversed-phase
HPLC. '"H NMR (free base, CDCl;, 300 MHz): 6 12.74 (s, 1H),
8.11 (dd, J = 1.2 Hz, J = 7.6 Hz, 1H), 7.77 (dd, J = 1.2 Hz,
J=28.5Hz,1H),7.47 (ddd, J =12 Hz,J =7.0 Hz,J = 7.6 Hz,
1H), 6.77 (ddd, J = 1.2 Hz, J = 7.0 Hz, J = 8.5 Hz, 1H), 6.69
(d, J = 8.1 Hz, 1H), 6.59 (d, J = 8.1 Hz, 1H), 5.49 (bs, 1H),
5.36 (s, IH), 5.13 (bs, 1H), 3.15(d, J = 6.1 Hz, 1H), 3.03 (d, J =
18.5 Hz, 1H), 2.94 (m, 1H), 2.70 (dd, J/ = 4.3 Hz, J = 11.9 Hz,
1H), 2.58 (dd, J = 6.1 Hz, J = 18.5 Hz, 1H), 2.46 (m, 1H), 2.39
(d, J = 6.6 Hz, 2H), 2.33 (dd, J/ = 4.9 Hz, J = 11.9 Hz, 1H),
2.16 (m, 1H), 1.71 (m, 1H), 1.56 (m, 2H), 0.85 (m, 1H), 0.54 (m,
2H), 0.13 (m, 2H). HRMS (ESI) calcd for C,xH,yN,Os [M+H]*
477.2138; found: 477.2154. Anal. Calcd for C,xH,;CIN,O; -
H,O: C, 58.92; H, 5.71; N, 10.57. Found: C, 58.78; H, 5.68;
N, 10.51.
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A miniature catalytic reactor has been developed for the oxidation of alcohols with O, in
supercritical CO,. Particular attention has been given to ensuring good mixing of O, and CO,
prior to contact with the substrate. The reactor was optimised using the oxidation of 2-octanol
over 5% Pt + 1% Bi on Al,O, and the mass balance was measured. The reactor was then evaluated
for the oxidation of a series of secondary alcohols, and also the primary alcohol, 1-octanol.

Introduction

Devising cleaner and more efficient oxidation reactions is still a
major challenge for green chemistry. Supercritical CO, (scCO,)
is an appealing solvent in this context because it is already fully
oxidised and cannot react with O,. scCO, has an excellent heat
capacity, and is also completely miscible with O,. The use of
O, as an oxidant in scCO, has been reported by numerous
authors, for example Wang ef al.,'! He et al.,* and Kimmerle
et al.,* and a comprehensive review of these reactions has been
recently published by Seki and Baiker.* In addition, we have
demonstrated® that O, can be combined with a CO,-soluble
photosensitiser to perform reactions of singlet O, in scCO, as
efficiently as in CCl,.

Most relevant to this paper has been the elegant work by
Baiker on the continuous oxidation of 2-octanol.* He and his co-
workers were able to achieve good selectivities for the formation
of 2-octanone combined with a long catalyst lifetime. However,
this was with relatively low conversions because of difficulties in
dissipating the heat produced by the reaction. They also oxidised
1-octanol, but with lower selectivity than with 2-octanol.

The aim of the work reported here was to build on Baiker’s
experiments by increasing both the yield and the selectivity to
2-octanone, while also achieving a high mass balance. As we
show later, a significant amount of organic material can be
lost through total oxidation. We have examined the reactions
of other secondary alcohols, and the oxidation of 1-octanol, a
more challenging substrate, because the intermediate aldehyde
can be oxidised further to form the corresponding carboxylic
acid.

The apparatus and its development

Safety warning: High pressure experiments are potentially dan-
gerous and high pressure oxidations have the additional possibility
of runaway reactions leading to explosive failure of the equipment.

School of Chemistry, University of Nottingham, University Park,
Nottingham, UK NG7 2RD.

E-mail: martyn.poliakoff@nottingham.ac.uk; Fax: +44 (0)115 951
3058; Tel: +44 (0)115 951 3520

It is the responsibility of researchers to ensure the suitability of
their own equipment.

The apparatus which we have developed for continuous flow
oxidations in scCO, differs from previous continuous flow
equipment in a number of ways, all aimed at enabling O, to
be used safely at high pressures. The apparatus also differs from
that of Baiker in that it is much smaller, because miniaturisation
reduces the risks even further. Our initial objective was to
demonstrate that the apparatus could be used safely, reliably
and predictably before any further studies could take place.

The final apparatus design, shown in Fig. 1, is a substantially
modified version of that previously used in our group for con-
tinuous hydrogenations in scCO,.” As with the hydrogenations,
a Rheodyne 7000L switching valve was used to dose O, (rather
than H,) into the CO, stream. The higher the rate of valve
switching, the higher the concentration of O, in the scCO,.

An initial series of experiments was conducted to ensure
that the concentration of O, was both accurately controllable
and reproducible using this particular gas dosing method. For
increased safety, these first tests were carried out using N, rather
than O, because, under these conditions, the physical properties
of N, and O, are very similar. Thus, N, in CO, was tested with
gas dosing frequencies calculated to deliver concentrations of
5 or 10 mol% N,, comparable to those of O, used elsewhere.®®
The mixture of N, and CO, was passed through a heated, sand-
filled reactor and the concentration of N, was monitored at the
BPR outlet by a microGC fitted with a Thermal Conductivity
Detector (TCD).

The traces in Fig. 2(a) clearly demonstrate that the concentra-
tion of N, fluctuated substantially over time, despite maintaining
a mean concentration close to the calculated value. Therefore,
both the gas dosing volume and the gas over-pressure were
reduced so that the gas dosage frequency could be increased,
while still delivering the same amount of gas at the reactor
outlet. Fig. 2(b) shows the effectiveness of these modifications,
now using O, for the same target concentrations as previously.
It is clear that the large fluctuations in gas concentration have
been smoothed out, resulting in a more uniform concentration.
A model liquid substrate was also introduced in a further set of
experiments (not shown here) to demonstrate that the control
over the gas concentration was maintained under near-reaction
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Fig. 1 Schematic of the scCO, oxidation reaction system. The CO,
is pressurised and delivered by a Peltier-cooled piston pump P-1 (Jasco
PU-1580-CO,) in constant flow mode. O, is dosed in at a known pressure
(set by a cylinder regulator CR) into the system by a 6-port HPLC
switching valve GD (Rheodyne 7000L) fitted with small gas reservoirs
(50-200 uL), the supply being isolable using the needle valve (V-2).
Organic substrates are delivered at a constant flow rate via an HPLC
pump, P-1 (Jasco PU-980). The CO, stream is divided into two, and
then each stream mixed separately with O, and substrate. The O, is
mixed with CO, in a static mixer M-1 (a sand-filled reactor) heated
to 60 °C, before being combined with the CO, + substrate stream
in another static mixer M-2 (a Y-piece). The mixed stream is then
passed through a packed catalyst bed with an internal thermocouple.
Products are collected after depressurisation of the fluid mixture with an
electronically-controlled backpressure regulator, BPR (Jasco BP-1580-
81). Since the commissioning of the equipment, it was realised that safer
operation could be realised by eliminating the pipework shown with a
dashed line, as, if there is a blockage, it is possible for the flow to be
reversed. However, most of the experiments in this work were conducted
with this pipe in place.
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Fig. 2 Traces showing the results of the gas dosing experiments with
a nominal 5 and 10 mol% of gas. (a) shows the large variation in N,
concentration in the original apparatus and (b) shows the results for
the equivalent experiments for O, after alteration of the apparatus,
showing the improvement in homogeneity. Conditions: pressure: 100
bar; temperature: 50 °C; CO, flow rate: | mL min™, with (a) gas reservoir
volume: 500 puL, N, over-pressure: 50 bar; and (b) gas reservoir size:
100 uL, O, over-pressure: 50 bar.

conditions. However, our test oxidation reaction showed that
further modification of the apparatus was required.

Oxidation of 2-octanol
Test reaction

The oxidation of 2-octanol was chosen as the test reaction
as both the starting material and products are liquids and
the reaction is relatively simple, with octenes being the only
significant by-product, as in Scheme 1.

OH o]
oy 220 I oy o0
CsHs Catalyst CsHe £

C ataly&

-y CsHyq = H0
Scheme 1  Oxidation of 2-octanol with O, and a catalyst, including the
possible dehydration side-reaction.

Previous investigations by Baiker et al.*® had shown that this
reaction works well in scCO,. However, we found supported
Pt catalysts to be more active than Pd catalysts similar to those
used by Baiker. In particular, a supported platinum and bismuth
catalyst was chosen as further studies by ourselves and others
have shown this to be less susceptible to deactivation than Pt
alone.*!!

A 0.5 mm diameter thermocouple was carefully pushed
upwards through the centre of the reactor, so that the tip was
situated half-way up the catalyst bed. This thermocouple was
connected to a data logger to provide continuous recording
of the internal temperature of the catalyst bed. The small size
of this thermocouple and its direct contact with the catalyst
meant it was able to respond rapidly to any temperature changes
occurring in the reactor. The oxidation of 2-octanol was then
performed under conditions similar to those used by Baiker
et al. The temperature data produced from this experiment are
shown in Fig. 3(a), where it can be seen that large, regular
exotherms occurred within the catalyst bed, with temperature
spikes of >300 °C. This can easily be explained by the fact
that an inhomogeneous O, concentration will lead to higher
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Fig.3 Traces of the temperature at the centre of the catalyst bed during
the oxidation of 2-octanol (a) before and (b) after further reducing the
gas reservoir volume from 100 uL to 20 uL, and adding an additional
heated mixer to the CO, + O, stream. Conditions: pressure: 100 bar,
temperature: 150 °C, CO, flow rate: 0.5 mL min™, 2-octanol: 2.50 mol%,
0,:2-octanol ratio: 1.5.
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local O, concentrations. This will increase the rate of reaction
in these regions, which, since the reaction is exothermic, would
increase the temperature, causing a further increase in the rate
etc., leading to a “hot-spot”.

The frequency of these exotherms was identical to the
O, dosing rate, indicating that the O, concentration was
still inhomogeneous within the reactor, with variations large
enough to cause substantial over-oxidation, probably to CO,
and H,O, because no other species were detected by offline
GC. The temperatures reached were also high enough to rapidly
deactivate the catalyst, presumably by sintering of the metal
component. When the experiment was continued further, the
measured temperature inside the reactor returned to 150 °C,
indicating that the reaction had ceased in the region around
the thermocouple. Approximately 30 minutes later, no more 2-
octanone was detected at the BPR outlet, demonstrating that
the whole catalyst bed was now inactive. Fig. 3(b) shows that
the exotherm problem could be completely removed when the
mixing of O, and CO, upstream of the reactor was improved
even further by 1) reducing the gas reservoir volume again from
100 uL down to 20 uL, and 2), adding an additional static mixer
heated to 60 °C in the CO, + O, flow path (labelled M-1 in
Fig. 1).

Once the apparatus had been completely modified, the
reaction gave a steady yield of 2-octanone of 75% for 5 hours
with no evidence for catalyst deactivation or the formation of
octenes.

Mass balance

The real test of this reaction is to establish an accurate mass
balance. This is complicated in oxidation reactions by the fact
that over-oxidation can lead to the formation of CO,, which
would be masked by the large excess of CO, used here as the
solvent. Nevertheless, a series of experiments were conducted to
determine the mass balance of the reaction.

Two different reactor designs were tested, as shown in Fig. 4;
one was the original tubular reactor, and the second was a
catalyst-filled tee-piece. Experiments were conducted using each
reactor with varying O,:2-octanol ratios. The quantities of 2-
octanol and 2-octanone recovered at the outlet were accurately
measured and compared to the quantity of 2-octanol pumped
into the apparatus.

Although some material was lost in both reactor designs (there
is enough O, remaining to totally oxidise the unaccounted-for
material), the tee-piece reactor performed better, with >90%
mass balance at a 75% yield of 2-octanone. In both cases, the
“missing” mass may well be due to total oxidation of some of
the substrate leading to the formation of CO, and H,0. The
tee-piece possibly performed better because the concentrations
of reactants at the mixing point were lower than in the tubular
reactor. However, many other factors are also changing between
the two reactor designs, e.g. the residence time distribution or
the fluid dynamics.

As far as we are aware, this is the first time such an in-
depth study of the mass balance of oxidation reactions has been
conducted in scCO,. It demonstrates that these reactions can be
performed with both high efficiency and acceptable recovery, at
least on a small scale.

Mixer
COo,+0, co,+
2-octanol
Co, CO, +
+0, 2-octanol
Tubular T-piece
Reactor Reactor
100
80 =4
60 -
g
el
It} -
. 40
20
: T T
Q 1.25 2.50 3.75 0 125 2.50 375
0, (mol. %)

Fig. 4 The results from the mass balance experiments for the two
reactor designs, 2-octanol represented by white bars, and 2-octanone
with black bars. Each bar shows the fraction of material recovered,
calibrated to the result without O,. No octenes were observed during
any of these experiments. Conditions: pressure: 100 bar, temperature:
150 °C, CO, flow rate: 0.5 mL min™', 2-octanol: 2.50 mol%.

Variation of experimental conditions

A range of experiments were then performed to investigate the
impact on the reaction of changing the conditions. Due to the
small volume of the apparatus, steady state was usually reached
in under 5 minutes, allowing rapid study of the reaction. One of
the most important parameters turned out to be the temperature,
as shown in Fig. 5.

50
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Fig. 5 Variation in the yield of 2-octanone with temperature, using a
5% Pt + 1% Bi/Al,O; catalyst. No octenes are formed with this catalyst,
unlike with a similar undoped catalyst. Conditions: pressure: 100 bar,
CO, flow rate: 0.5 mL min™, 2-octanol: 2.5 mol%, O,:2-octanol ratio:
1.5.

As the temperature was increased, the yield increased corre-
spondingly as might be expected. However, above 130 °C, the
yield decreased, perhaps because of a change to single phase
conditions where the concentrations of reactants could be lower.
Although the concentrations are lower than in the work of
Baiker,® we believe that their phase behaviour measurements
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at the very least indicate that a phase transition to a single
phase would be possible under these conditions. It does not
seem plausible that the catalyst was sintering, since this usually
takes place at higher temperatures (>300 °C). In general, octenes
were produced at higher temperatures (higher than shown
here), which other experiments have shown were mainly due to
dehydration promoted by the catalyst support.! The Bi-doped
catalyst also required higher temperatures than the undoped Pt
catalyst to catalyse the formation of octenes."

Another key parameter was the O,:substrate ratio, as shown
in Fig. 6. The 2-octanone yield increased with increasing O,
concentration as expected, and correlated well with previous
literature data,® although Baiker et al. have also reported a
decrease in the yield with more than 2 equivalents of O,.
The effect of increasing the O, concentration is less marked
at higher ratios, presumably because mass transfer limitations
are overcome.
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Fig. 6 Variation in the yield of 2-octanone with O, concentration. The
2-octanone yield increases with increasing O, concentration. Condi-
tions: pressure: 100 bar, temperature: 125 °C; 2-octanol: 1.94 mol%.

Oxidation of other secondary alcohols

To investigate how widely the same approach could be applied,
a range of other secondary alcohols was oxidised, as shown
in Table 1. Standard conditions were chosen only to give a
partial conversion of 2-octanol so that one could easily establish
whether any particular alcohol behaved better or worse than
2-octanol.

In general, most of the secondary alcohols gave 33-46%
yield, with the exception of 2-pentanol, which was much higher.
Phenyl-substituted alcohols gave much lower yields, perhaps
due to increased steric demands, but despite the expectation
of increased product stability from delocalisation of the C=0
bond of the product into the aromatic ring.

We encountered issues with reproducibility when using 3-
pentanol; it sometimes deactivated to zero activity within
an hour of start-up. However, subsequent re-injection of 2-
octanol showed that the catalyst was still functioning normally
when compared to routine use with 2-octanol alone, and a
satisfactory reason for the lack of reproducibility could not be
found, despite several experiments with mixed alcohol feeds to
investigate this further. This decay in activity was also observed

Table 1 Oxidation of different secondary alcohols

Entry Alcohol Yield (%)

1 2-propanol 37.7

2 2-butanol 43.6

3 2-pentanol 70.0

4 2-heptanol 45.8

5 2-octanol 33.7

6 2-decanol 43.2

7 3-pentanol deactivates®
8 2-heptanol 45.8

9 3-heptanol deactivates®
10 4-heptanol 21.0

11 1-phenylethanol 10¢

12 1-phenyl-1-propanol 10

“ Conditions: pressure: 100 bar, temperature, 130 °C, alcohol: 1.93 mol%,
O,:alcohol ratio 0.5. * See text for more details. © Selectivity was also
poor, with five unidentified by-products being observed by GC with an
approximate total yield of 5% by peak area.

for 3-heptanol, although the deactivation occurred over twice as
long a timescale. Both the 3-pentanol and the 3-heptanol were
pure by GC, apart from traces of the corresponding ketone.

We thought that the reaction transferred well to other
substrates, so the logical continuation was on to the oxidation
of primary alcohols.

Primary alcohols—1-octanol

The reaction of 1-octanol to form octanal is a more challenging
prospect than the oxidation of 2-octanol, because the aldehyde
could easily react further to form the acid, as shown in Scheme 2.

050,
/\/OH T — /\/O + H0
CgHyg Catalyst CgHi3
Catalyst 050, | Catalyst
*  H0 0
CeHm/\ 5 CEH‘J/Y
OH

Scheme 2 Oxidation of l-octanol with O, and a catalyst, including
the possible dehydration side-reaction. Note that H,O also catalyses the
transformation of the aldehyde into the acid.®

As with 2-octanol, the reactor temperature was varied for
the oxidation of 1-octanol. As can be seen in Fig. 7, the
conversion did not change much with increasing temperature,
perhaps because all of the O, was being consumed at all of
the temperatures tested. Interestingly, above 100 °C, the yield
of octanoic acid decreases with increasing temperature. As was
noted by Baiker et al.,* biphasic conditions occurred over the
majority of the conditions they tested in the oxidation of 2-
octanol (5 mol% 2-octanol in scCO,). 1-Octanol is known to
have substantially higher miscibility pressures and temperatures
than the other isomers of octanol,'? suggesting that the reaction
mixture may well be biphasic here too, despite the lower
substrate concentrations (2 mol% versus 5 mol%). For the acid
to form at an appreciable rate, the aldehyde must be hydrated
before it can be dehydrogenated. Increasing the temperature
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Fig. 7 Variation in yields in the oxidation of 1-octanol with varying
temperature, using a 5% Pt + 1.5% Bi/Al, O; catalyst. Trace quantities of
the ester octyl octanoate were observed, but no octenes were detected by
GC. Conditions: pressure: 100 bar, CO, flow rate: 1 mL min™', 1-octanol:
1.96 mol%, O,:1-octanol ratio: 0.5.

could possibly increase the partitioning of the aldehyde and/or
water into the vapour phase, thereby decreasing the likelihood
of the aldehyde being hydrated by a water-rich liquid phase
covering the catalyst surface. Although challenging because of
the high temperatures, investigations into the phase behaviour
of this system would prove interesting.

The behaviour of 1-octanol with increasing O, concentration
largely echoes that of 2-octanol, although the maximum conver-
sion is shifted to significantly lower O, concentrations, as shown
in Fig. 8.
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Fig. 8 Variation in the yield of octanal; with O, concentration.
Conditions: pressure: 100 bar, temperature: 135 °C, CO, flow rate:
1 mL min™, 1-octanol: 1.96 mol%.

Conclusions

In this paper we have described a miniature reactor which can be
successfully used for the continuous oxidation of primary and
secondary alcohols with O, in scCO,. In the case of 2-octanol,
we have shown that a 75% yield of 2-octanone can be achieved
with a >90% mass balance. The oxidation of a series of other
secondary alcohols was also investigated. High selectivity to

octanal was obtained during the oxidation of 1-octanol. We are
now investigating this methodology for the oxidation of more
complex substrates.

Experimental

The following materials were used without purification: CO,
(SFC grade, >99.99%, BOC Gases), O, (BOC), He (CP Grade,
99.999%, BOC Gases), H, (99.995%, BOC Gases), air (BOC
Gases), Ar (BOC Gases), 2-octanol (97%, Alfa Aesar), 1-octanol
(>99%, Aldrich), 2-propanol (reagent grade, Fisher), acetone
(reagent grade, Fisher), +-2-pentanol (99%, Alfa Aesar), 3-
pentanol (98+%, Alfa Aesar), 2-butanol (99%, Alfa Aesar),
2-decanol (98%, Aldrich), £-1-phenylethanol (96%, Fluka), 1-
phenyl-1-propanol, 3-heptanol, 2-heptanol, 5 wt% Pt + 1 wt%
Bi on AL, O; (batches M01620C/D, Johnson Matthey), 5 wt%
Pt + 1.5 wt% Bi on Al,O; (batch M04432, Johnson Matthey),
sodium borohydride (Fisher), ethanol (reagent grade, Fisher),
40-60 petroleum ether (reagent grade, Fisher), sodium sulfate
(Fisher). Water was obtained from an in-house deionisation and
purification system (Elga PureLab Option S). 4-Heptanol was
not readily available commercially so was synthesised according
to a modified literature preparation, and its identity confirmed
by 'H and "C NMR (Jeol EX-270).

The 2-octanol experiments used the 5% Pt + 1% Bi/Al,O; cat-
alyst, and the 1-octanol experiments the 1.5% Bi analogue. In a
typical reaction, the tubular reactor (78 mm long, 3.05 mm L.D.,
volume 0.57 mL) was filled with catalyst (typically ~300 mg),
and then pressurised and heated with CO, at the desired flow
rate. The substrate and O, were then introduced, and this was
defined to be the beginning of the experiment.

Gas analysis was performed with a Varian CP 4900 Micro-Gas
Chromatograph (microGC), fitted with 20 m M5A molecular
sieve and 0.4 m HSA porous polymer columns for analysing low
molecular weight gases and heavier components, respectively.
The carrier gas was Ar and detection was with a Thermal
Conductivity Detector (TCD).

Reactions were analysed by Gas Chromatography (GC) using
a Shimadzu GC-2010 fitted with RTX-5 (Restek, 10 m x 0.1 mm
1.D. x 0.20 pm film thickness) or BETADEX 110 (Supelco, 30
mx0.25mm [.D.x0.25 um film thickness) columns. He was used
as the carrier gas, and appropriate temperature programming
was used to separate the components before detection with
a Flame Ionisation Detector (FID). Samples were prepared
by dilution of the BPR effluent in acetone or methanol, and
compared with external standards to determine concentrations.
Analysis was quantitative for the mass balance experiments, but
qualitative for others.
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Moringa stenopetala seed oil was evaluated as a potential sustainable feedstock for biodiesel
production in Ethiopia. Base catalyzed transesterification of M. stenopetala seed oil was carried
out with methanol, ethanol and a mixture of methanol and ethanol (1:1 molar ratios) with an
alcohol to oil molar ratio of 6:1. The physiochemical characteristics of the esters were assessed to
evaluate their suitability for use in standard diesel engines. The study indicated that M. stenopetala
seeds yield 45% w/w of oil. The oil contains 78% mono-unsaturated fatty acid and 22% saturated
fatty acid. Oleic is the dominant fatty acid, about 76%. When mixtures of alcohols were used, the
amount of ethyl ester formed was 30% that of methyl ester. The physicochemical properties of M.
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stenopetala oil methyl ester and mixture of esters (methyl and ethyl) were found to comply with
both the American ASTM D6751 and the European standard EN 14214. Overall, the
physicochemical properties of the ester mixture of M. stenopetala oil were better than that of
methyl ester. The recommended way to use the oil as a fuel is as a mixture of esters. The study
indicates that compared to biodiesel fuels derived from other vegetable oils, M. stenopetala has a
number of advantages. Furthermore, the use of M. stenopetala seed oil for the production of
biodiesel will not compete with food as neither the seeds nor the oil are used for food in Ethiopia.

Introduction

Ethiopia belongs to the non-oil exporting less developed coun-
tries (LED) of Africa. Ethiopia imports all of its petroleum
products and the demand for petroleum fuel is rising rapidly
due to the growing economy of about 10% GDP growth' and
infrastructure development. In the second quarter of 2007/08,
petroleum imports exceeded export earnings by 30%.' With
the recent trends and volatility of oil prices, the country has
been forced to develop a biofuel strategy to mitigate the
impacts of imported oil on its economy. The strategy encourages
the diversification of energy supplies in the transport sector;
therefore, biodiesel offers significant opportunities.”

Biodiesel is defined as a fuel comprised of mono-alkyl esters
of long chain fatty acids derived from vegetable oils or animal
fats. It can be used in diesel engines and heating systems.?
Biodiesel is a preferred fuel because it has a lower emission
profile than petro diesel and also it can be derived from renewable
sources. Biodiesel can be produced from a variety of renewable
lipid sources by a transesterification process. Transesterification
is a common and well-established chemical reaction in which
linear monohydroxy alcohols react with vegetable oils, which
are triglycerides of fatty acids, in the presence of a catalyst.
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Among alcohols commonly used for the transesterification
process are methanol, ethanol, propanol and butanol. Methanol
and ethanol are used most frequently, but methanol is preferred
because of its low cost and its physical and chemical properties
(polar and shortest chain alcohol).® The methods of preparation
of biodiesel can be classified into: chemical catalytic (base-
or acid catalysis), biocatalytic (enzyme catalysis) and non-
catalytic supercritical alcohol processes—a very good overview
of such methods has recently been published by Luque et al.*
However, alkali catalysts are the most commonly used in the
biodiesel industry, since the process is faster and the reaction
conditions are moderated.* It was reported that base catalysts
performed better than the acid catalysts.® The reaction can
be performed at lower temperature, as low as at 25 °C, with
the base catalysts, whereas acid catalysis requires a higher
temperature (100 °C) and longer reaction time.* However, if
a glyceride has a higher free fatty acid content and more water,
acid-catalyzed transesterification is suitable. The acids could
be sulfuric acid, phosphoric acid, hydrochloric acid or organic
sulfonic acid.*3! The cheapest and the best known homogeneous
acid catalyst used for the esterification reaction is H,SO,. The
main disadvantages of this catalyst are the possibility that at
the high temperature the more unsaturated fatty acids would
undergo polymerization and that side products like dark colored
oxidized compounds or other decomposition products could be
formed. Furthermore, the use of strong acids implies the need for
special equipment (e.g., stainless steel) and care for handling.?!
The stoichiometry of the transesterification reaction requires
3 mol of methanol and 1 mol of triglyceride to give 3 mol of
fatty acid methyl ester and 1 mol of glycerol. This reaction,
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in turn, consists of three consecutive reversible reactions with
intermediate formation of diglycerides and monoglycerides.
After the reaction, the glycerol is separated by settling or
centrifuging. In practice, the ratio needs to be higher (6:1) to
drive the equilibrium to a maximum ester yield.?

In this study, biodiesel was produced by base catalyzed
transesterification of M. setenopetala seed oil which was carried
out using methanol, ethanol and a mixture of methanol and
ethanol (1:1 molar ratios). The purpose of using a mixture of
methanol and ethanol was to take the advantage of the better
solubility of oil in ethanol than methanol and better reactivity of
methoxide ion than ethoxide to attain the desired equilibrium.®
In addition, Ethiopia plans to produce 1 billion litres of ethanol
from molasses which is a by product of the sugar industry.
Therefore, part of the ethanol could be used for biodiesel
processing.’

Moringa stenopetala belongs to the family Moringaceae and
is often referred to as the African ‘Moringa Tree’ because it is
native only to Ethiopia and northern Kenya.*® Though it does
grow in many other parts of the old- and new-world tropics, it
is not as widely known as its close relative, Moringa oleifera.*®
The M. stenopetala tree, locally called shiferaw or aleko, grows
widely in southern Ethiopia, mainly in the Keffa, Gamo Gofa,
Bale, Sidamo, Borana and Debub Omo zones, and in Konso and
Dherashe areas. In the Arba Minch and Wollayta areas, the local
people cook the leaves of the M. stenopetala tree and eat them
with their traditional kurkufa (a cereal dish made with maize and
sorghom).! The people of Konso use the tree not only for food
but also as a medicine and they cultivate it in large areas around
their villages.” The leaves and roots of M. stenopetala are used
as a cure for malaria, stomach problems and diabetes' and the
seeds are used in some areas to clear muddy water. There are
no reports on the uses of the seeds or the oil of M. stenopetala
in Ethiopia. This would make it a potential feedstock for the
production of biodiesel since it does not compete with food
production.

In this paper, the evaluation of M. stenopetala seeds as a
potential feedstock for biodiesel production is presented. There
are no studies on biodiesel derived from M. stenopetala seed oil
prior to this work.

Results and discussion
M. stenopetala oil

The yield of oil obtained by hexane extraction of M. stenopetala
seeds was found to be 45% w/w which is in agreement with
previous work.’ The high oil yield allows the possibility
of economical exploitation which results in lower operating
costs compared to some other oilseeds, such as soybean and
cottonseed, which have average oil contents of only 20% and
14%, respectively."*

The titrated acidities of the M. stenopetala seed oil was
1.42 mg KOH/g of oil. The maximum acid value for alkaline
transesterification is 2 mg [KOH]/g [oil] recommended by
Canakci and Van Gerpen.” Based on the acid value, the free
fatty acid (FFA) content of M. stenopetala oil was 0.71% and
thus, the oil does not need acid pre-treatment for transester-
ification. The iodine value of M. stenopetala oil was found

to be 69 g 1,/100 g of oil. In this regard, M. stenopetala oil
is relatively stable to oxidation when compared to canola,'
sunflower,” linseed'® and soybean oils'® which have higher iodine
values.

Fatty acid composition of M. stenopetala oil

The fatty acid composition of M. stenopetala seed oil was
determined by gas chromatography. The oil contains a high level
of mono-unsaturated fatty acids (78%), while the saturated fatty
acid accounts for the remaining 22% (Table 1). The dominant
fatty acid is oleic (76%) and therefore the oil belongs to the oleic
acid category.®

These results agree well with those reported for M. stenopetala
samples collected in Kenya.' M. stenopetala oil is more highly
saturated than soybean, sunflower and rapeseed oils, but less sat-
urated than palm oil (Table 1). The absence of polyunsaturated
fatty acids (C18:2 and C18:3) and the relatively high content
of C22:0 fatty acid (behenic acid)! in M. stenopetala oil when
compared to other common vegetable oils, makes it a preferred
oil in terms of the oxidative stability. The fatty acid composition
of M. stenopetala oil was found to be similar to that of the M.
oleifera® although there are some differences regarding C18:0,
C18:1 and C22:0 (Table 1).

Transesterification of M. stenopetala oil

Base catalyzed transesterification of M. setenopetala seed oil was
carried out using methanol, ethanol and a mixture of methanol
and ethanol (1:1 molar ratios). After the purification step, 96%
(wt) of methyl ester and 94% (wt) of a mixture of methyl-
ethyl esters were recovered at 25 °C. But the biodiesel yields
of both esters at 45 °C and 60 °C reaction temperatures were
lower at 25 °C (Fig. 1). Therefore, the optimized temperature
for transesterification was 25 °C. Studies indicate that if there
are no side reactions, the biodiesel weight yields, relative to the
initial amount of oil, should be nearly 99-100 wt%. In this
sense, two possible side reactions could occur: the saponification
of triglycerides or neutralization of the FFAs of the vegetable
oil. Both of them produce soaps and, therefore, decrease the
biodiesel yield.'

Yield (%)

= ME mME/EE

25°C 45°C 60°C
Temperature

Fig. 1 Effect of temperature on the yield of M. stenopetala derived

biodiesel.
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Table 1 Fatty acid composition of the oils of M. stenopetala, soybean, M. oleifera, sunflower, rapeseed and palm

Fatty acid M. stenopetala M. oleifera® Soybean* Sunflower” Rapeseed” Palm*
C16:0 6.1 6.5 11 6.4 3.6 44.1
C18:0 7.5 6.0 4 4.5 1.5 4.4
C18:1 76.0 72.2 234 24.9 61.6 39.0
C18:2 - 1.0 53.2 63.8 21.7 10.6
C18:3 - - 7.8 <I(trace) 9.6 0.3
C20:0 3.8 4.0 - - - 0.2
C20:1 1.7 2.0 - - 1.4 -
€22:0 4.4 7.1 . . : .
“Data.*
Table 2 Summary of properties of M. stenopetala esters in comparison with the standards of ASTM and EN Limit
Fuel properties Units ME/EE ASTM D6751 EN 14214
Density@15 °C ¢/ml 0.885 0.8872 - 0.86-0.9
Viscosity@40 °C mm?/s 4.58 4.69 1.9-6 3.5-5
Flash point °C 197 Min 120 Min 130
Acid number mgKOH/g 0.126 0.212 Max 0.5 Max 0.5
Todine value g 1,/100g of oil 69 - Max 120
Ash content Wt, % 0.0098 0.0067 0.01 -
Condradson carbon residue (10%) Wt,% 0.075 0.0778 - Max 0.3
Caloric value MIJ/KG 38.23 39.5 - -
Water content Wt, % Nil Nil 0.05 vol-% Max 500mg/1
Cloud point °C 15 **
Pour point °C 12 - **
Na+ K mg/Kg 3.734 3.972 Sug/g 5
Ca + Mg mg/Kg 4.365 4.635 - 5
However, at a 6:1 ethanol to oil molar ratio using 1% of KOH 70 9
as a catalyst at 70 °© C and 25 °C, after 2 hours reaction time, Bl
phase separation does not occur which could be due to the type
of catalyst used. Lang et al.** have reported that KOH was less = 501
effective than ethoxide as a catalyst for ethyl ester synthesis from = 40 |
vegetable oils. This is because ethanol (pKa = 15.9) and other ¥
. . o |
primary alcohols are somewhat weaker acids compared to water z 05
(pKa = 15.7), while methanol (pKa = 15.5) is a slightly stronger & 20 4
acid. Hence, the reaction of KOH with methanol favours the
formation of methoxide ion, and the reactivity between KOH B
and another alcohol to form the respective alkoxide anion is 0 fﬂlfmrJl+l=lﬁf = B

very low. Although KOH is an excellent base catalyst for methyl
esters, it is less effective for ethyl ester synthesis.> However,
phase separation takes place when a small amount of NaCl
powder is added (to increase the density of glycerol in M.
stenopetala oil) in the presence of KOH as a catalyst. But the
biodiesel yield was significantly very low (< 50% wt). This was
due to the formation of emulsions and gelatinous matter during
purification. Although ethanol has better solvent properties than
methanol for the solubility of oil, formation of emulsion after the
transesterification reaction makes ethanolysis more complicated
and impractical.?®

When using ethanol and methanol mixtures, ethyl esters also
formed alongside methyl esters. The amount of ethyl esters
was 30% that of the methyl esters (Fig. 2). Even though the
molar ratio of methanol to ethanol was 1:1 the formation of
ethyl esters was much lower than the methyl esters. The slower
reaction rate of ethanol when compared with methanol can
be explained by the reaction mechanisms of alkaline catalyzed
transesterification.®

D DD D DD DD DD DS
G A AN e
& @ ¥ @ 8 Y & N & oF

& & oF & ¥ o &F 7 o8 G oS

g¥ O R gV ¥ gV P O O g O

Fig. 2 Composition of methyl and ethyl ester of M. stenopetala oil
using a mixture of methanol and ethanol in a 1:1 molar ratio.

Physicochemical properties of M. stenopetala oil esters (Table 2)

The density of M. stenopetala oil, M. stenopetala methyl ester
and mixture of (methyl and ethyl) esters at 15 °C were 0.903,
0.885 and 0.8872 g/ml, respectively. The kinematic viscosity
of M. stenopetala oil was 28.4 mm?/s at 40 °C. Kinematic
viscosity is significantly influenced by compound structure,
chain length, position, number, and nature of double bonds,
as well as the nature of oxygenated moieties.?* In addition, there
are high regressions between density and viscosity values of
vegetable oil methyl esters. An increase in density from 0.860 to
0.885 g/ml for vegetable oil methyl esters or biodiesel increases
the viscosity from 3.59 to 4.63 mm?/s and the increases are
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highly regular.?® The kinematic viscosity of Moringa oliefera seed
oil is 29.63 mm?/s*' which is slightly higher than the viscosity
of M. stenopetala oil. This is due to the fact that the content
of the longest saturated fatty acid, behenic acid (C22:0), in
M. oliefera is relatively higher (7%) than M. stenopetala (4%).
After transesterification of M. stenopetala oil, the viscosity was
significantly reduced. The viscosities of methyl and mixture of
(methyl and ethyl) esters were 4.58 and 4.69 mm?/s respectively.
The kinematic viscosities of methyl esters are slightly lower than
that of the mixture of esters. This is in agreement with canola
oil methyl ester and a mixture of esters with a 1:1 methanol
and ethanol molar ratio. The viscosity of canola oil methyl
esters was 3.9 mm?/s and the viscosity of mixtures of esters is
4.1 mm?/s.%5 M. stenopetala esters meet the requirements of both
ASTM D6751 and EN 14214 biodiesel standards, which require
viscosity ranges of 1.9-6.0 and 3.5-5.0 mm?/s, respectively.

The cloud and pour point for both the methyl and the mixture
of (methyl and ethyl) esters of M. stenopetala oil were similar,
15 °C and 12 °C, respectively. These results are higher when
compared to other biodiesels derived from vegetable oils, but
less than biodiesel from palm oil and M. oleifera oil.** The
key fatty acids limiting the cold flow quality of biodiesel are
palmatic (16:0) and stearic acids (18:0) since the melting points
of the fatty acid esters are higher.”® The relatively high content
of C22:0 (behenic acid), which demands a higher melting point
than C16:0 or C18:0 contributes to the poor cold flow properties
of M. stenopetala oils. The reason is that the cold flow properties
of biodiesel are determined by the amounts of higher-melting
components (usually the saturated esters) and not their nature.”!
Polyunsaturated fatty acids improve cold flow properties but
the disadvantage is they are most susceptible to oxidation.”® In
this respect biodiesel from M. stenopetala oil is less susceptible
to oxidation. However, when 80% of petro diesels was blended
with 20% of both esters (Moringa biodiesels) the cloud and
pour point were +4 and —5 °C respectively. B20 derived from M.
stenopetala therefore can be used in all Ethiopian geographies.

The presence of water in biodiesel enhances corrosion,
promotes growth of microorganisms and increases the proba-
bility that oxidation products may be formed during storage.
Water cleaves the ester bond of the FAMEs via hydrolytic
degradation.' Therefore, EN 14214 and ASTM D6751 require
a maximum water concentration of 500 mg/1 in biodiesel. In
this study, the methyl as well as the mixture of (methyl and
ethyl) esters was dried with anhydrous sodium sulfate until the
water content of Moringa esters was less than the specification.
The flashpoint of M. stenopetala methyl ester and mixture of
(methyl and ethyl) esters were 185 °C and 197 °C, respectively.
M. stenopetala derived biodiesels are consequently safer when
compared to traditional diesels with lower flash points. M.
stenopetala esters thus meet the requirements of the ASTM
D6751 biodiesel standards, which demands a minimum flash
point of 130 °C. The heat of combustion of M. stenopetala
methyl ester and mixture of (methyl and ethyl) esters were 38.23
and 39.5 MJ/Kg respectively. They have 15% and 12% less heat
energy on a mass basis, respectively, when compared to a diesel
fuel which has about 45 MJ/Kg.¢

The cetane numbers of the esters were not determined exper-
imentally during the course of this work. However, the cetane
numbers of methyl oleate, methyl palmatate and methyl stearate

are 59.3, 85.9 and 101, respectively, using an Ignition Quality
Tester.?® The methyl oleate composition of M. stenopetalais 76%
and thus the cetane number of M. stenopetala derived biodiesel
will be over the minimum cetane number requirements of both
the ASTM D6751 and EN 14214 biodiesel standards, which are
47 and 51, respectively. The ash content of methyl and mixture of
(methyl and ethyl) esters were 0.0098 and 0.0067%, respectively.
It has been demonstrated that heating values are inversely related
to ash content, with every 1% increase in ash concentration
decreasing the heating value by 0.2 MJ/kg.?” The ash content
of Moringa stenopetala biodiesel meets the requirements of the
ASTM D6751 biodiesel standards, which prescribe a maximum
of 0.01%.

Experimental
Materials

The M. stenopetala seed used in this process was purchased from
Podo PLC, Addis Ababa, Ethiopia. All the chemicals used were
analytical grade and purchased from Sigma-Aldrich Chemie
GmbH (Germany).

Extraction of M. stenopetala oil

350 g of crushed M. stenopetala seeds were extracted with 1 L of
hexane at 60 °C for 6 hours in a Soxhlet apparatus. The solvent
was removed at 65 °C under vacuum using a rotary evaporator
to obtain crude M. stenopetala oil.

Transesterification of M. stenopetala oil

Transesterification with methanol. Methyl ester from the oil
was prepared using a two-stage process as per the method
described by Lang.?® The amount of M. stenopetala oil used in
the reaction was 300 g. A 6:1 molar ratio of methanol to oil was
used in order to utilize 100% stoichiometric excess of methanol.
Therefore, 68 g of methanol was used for the entire procedure,
and 34 g was used per stage. The amount of potassium hydroxide
(3 g) used was 1.0 wt% of the vegetable oil. The reaction was
carried out at 25 °C, 45 °C and 60 °C to see the effect of
temperature on yield. 30 minutes of reaction time per stage
was used. Afterwards the mixture was added to a separatory
funnel and allowed to separate overnight. Traces of moisture and
unreacted methanol were removed by Rota-evaporator. A layer
of anhydrous sodium sulfate crystals was added to a vacuum
filtration funnel, and the ester was filtered through it to remove
any traces of water present.

Transesterification with ethanol. The ethyl ester of M.
stenopetala oil was prepared in a similar way to the methyl ester.
The transesterification reaction was carried out at 25 °C and
70 °C with stirring for 2 hours. To avoid the emulsion after the
transesterification reaction, 0.1% aqueous tannic acid was used
as a washing solution to remove catalyst.®

Transesterification with a mixture of methanol and ethanol
in 1:1 molar ratios. A mixture of methanol and ethanol in
1:1 molar ratios was used for the transesterification reaction,
keeping the molar ratio of oil to alcohol 1:6. M. stenopetala
oil (100 g) was placed in a dry Erlenmeyer flask equipped with
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a magnetic stirrer. In another dry Erlenmeyer flask 1.0 g of
potassium hydroxide was mixed with a mixture of methanol and
ethanol (11.25 gof methanol and 15.5 g of ethanol). This mixture
was then added to the oil and stirred for 50 minutes at 25 °C.
The mixtures were poured into a separatory funnel and allowed
to separate overnight. The ester layer was washed 3—4 times with
0.1% tannic acid solution to reduce emulsification. Finally, the
ester was dried over anhydrous sodium sulfate crystals.

Characterization of biodiesel fuels

To determine suitability for use in diesel engines, methyl and
methyl-ethyl esters were then characterized by determining their
diesel properties following standard methods. The fatty acid
compositions of the methyl and mixture of methyl and ethyl
esters were measured by gas chromatography using a Dani GC
1000. Standards of the methyl esters of the fatty acids (products
of Aldrich Chem. Co.) were obtained from the Essential Oils
Research Center, Addis Ababa, Ethiopia. The GC was calibrated
by injecting standards at varying concentrations. Then, samples
were injected (0.5 puL) on the GC equipped with a capillary
column of EC TM-5 (25 m x 0.53 mm x 1 um). The GC oven
was primarily kept at 50 °C for 2 minutes, and then heated at
4 °C/min up to 250 °C, where it was kept for 15 minutes. The
flame ionization detector (FID) was at 260 °C while the injector
temperature was kept at 210 °C, and the carrier gas was nitrogen
at (1 mL/min).The viscosities of the esters were determined at
40 °C using a cannon-Fenske glass capillary viscometer tube in
SETA KV-8 viscometer bath which was initially calibrated in
accordance with ASTM D445. The properties of the biodiesels
were measured using accepted standards. Cloud point (ASTM
D2500), pour point (ASTM D97), acid value (ASTM D974),
gross heat of combustion (ASTM D240), density (ASTM
D1298), water content (ASTM D?95), iodine value (AOCS Cd
1¢c-85) and carbon residue (ASTM D189) were used. Alkali
and alkaline earth metals were determined by Flame Atomic
Absorption Spectrophotometer (FAAS), BUCK SCIENTIFIC
MODEL 210 VGP.

Conclusion

The study revealed that M. stenopetala seeds yield a high
content of oil (45% w/w). The biodiesels (methyl ester and
mixture of methyl and ethyl esters) derived from the oil meet
the international standards. The fuel properties of the mixed
(methyl and ethyl) esters were found to be better than that of
the methyl ester alone. B20 is the preferred blend for use in
Ethiopia. The biodiesel derived from M. stenopetala seed oil is
an acceptable substitute for petro diesel. Its use will address two
of the major global as well as national issues: climate change and
energy security. Furthermore, the uses of M. stenopetala seed oil
for the production of biodiesel will not compete with food since
the oil is non-edible and the tree is used for other purposes such
as food.
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The direct conversion of glucose to 5-(hydroxymethyl)furfural (HMF) in ionic liquids with
lanthanide catalysts was examined in search of a possibly more environmentally feasible process
not involving chromium. The highest HMF yield was obtained with ytterbium chloride or triflate
together with alkylimidazolium chlorides. Notably, a higher reactivity was observed when the
hydrophobicity of the imidazolium cation was increased, in contrast to analogous chromium

catalyst systems. This indicates a different reaction mechanism for the lanthanides than for the

chromium catalyst systems.

Introduction

In recent years, the search for alternatives to today’s plat-
form chemicals derived from fossil sources has intensi-
fied. One molecule under particular scrutiny has been 5-
(hydroxymethyl)furfural (HMF), which is expected to become
an important precursor to fuels, solvents and polymers in the
chemical infrastructure.’?

HMF is formed by dehydration of hexoses under elevated tem-
perature (Scheme 1, exemplified for glucose). The mechanism of
the dehydration of hexoses has been subject of some debate, and
proposals include both a mechanism consisting of only cyclic
intermediates*® as well as an open-chain mechanism.*"

OH
HO ° o P + 3 H,0
HO HOW 2
OH
OH
Glucose HMF

Scheme 1 Dehydration of glucose to HMF.

The dehydration of fructose is quite facile — even in the
absence of catalyst — in high-boiling solvents such as DMSO,
DMF and DMA, ! whereas glucose requires a special catalyst
for the formation of HMF.'** However, fructose is derived
from glucose in a process that only yields about 50% of
fructose and involves a chromatographic step in order to be
purified.*® Consequently, in order to find an economical and
environmentally feasible industrial process for the production
of HMF, an efficient direct conversion from glucose would be
most beneficial.

In the last five years or so, interesting results have been
presented on the dehydration of hexoses by the use of ionic
liquids. As in the case of high-boiling organic solvents, ionic
liquids have proven to be efficient media for converting fructose

Centre for Catalysis and Sustainable Chemistry, Department of
Chemistry, Building 207, Technical University of Denmark, DK-2800,
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to HMFE** More importantly, very good results have been
shown for the direct conversion of glucose to HMF (up to 70%
yield) in 1-ethyl-3-methylimidazolium chloride (EMIm]CI) with
a catalytic amount of chromium(ir) chloride.’® In the proposed
mechanism, a complex between ionic liquid and CrCl, interacts
with the open chain of glucose, leading both to isomerization to
fructose and direct conversion to HMF (Scheme 2).

An even higher yield of HMF was obtained when using
chromium(1r) or chromium(iir) chloride complexed with steri-
cally hindered carbenes."”” Comparable yields were also shown
using a large surplus of metal halides in DMA together with
chromium(ii/11) chloride.”® Here a detailed mechanism of the
actual role of the halide in the dehydration was also proposed.
In this mechanism, fructose initially loses one water molecule,
and the nucleophilic halide is then added to the anomeric
carbon. The intermediate formed is then deprotonated to an
enolic species, which is subsequently dehydrated twice to form
HMF. Alternatively, the halide acts as a base in the second
step and generates the enolic intermediate by deprotonation
(Scheme 3).

Apart from chromium chloride, there are no reports of equally
efficient catalysts for the direct conversion of glucose to HMF. A
very recent publication showed, however, that a dual-function
catalyst composed of sulfated zirconia on alumina support
could convert glucose directly to HMF with a moderate yield,
presumably via glucose isomerization to fructose followed by
dehydration.” Furthermore, lanthanide chlorides have been
shown to have a catalytic effect on glucose dehydration in
supercritical water.? Notably, no leuvulinic acid or formic acid
was observed here, as is normally the case when exposing
HMF to aqueous acidic conditions.?”” In the study, kinetic and
spectroscopic experiments suggested weak interaction between
lanthanide and saccharide, resulting in higher reaction rates for
smaller, less hydrated and heavier lanthanide ions.***

Our objective in this work was to combine in particular
the heavier lanthanide catalysts with ionic liquids and to
investigate its catalytic effect on the direct conversion of glucose
to HMF. Thus, imidazolium-based ionic liquids were used as
solvents together with various lanthanide chloride catalysts in
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Scheme 2 Possible mechanism for the chromium-catalyzed dehydration of glucose to HMF in ionic liquids.'
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Scheme 3 Proposed mechanism for the dehydration of fructose to HMF with halides.”®

Table 1 HMEF degradation in ionic liquids*

Ionic liquid Conversion of HMF (%)
[MIm]CI 9
[EMIm]CI 3
[BMIm]Cl1 29
[HMIm]CI 9
[OMIm]CI1 11
[EMIm]OAc > 99
[BMIm]OAc > 99
[Choline][dmp]® 6
[MIm][HSO,] 69
[EMIm][N(CN),] 59
[EMIm][C,H;0S0;] 9
[EMIm][AICL,] 77

“ Reaction conditions: 1.0 g ionic liquid, 100 mg (0.56 mmol) glucose,
100 °C, 8 h. ® dmp = dimethyl phosphate.

the temperature range 120-200 °C. Additionally, the investiga-
tion was expanded to include even stronger Lewis acids such as
ytterbium triflate.

Results and discussion

We initially screened the stability of HMF in several ionic liquids
at elevated temperature to make sure that the ionic liquid used
was not detrimental to the desired product. As seen from the
data in Table 1, all ionic liquids induced some degradation of
HMF during the stability tests. The acidic and basic ionic liquids
proved to promote highest degree of degradation, whereas the
imidazolium chlorides, [EMIm][C,H;OS0O;] and [Choline][dmp]
were the most benign.

On the basis of the initial experiments, we further discovered
that there was no HMF formed from glucose in ionic liquids
that did not have chloride or other halides as anion. This is
in agreement with the mechanism proposed by Binder and

Raines,"™ where the chloride acts as a nucleophile and promotes
the dehydration of the furanose fructose. Consequently, our
study focused on the alkylimidazolium chlorides as solvents.
[BMIm]Cl or [EMIm]CI converted only fructose to HMF
without additives (as also reported by Zhao et al'®) and not
glucose. The addition of lanthanide chlorides, on the other hand,
revealed a catalytic effect on glucose conversion (but not on
fructose conversion), even though temperatures above 140 °C
were required to avoid slow reactions and negligible yields.
Furthermore, methylimidazolium chloride, which previously has
given an excellent conversion of fructose to HMF? gave less
than one percent HMF from glucose with any lanthanide.

In the experiments with lanthanides (Table 2), cerium had
very little catalytic effect in both [BMIm]Cl and [EMIm]CI,
whereas the other lanthanides showed quite different behaviours
depending on the liquid. In the case of [EMIm]CI, the reactivity
for the lanthanide chlorides was the highest for promethium and
then decreased almost linearly through the heavy lanthanides to
YbCl;. Moreover, when using the more Lewis-acidic ytterbium

Table 2 Lanthanide-catalyzed dehydration of glucose in [EMIm]CI
and [BMIm]Cl“

[EMIm]CI [BMIm]CI
Catalyst Yield (%)  Selectivity (%)  Yield (%)  Selectivity (%)
CeCl, 3 3 3 4
PrCl; 13 27 7 22
NdCl, 12 24 8 23
DyCl, 10 19 10 23
YbCl, 5 7 12 15
Yb(OTf); 10 16 24 37

“ Reaction conditions: 1.0 g ionic liquid, 100 mg (0.56 mmol) glucose,
0.056 mmol catalyst, 140 °C, 6 h.
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triflate, a comparable yield to that of dysprosium chloride was
obtained.

In [BMIm]CI a completely different pattern was observed.
Here the yield increased gradually from CeCl; to YbCl;. This
is consistent with the earlier relative catalytic effect found in
supercritical water.#*?° Furthermore, ytterbium chloride and
ytterbium triflate gave significantly higher yields in [BMIm]Cl
than in [EMIm]CI. This is the opposite of what has been shown
earlier using chromium catalysts, where the yields were markedly
better in [EMIm]CL,' thus clearly suggesting different catalyst—
ionic liquid interaction in the systems.

Increasing the catalyst concentration of YbCl; in [EMIm]CI,
up to as much as 30 mol%, did not reveal any improvement in
HMEF yield. In contrast, the amount of catalyst had a significant
effect on the HMF yield in [BMIm]CI, thus further signifying
differences between the catalytic systems (Fig. 1).

20
110 mol % catalyst
[ 20 mol % catalyst
154 I 30 mol % catalyst
x
- 104
p=
2
>
54
0

[EMIm]CI
Fig. 1 Dehydration of glucose in [EMIm]CI and [BMIm]CI at 140 °C
for 6 h with different amount of YbCl; catalyst. The reaction contained

1.0 g ionic liquid, 100 mg (0.56 mmol) glucose and 16 mg (0.056 mmol),
32 mg (0.112 mmol) and 48 mg (0.168 mmol) YbCl;, respectively.

[BMIm]CI

During dehydration in [BMIm]CI, the selectivity towards
HMF reached a maximum already after 10 min and a maximum
yield after 30 min. The HMF was then slowly degraded
due to the high temperature (Fig. 2). At an even higher
temperature of 200 °C the yield was slightly increased, but
at the expense of an even faster degradation of the product.
In this case maximum yield was obtained after five minutes,
and HMF was completely degraded after two hours (Fig. 3).
All reactions formed substantial amounts of humins, but no
other by-products were detected, as the essential anhydrous
conditions (small amount of water is formed upon dehydration)
prevented rehydration of HMF into leuvulinic acid and formic
acid.

When it comes to finding an explanation why a longer alkyl
chain on the imidazolium ring gave higher reaction rates for
YbCl; and Yb(OTY); catalysts, a possible reason could be related
to ion pairing in the solvent. Cations with more hydrophobic
character would be expected to have a weaker association with
the chloride ion, which in turn would become more reactive.
Earlier work has already shown that rates of reactions in ionic
liquids involving halides are highly dependent on the nature of
the cation.*® This was also one of the rationales in the work of

40

a2 —=— Yield
{ e o Selectivit

Q 20 40 60 80 100 120 140 160 180 200

Time [ minutes
Fig. 2 Dehydration of glucose in [BMIm]CI catalyzed by YbCl; at
160 °C as a function of the reaction time. The reaction contained 1.0 g
ionic liquid, 100 mg (0.56 mmol) glucose and 16 mg (0.056 mmol) YbCl;.
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Fig. 3 Dehydration of glucose in [BMIm]CI catalyzed by YbCl; at

160 °C and 200 °C as a function of time. Both reactions contained 1.0 g
ionic liquid, 100 mg (0.56 mmol) glucose and 16 mg (0.056 mmol) YbCl;.

Binder and Raines,'®* who combined LiCl with DMA in order to
produce weakly ion-paired chloride ions for sugar dehydration.
In order to examine the effect of ion-pairing more closely,
additional experiments with even longer alkyl chains, such as
1-hexyl-3-methylimidazolium chloride ((HMIm]CI) and 1-octyl-
3-methylimidazolium chloride ((OMIm]CI), were performed. In
these experiments, a faster conversion and a small increase in
yield could actually be seen when using [HMIm]Cl or [OMIm]CI
as solvents (Fig. 4), even though it was less pronounced
than the difference between [EMIm]Cl and [BMIm]CI. The
decrease in selectivity for [HMIm]Cl and [OMIm]CI compared
to [BMIm]CI could be a result of the faster formation of
humins.

Conclusions

We have shown that lanthanides catalyze the conversion of
glucose to HMF in dialkylimidazolium chlorides. The strongest
Lewis acids, YbCl; and Yb(OTY),, gave the highest yields, even
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Fig. 4 Dehydration of glucose in [EMIm]CI, [BMIm]Cl, [HMIm]CI

and [OMIm]CI at 160 °C for 1 h. All reactions contained 1.0 g ionic
liquid, 100 mg (0.56 mmol) glucose and 16 mg (0.056 mmol) YbCl;.

though these were moderate (24%) compared to CrCl, (70%).'
Our results also suggest that the mechanism of the reaction
might be different to that of chromium-catalyzed dehydration
of glucose.

In the chromium system, highest yields are obtained with
[EMIm]CI, whereas the yield decreases with more hydrophobic
imidazolium cations.' In this reaction, chromium(ir) chloride is
believed to form a complex with the ionic liquid and then asso-
ciate with the open chain form of glucose.’® Ytterbium showed
a different reaction pattern, whereby the yield increased as the
hydrophobic character of the imidazolium ring increased. We
believe that the increase in reaction rates are due to weaker ion
pairing between the chloride and imidazolium cation, making
this more reactive in the dehydration mechanism. Furthermore,
ytterbium could be less prone to form complexes with the
imidazolium chlorides, which would explain the difference in
reactivity compared to chromium.

Further studies on the actual complexation between lan-
thanide chlorides and imidazolium chlorides are needed to
clarify the exact reaction pattern with glucose. Modeling of the
various structures and intermediates together with the metals
could also give new insights into the mechanism. Combined,
this information could provide valuable directions on how
to improve the lanthanide-ionic liquid systems to become
competitive with present chromium systems.

Experimental
Materials and apparatus

Glucose (99.5%), 1-hexyl-3-methylimidazolium chloride (98%),
1-octyl-3-methylimidazolium chloride (98%) and ytterbium tri-
flate (99%) were purchased from Aldrich. [EMIm][N(CN),]
(98%), [Choline][dmp] (98%) and [EMIm][C,H;O0SO;] (98%)
were purchased from Solvent Innovation. All other ionic liquids
were obtained from BASF (>95%). Lanthanide chlorides (p.a.)
were purchased from Rare Earth Ltd. All experiments were
performed under nitrogen atmosphere using a Radley Carousel
12 Plus Basic System.

Dehydration reactions

A 40 mL reaction tube was charged with ionic liquid (1 g) and
lanthanide(111) chloride (0.056 mmol) and heated at 100 °C for
1 h. Glucose (100 mg, 0.56 mmol) was then added and the
solution stirred for 3 h at 140 °C. After reaction the reaction
tube was cooled in an ice bath and water (5 mL) added. The
solids were filtered off and the filtrate analyzed by HPLC
(Agilent 1200 series, Bio-Rad Aminex HPX-87H, 300 mm X
7.8 mm pre-packed column, 0.005 M H,SO, mobile phase, 60 °C,
0.6 mL min™).

Definitions of yield and selectivity

The yields and selectivities were based on conversion of glucose
and confirmed by calibration of standard solutions of the
products and reactants involved. With a known molar amount
of all components, the conversion, yield and selectivity were
calculated from the equations below:

Amount of glucose

Glucose conversion = [1— x100%

Starting amount of glucose

M

Amount of HMF
Starting amount of glucose

Yield of HMF =

x100%  (2)

Yield of HMF
Glucose conversion

Selectivity of HMF = x100% A3)
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A one-pot procedure for the synthesis of unsymmetrical alkyl-substituted secondary phosphine
oxides is described. The sequential addition of N-benzylaniline to a solution of
dichlorophenylphosphine and 1-methylimidazole in methylcyclohexane, separating of the protic
ionic liquid formed, addition of Grignard reagent followed by hydrolysis gave unsymmetrical
secondary phosphine oxides (SPOs) in high yield. The use of ionic liquids in the first step is
essential and streamlined the synthesis. Unsymmetrical SPOs could be quantitatively reduced to
secondary phosphine using a catalytic amount of Ti(OiPr), and tetramethyldisiloxane (TMDS)

under mild reaction conditions.

Introduction

As the price of petrochemicals and the cost of waste disposal
increases, the chemical industry is striving to minimize waste
and negative environmental impact.'? A key objective is to
eliminate the adverse environmental effects of chemical syn-
thesis. Toward this end, progress has been made using safer
reagents, eliminating the generation of dangerous and toxic
byproducts and reducing the amount of waste produced. To
minimize waste, several options should be considered: working
under more concentrated conditions, selecting different starting
materials and designing new routes that require fewer steps. For
the latter, smaller quantities of starting materials, solvent and
reagents will be used and thus reduce the cost for waste disposal.

Recent interest in air and moisture-stable SPOs has led to
the identification of efficient transition metal catalyzed C-
C, C-N and C-S bond forming reactions.>* Furthermore,
SPOs are effective building blocks for the preparation of
tertiary phosphines® and P-chirogenic tertiary phosphines.®®
The synthesis of unsymmetrical SPOs via substitution of organo-
lithium or Grignard reagents with H-phosphinate according to
the methods of Emmick!*™ is well-known, and recently the
conversion of optically pure H-phosphinates to optically-active
P-stereogenic SPOs has been described.'**> However, a limited
number of H-phosphinates has been described and alternative
starting material and methods have to be studied.
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Dichloro- and  dibromoarylphosphine are  easily
accessible’*'® and the one-pot synthesis of unsymmetrical SPOs
by reaction of Grignard reagents with dichlorophenylphosphine
followed by hydrolysis has been studied.®? However, due to
the highly electrophilic character of the chlorophosphine, the
yields are often low, with the exception of the bulky #Bu.'>?
Thus, a two-step procedure??? and solid phase synthesis have
been studied.?*

The development of an efficient strategy to synthesize un-
symmetrical alkyl-substituted SPOs is in high demand. In
this paper, we report a very efficient and versatile one-pot,
homogeneous liquid phase synthesis of unsymmetrical sec-
ondary phosphine oxides (SPOs). Furthermore, we have found
that these SPOs could be quantitatively reduced at 60 °C
using tetramethyldisiloxane (TMDS) in the presence of 10% of
titanium tetraisopropoxide (Ti(OiPr),).%

Results and discussion

Synthesis of unsymmetrical alkyl-substituted SPOs

When N-benzylaniline was reacted with PhPCl, in THF at 0 °C
in the presence of Et;N (Scheme 1), the *'P NMR showed that
aminophoshine 1 was obtained in high purity. However, the
separation of triethylamine hydrochloride from the reaction
mixture was not straightforward. The ease of formation of
aminophoshine 1 prompted us to further optimize this step.
Neither the change of base (2,6 lutidine, DIPEA, pyridine) or
solvent (toluene, THF, methylcyclohexane (MCH)) improved
the separation or the selectivity.

Recently, the BASIL process was developed and is operated
by BASF. This process, which involves ionic liquids (ILs), uses
I-methylimidazole as an acid scavenger of the HCI produced
during the synthesis of alkoxyphenylphosphine.”” The protic ILs
(PILs)* formed could be easily separated from the product and
the Bronsted base 1-methylimidazole is easily regenerated by
distillation.?® These results prompted us to examine whether
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Scheme 1 One-pot synthesis of cyclohexylphenylphosphine oxide 4
with protic ILs.

PILs could be used to synthesize unsymmetrical secondary
phosphine oxides (Scheme 1).

The addition of N-benzylaniline to a mixture of
dichlorophenylphosphine and 1-methylimidazole at 0 °C in
THF gave aminophoshine 1 but the problem of the separation
of the ammonium salt remained. However, using MCH as
solvent, the reaction mixture gave a biphasic reaction media.
The lower phase consists of protic ILs, i.e. 1-methylimidazolium
hydrochloride 2, and the upper phase of aminochlorophosphine
1 in MCH. The use of MCH is essential to minimize the
solubility of the PILs in the upper phase. The lower phase was
discarded and the crude upper phase was diluted with THF (1 :
3,v/v). Then, a stoichiometric amount of cyclohexylmagnesium
chloride solution in THF was added at 0 °C. A single product,
3, was detected by *'P NMR.

After 1 h at room temperature, the mixture was quenched
with HCI in diethylether at 0 °C and then with water. The
reaction mixture was then extracted with ethyl acetate and
cyclohexylphenylphosphine oxide 4 was obtained with a 3'P
NMR purity of 95%. The pure compound, as ascertained by
'H, ®C and *'P NMR spectroscopy, could be obtained after
chromatography on neutral alumina using cyclohexane/ethyl
acetate as eluent.

The procedure was straightforward and reaction of the
aminophoshine 1 with a stoichiometric amount of a variety
of organomagnesium chlorides led to complete substitution of
the P-CI bonds. After hydrolysis, unsymmetrical SPOs could be
obtained in good yield and the results are summarized in Table 1.

Entries 1-5 in Table 1 illustrate substitutions with Grignard
compounds in order to obtain electron-rich SPOs. However,
a low yield was obtained with methylmagnesium chloride
(Entry 1). The substitution of aminophosphine 1 by methyl-
magnesium chloride gave the methylphenylphosphinamide with
P NMR purity higher than 98%. However, during hydroly-
sis, several by-products are formed. Under those conditions,
only 65% of methylphenylphosphinamide is transformed into
methylphenylphosphine oxide as ascertained by *'P NMR
(Table 1). Thus, alternative hydrolysis procedures were
evaluated,” but in that particular case, we were not able to limit

Table 1 One-pot synthesis of unsymmetrical SPOs

Entry R-MgCl SPOs Isolated yield* (%)
2 C,H;s— : 71

3 nCsH,,— : 85

4 Cyclohexane— 73

5 iPr- : H 80

6 4-MeO-Ph— Q y© 72

¢ All compounds were isolated after chromatography on alumina. ® The
conversion was 65% as determined by *'P NMR of the crude.

the formation of by-products. The methylphenylphosphine ox-
ide was isolated in moderate yield (40%, entry 1) when compared
to the yield obtained with two-step synthetic procedure starting
from methyl- or phenylphosphinate ethyl esters.’**® However,
for ethyl- and other alkylmagnesium chlorides (entries 2-5), the
hydrolysis reaction proceeded well and SPOs were obtained in
good yield. Entry 6 shows a clean and complete substitution
of the chloride by an aryl group. Thus, we can conclude that
this methodology represents a versatile and general protocol for
the synthesis of unsymmetrical SPOs, which can be prepared in
one-pot starting from dichlorophenylphosphine using PILs.

Reduction of unsymmetrical SPOs to unsymmetrical secondary
phosphines

The reduction of these unsymmetrical SPOs to unsymmetrical
secondary phosphines was then studied. The reduction of SPOs
is generally obtained using silanes such as diphenylsilane® or
trichlorosilane in the presence of an amine base. However,
reductions using silane are performed at temperature far from
their boiling point.*** Thus, alternative process have been
studied using borane® or DIBAL-H.* Industries involved in
phosphorus chemistry have successfully developed processes
using these reagents. Nevertheless, due to new regulations and
safety requirements, new, safer and cleaner reduction reagents
compatible with sustainable chemistry are needed for the
reduction of phosphine oxides on a large scale. Recently, we
have shown that using a catalytic amount of Ti(OiPr), and
tetramethyldisiloxane (TMDS), as the hydride source, various
tertiary phosphine oxides and secondary phosphine oxides could
be effectively reduced.® However, a temperature of 100 °C was
needed to quantitatively reduce tertiary phosphine oxides in 5 h
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using 10 mol% catalyst and a Si—H : P=0 ratio of 2.5. As the
boiling point of TMDS is 70 °C, the reaction has to be done in
a sealed tube.

However, there are several advantages in using
TMDS/Ti(OiPr), system as an alternative reduction system.
TMDS is a liquid compound soluble in most organic
solvents and inert to air and moisture. Furthermore, the
work up was straightforward and the by-products are inert
TiO, and oligomeric siloxanes. Thus, we decided to further
investigate this catalytic system for the reduction of SPOs using
diphenylphosphine oxide (Scheme 2).

H H
|_ |/
\/ <

O | O

Scheme 2 Reduction of diphenylphosphine oxide using the
TMDS/Ti(OiPr), system.

@O

90%

We began our investigation with the reduction of
diphenylphosphine oxide in toluene at 60 °C with 2.5 mol of
TMDS and a stoichiometric amount of Ti(OiPr),. The reaction
was monitored by P NMR and we were pleased to see that
diphenylphosphine oxide was reduced under those conditions
even though the reaction proceeded slowly: 24 h at 60 °C are
necessary for complete conversion. We next looked at making the
reaction catalytic in Ti(OiPr),. Again the reaction with 10 mol%
Ti(OiPr), worked nearly as well as the stoichiometric variant.
However, no conversion was observed for lower amounts of
Ti(OiPr),. The amount of TMDS was also decreased down
to 1.25 mol and under those conditions the reduction was
quantitative.

Thus, we have studied the reduction with the unsymmetrical
alkyl-substituted secondary phosphine oxides previously syn-
thesized (Table 1) under those conditions. In these experiments,
the products were isolated as air-stable borane adducts by
treatment of the reaction mixture with BH;/THF complex. The
results are summarized in Table 2. Various secondary phosphine
oxides including electron-rich ones were effectively reduced in
high yield. Aromatic SPOs (entries 1 and 2) were reduced in
high isolated yield under the standard conditions. Electron-
rich alkyl(phenyl)phosphine oxides were also effectively reduced.
Table 2 illustrates the wide substrate scope of this process
and these mild reduction conditions offer several advantages
compared to previously methods of reduction.’*** Moreover,
given that TMDS is a hydride source inert to air and moisture
and Ti(OiPr), was used as an activating agent, these conditions
may be attractive as a general way to reduce SPOs.

Conclusion

In conclusion, we have developed a mild, one-pot synthesis
of unsymmetrical secondary phosphine oxides (SPOs) using
protic ionic liquids (PILs). The use of methylcyclohexane, that
effectively separates the protic ionic liquid formed and the
product, allows the one-pot synthesis of these SPOs. The use of
methylcyclohexane as solvent is essential to minimize the solu-
bility of the PILs. Furthermore, we have shown that these SPOs
could be readily converted into the corresponding secondary

Table 2 SPOs reduction and protection as borane complex

Entry SPOs SPs-BH; Isolated yield (%)
1 BH 90
|| _H T 3 OMe
@ O
H
2 88

O OM
O

4 9,H BH, 85
S Oy
5 0 BH, 90
f
e e
6 89

phosphine borane in high yield by the use of catalytic amount
of air-stable Ti(OiPr), and tetramethyldisiloxane (TMDS) as an
hydride source inert to air and moisture. The reaction can be
performed at temperature below the boiling point of TMDS
and provides secondary phosphines in high yields.

Experimental
General

Tetramethyldisiloxane (TMDS), Ti(OiPr), were obtained from
Alfa Aesar, 1-methylimidazole and methylcyclohexane from
Acros and dichlorophenylphosphine, HCI in Et,O and organo-
magnesium were obtained from Aldrich. All compounds were
used without further purification. NMR spectra were recorded
on a Bruker DRX 300 and ALS 300. Chemical shifts are given
in ppm using tetramethylsilane as the external standard for 'H
and “C NMR spectra, and *'P NMR from 85% H;PO,.

General procedure A: synthesis of secondary phosphine oxide

An oven-dried three-necked round-bottomed flask under an
argon atmosphere was charged with N-benzylphenylamine
(0.9 mg, 5 mmol) and 1-methylimidazole (0.50 mL, 6 mmol)
followed by methylcyclohexane (35 mL). Dichlorophenylphos-
phine (0.75 mL, 5 mmol) was added at room temperature. After
1 h, a biphasic solution was obtained. The crude methylcyclo-
hexane upper phase was removed by syringe through the septum
and added to an oven-dried three-necked round-bottomed flask
under an argon atmosphere. 10 mL of anhydrous THF was
added with a syringe and the homogenous reaction mixture was
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cooled to 0 °C. Alkyl magnesium bromide (6 mmol, solution
in THF) was then added and the reaction mixture is stirred at
room temperature. After 1 h, P NMR analysis of an aliquot
indicates the formation of a single product. The flask was then
cooled to 0 °C and the reaction mixture was quenched with HCI
IM in diethylether. The reaction mixture was diluted by ethyl
acetate then washed with NaHCO; and brine. The organic phase
was dried over MgSO,, filtered and concentrated under reduced
pressure. The crude residue was dissolved in cyclohexane and
deposited on a neutral aluminium oxide column. Cyclohexane
was first used as eluent to removed N-benzylphenylamine
hydrochloride. The desired secondary phosphine oxide was then
obtained ethyl acetate-methanol as eluent (100 : 0 to 90 :
10, v/v).

Methyl(phenyl)phosphine oxide. Prepared by general proce-
dure A to give the product (40%) as a colourless oil. 'H NMR
(300 MHz, CDCl;): 7.55 (1 H, d, J = 567 Hz) 7.78-7.52 (2 H,
m), 7.47-7.32 (3 H, m), 4.16-1.55 (3 H, m). *P NMR (81 MHz,
CDCl,) 23.

Ethyl(phenyl)phosphine oxide. Prepared by general proce-
dure A to give the product (71%) as colourless oil. 'H NMR
(300 MHz, CDCl,) 7.68-7.61 (2 H, m), 7.52-7.46 (3 H, m), 7.39
(1 H,dt,J =463,7.4Hz)2.01-1.94 (2 H, m), 1.09 (3H, dt, J =
20, 7.7 Hz). "C NMR (75 MHz, CDCl;) 132.8 (d, J = 2.5 Hz),
131.0 (d, J = 96.1 Hz), 130.3 (2C, d, J = 10.6 Hz), 129.3 (2C,
d,J =12.4 Hz), 23.6 (d, J = 68.2 Hz), 5.8 (d, J = 3.7 Hz). *'P
NMR (81 MHz, CDCl,) 32.

Pentyl(phenyl)phosphine oxide. Prepared by general proce-
dure A to give the product (85%) as a colourless oil. "H-NMR
(300 MHz, CDCI3) 7.64-7.50 (2 H, m), 7.48-7.29 (3 H, m), 7.35
(1H,d,J =464 Hz) 1.88-1.8 (2H, m), 1.59-1.40 (2 H, m), 1.34—
1.15 (4 H, m), 0.8-0.64 (3 H, m). "C-NMR (75 MHz, CDClL;) 6
132.2(d, J = 2.9 Hz), 1309 (d, J/ = 96.2 Hz), 129.7 (2C, d, J =
10.7 Hz), 128.7 (2C, d, J = 12.4 Hz), 32.5 (d, J = 14.3 Hz), 30.0
(d, J = 67.9 Hz), 21.0 (d, J = 3.7 Hz), 20.78, 12.6. *P-NMR
(81 MHz, CDCl,) 29.

Cyclohexyl(phenyl)phosphine oxide. Prepared by general
procedure A to give the product (73%) as a colourless oil. '"H
NMR (300 MHz, CDCl,): 6§ = 7.65-7.45 (5H, m), 7.91 (1 H, d,
J =456 Hz), 1.87-1.66 (6 H, m), 1.20-1.17 (5 H, m). "C NMR
(75MHz, CDCl;): 6 =132.68 (d, J = 1.9 Hz), 130.64 (2C, d, J =
10.3 Hz), 130.0 (d, J = 92.7 Hz), 129.05 (2C, d, J = 11.9 Hz),
38.87 (d, J = 70.1 Hz), 26.37 (d, J = 3.0 Hz), 26.18 (d, J =
2.6 Hz), 26.1 (d,J =1.2Hz),25.6(d,J =1.1Hz),249(d,J =
2.3 Hz). P NMR (81 MHz, CDCl;) 38.

Isopropyl(phenyl)phosphine oxide. Prepared by general pro-
cedure A to give the product (80%) as a yellow oil. 'H NMR
(300 MHz, CDCL;): 6 =7.4 (1 H,dd, J =458,2.4 Hz), 7.65-7.53
(2H,ddd, J = 12.6, 6.9, 1.3 Hz), 7.53-7.34 (3 H, m), 2.14-1.97
(1 H, m), 1.19-1.00 (6 H, m). "C NMR (75 MHz, CDCl;) é =
132.66 (d, J = 3.0 Hz), 130.47 (2 CH, d, J = 10.1 Hz), 129.38
(2 CH, d, J = 93.2 Hz), 128.90 (d, J = 12.2 Hz), 28.64 (d,
J = 69.0 Hz), 14.94 (2 CH;, dd, J = 38.1, 1.4 Hz). *'P NMR
(81 MHz, CDCl,) 41.

(2-methoxyphenyl)(phenyl)phosphine oxide. Prepared by
general procedure A to give the product (72%) as a yellow oil. '"H

NMR (300 MHz, CDCl,) 8.20 (1 H, d, J = 519 Hz), 7.85-7.66
(3 H, m), 7.57-7.38 (4 H, m), 7.14-7.06 (1 H, m), 6.90 (1 H, dd,
J =8.3,5.7Hz),3.77 (s, 3 H). "C NMR (75 MHz, CDCL): § =
160. 82 (d, J = 2.7 Hz), 134.62 (d, J = 1.9 Hz), 133.22 (d, J =
7.0 Hz), 132.32 (d, J = 78.0 Hz), 132.21 (d, J = 2.9 Hz), 131.68,
130.65(2C,d,J = 11.8 Hz), 128.71 2 C, d, J = 13.1 Hz), 121.32
(d,J =12.1Hz), 119.56 (d, J = 75.2 Hz), 110.99 (d, J = 6.0 Hz),
55.72.%'P NMR (81 MHz, CDCL,) 15.7.

General procedure B: reduction of secondary phosphine oxides

At room temperature and under an argon atmosphere was
added Ti(OiPr), (0.05 mL, 0.14 mmol) and TMDS (0.38 mL,
2.0 mmol) to a stirred solution of secondary phosphine oxide
(1.4 mmol) with toluene (3 mL). The reaction mixture was then
heated to 60 °C. After cooling for 24 h, *'P NMR analysis of
an aliquot indicates that conversion was complete. The reaction
mixture was then cooled to 0 °C and BH;/THF (3 mmol) was
added. After 1 h at room temperature, 3P NMR analysis of
an aliquot indicates complete conversion to phosphine borane
adduct. Silica gel was then carrefully added to the flask and
the reaction mixture was filtered through a Buchner funnel
and then washed with ethyl acetate. The resulting mixture was
concentrated under reduced pressure. The residue was purified
by flash chromatography on silica gel with cyclohexane/ethyl
acetate as eluent (100 : 0 to 80 : 20, v/v) to give secondary
phosphine borane.

Diphenylphosphine borane. Prepared by general procedure B
to give the product (90%) as a colourless oil. 'HNMR (300 MHz,
CDCl;) 7.50-7.47 (m, 4 H), 7.14-7.12 (m, 6 H), 532 (d, J =
215Hz, 1 H). "*CNMR (75 MHz, CDCl;) 133.1(d, J = 9.2 Hz),
131.7 (d, J = 2.5 Hz), 129.2 (d, J = 9.8 Hz), 1272 (d, J =
177 Hz). *'P NMR (81 MHz, CDCl;) 2.4 (m).

Ethyl(phenyl)phosphine borane. Prepared by general proce-
dure B to give the product (99%) as a colourless oil. '"H NMR
(300 MHz, CDCl;) 7.79-7.59 (2 H, m), 7.57-7.36 (3 H, m), 5.38
(1 H, ddd, J = 367.9, 12.3, 6.1 Hz), 2.06-1.81 (2 H, m), 1.13
(3 H, dtd, J = 8.0, 7.5, 2.3 Hz), 0.17-0.04 (m, 3 H). "C NMR
(75 MHz, CDCl,): 1329 (2 CH, d, J = 8.6 Hz), 131.8 (d, J =
2.6 Hz), 129.1 (2 CH, d, J = 9.9 Hz), 125.4 (d, J = 55.2 Hz),
17.0 (d, J = 36.6 Hz), 8.6 (d, J = 3.6 Hz). P NMR (81 MHz,
CDCly): 2.32 (dd, J = 95.9, 41.6 Hz).

Pentyl(phenyl)phosphine borane. Prepared by general proce-
dure B to give the product (85%) as a colourless oil. '"H NMR
(300 MHz, CDCl;) 7.72-7.66 (2 H, m), 7.53-7.46 (3 H, m), 5.42
(dm, 1 H, J = 368 Hz), 1.98-1.79 (3 H, m), 1.50-1.57 (2 H, m),
1.36-1.29 (3 H, m), 0.88-0.85 (6 H, m). *C NMR (75 MHz,
CDCl,) 1329 (2 CH, d, J = 8.1 Hz), 131.7 (d, J = 2.2 Hz),
129.13 (2 CH, d, J = 10 Hz), 129.08 (d, J = 63 Hz), 33.4 (d,
J =132 Hz), 32.8 (d, J = 12.5 Hz), 25.7 (d, J = 35,9 Hz), 24.0
(d, J = 27.9 Hz), 23.1 (d, J = 86,5 Hz). *'P NMR (81 MHz,
CDCl,): -1.87 (d, J = 41.3 Hz).

Cyclohexyl(phenyl)phosphine borane. Prepared by general
procedure B to give the product (90%) as a colourless oil. '"H
NMR (300 MHz, CDCl;): 6 = 7.70-7.57 (2 H, m), 7.56-7.39
(3 H, m), 523 (1 H, dm, J = 367 Hz) 2.00-1.54 (7 H, m),
1.41 (5 H, s). *C NMR (75 MHz, CDCl;) 133.80 (2 CH, d,
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J = 7.9 Hz), 131.90 (d, J = 2.4 Hz), 129.20 (2 CH, d, J =
9.6 Hz), 125 (d, J = 50 Hz), 33.4 (d, J = 25.8 Hz), 28.3 (d, J =
1.4 Hz), 27.2 (d, J = 92 Hz), 26.47 (d, J = 5.5 Hz), 26.39, 25.68
(d,J = 1.1 Hz). P NMR (81 MHz, CDCL,) 13.6-11.8 (dd, J =
57.4,5.4).

Isopropyl(phenyl)phosphine borane. Prepared by general
procedure B to give the product (83%) as a colourless oil. "H
NMR (300 MHz, CDCl;) 7.68-7.45 (5 H, m), 5.86-4.63 (1 H,
dm, J = 363 Hz), 6.67-3.63 (1 H, m), 1.22-1.15 (6 H, m). °C
NMR (75 MHz, CDCl;) 133.6 (2 CH, d, J = 8.0 Hz), 131.8 (d,
J=2.5Hz),129.0(2CH, d, J =9.9 Hz), 125.0 (d, J = 53.0 Hz),
239 (d, J = 35.1 Hz), 17.9 2CH; d, J = 17.9 Hz). *'P NMR
(81 MHz, CDCl;) 16.65 (d, J = 50.9 Hz).

(2-Methoxyphenyl)(phenyl)phosphine borane. Prepared by
general procedure B to give the product (88%) as a colourless
oil. "HNMR (300 MHz, CDCl;) 7.62 (3 H, dddd, J =21.7, 11.9,
7.8, 1.7 Hz), 7.49-7.20 (4 H, m), 6.98 (1 H, ddd, J = 14.9, 7.4,
1.3 Hz), 6.84 (1 H, dd, J = 8.2, 3.4 Hz), 6.44 (1 H, qd, J = 395,
6.9 Hz), 3.74 (3 H, s). "CNMR (75 MHz, CDCl;) 160.63 (d, J =
1.2 Hz), 134.94 (d, J = 13.7 Hz), 133.92, 132.83 2 CH, d, J =
9.8 Hz), 131.13(d, J = 2.5 Hz), 128.72 (2 CH, d, J = 10.4 Hz),
126.96 (d, J = 57.9 Hz), 121.38 (d, J = 12.3 Hz), 114.63 (d, J =
55.5 Hz), 110.81 (d, J = 4.2 Hz), 55.79. *'P NMR (81 MHz,
CDCl;) -15.28 (d, J = 65.1 Hz).
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Lipase PS was immobilized in mesoporous silica (MPS) thin films inside a borosilicate tube
microreactor for use in the enantioselective transesterification of vinyl acetate with
(¥)-1-phenylethanol. The immobilization was tested for 3D cubic and 2D hexagonal MPS thin
films inside microreactors with and without hydrophobic treatment. The hydrophobic treatment
enhanced the adsorption amount and the lipase activity for both 3D cubic and 2D hexagonal
films. Of these treated films, the 3D cubic structure film exhibited the highest yield (64%) with an
enantioselectivity higher than 99% in a continuous flow experiment. The activity of the
immobilized lipase PS was well maintained for 36-hour continuous operation. A Ping-Pong Bi Bi
kinetic model was employed to interpret the activity of the immobilized lipase PS. The ratios of
the maximum velocity to the Ping-Pong constant (i.e., specificity constants) were measured for
lipase PS immobilized inside the microreactor and for native lipase PS. The value inside the

microreactor was 800 times greater than that of the native lipase PS.

Introduction

Enzymatic reactions have acquired increasing importance as
tools for fine chemical syntheses. Lipase exhibits an excellent
stereoselectivity and enantioselectivity in hydrolysis and acy-
lation reactions, and has been widely investigated over recent
decades.’* Lipase-catalyzed acylations are of great importance
for optical resolution in chemical syntheses; however, native
lipase is not uniformly dispersed in organic solvents because of
its poor solubility, which results in low enzymatic activity. It is
reported that the activity and enantioselectivity in the acylation
of chiral alcohols catalyzed by lipase PS can be altered in various
solvent systems.** Many attempts have been made to improve the
lipase activity and enantioselectivity,*® and a common solution
is to immobilize it in support matrices, such as metal oxides, sol-
gel materials, and polymers.'*"? Lipase is uniformly dispersed in
a matrix by the immobilization, and can be used effectively in
organic solvent systems.

Enzyme immobilization has commonly been employed for
large scale synthesis in both aqueous and organic solvents."
Since immobilization simplifies the separation and reuse of
enzymes reducing chemical wastes, it is a valuable tool in
food, pharmaceutical, and chemical industries."* However, by
comparison with native enzymes homogeneously dissolved in an
aqueous solution, the activity of enzymes in support matrices is
generally reduced. This is mainly attributed to the denaturation
of the enzymes and to the diffusion limitation of the reactants.
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1 Electronic supplementary information (ESI) available: Estimation
of effective diffusivity inside mesoporous silica films. See DOI:
10.1039/b917374a

As regards diffusion limitation in particular, if enzymes are
immobilized deep inside a matrix, the probability of the reactant
molecules encountering enzymes is limited because of the slow
molecular diffusion inside the support matrix. It is inferred
that enzymes immobilized near the matrix surface are mainly
exploited in the reactions. Therefore, if the diffusion limitation
in the support matrix is diminished, the apparent lipase activity
would be enhanced.

A microreactor with a small reaction space in the range from
100 um to 1 mm is a useful tool for fine chemical synthesis.>"
One characteristic feature is that it has a large interfacial area
per unit volume. If a catalyst is coated on its wall, reactant
molecules can easily encounter the catalyst because of the short
diffusion distance inside the microreactor. Such a system can
be expected to be an efficient tool for heterogeneous catalytic
reactions.'® Microreactors have increasingly been employed for
enzymatic reactions as high throughput analytical and synthetic
tools.**! In these applications, enzymes were immobilized inside
microreactors with elegant techniques including biotin—avidin
labeling techniques,®? cross-linking enzyme aggregation,?*
and use of metal oxide monolith/beads.>*® A simple and robust
enzyme immobilization method is desired for further use of
microreactors.

Recently, we have developed a microreactor that has a
mesoporous silica (MPS) thin film on its inner walls.®* MPS,
which is typically synthesized with a silica precursor and
surfactant micelle templates, and possesses a highly ordered
pore structure.’** Because of its uniform pores (about 7.5 nm
in diameter), MPS is suitable for use as a catalyst support,
and has recently been used as an enzyme support matrix.*
Several types of MPS powder exhibited high enzyme loading
capacities for horseradish peroxidase, catalase,’” and lipase.
It is also reported that this immobilization technique often
enhanced the thermal and chemical stabilities of enzymes.?**
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Therefore, the MPS film was provided inside the microreactor
as a support matrix. Importantly, the thin MPS film (less than
150 nm) could minimize the diffusion limitation within the
MPS support matrix, and enhance the apparent activity of
immobilized enzymes. In this context, a microreactor containing
MPS films is better adapted to enzymatic reactions in fine
chemical syntheses.

This study describes the immobilization of lipase PS in MPS
thin films inside a microreactor for use in the acylation of
(3)-1-phenylethanol with vinyl acetate. This paper has two main
parts. The first part describes the testing of several types of
MPS film appropriate for lipase immobilization, and the second
part evaluates the immobilized enzyme activity by comparison
with native lipase PS. The surface hydrophilicity and porous
structure of MPS films are discussed in the first part with a view
to achieving effective lipase immobilization. It is known that
the hydrophilicity of SiO, considerably alters the adsorption
property of lipase.">* The porous structure of MPS film affects
the access of reactant molecules to the immobilized lipase. These
two factors would play an important role in lipase activity. In the
second part, the activity of the immobilized lipase is quantified
by fitting to a Ping-Pong Bi Bi kinetic model for comparison
with native lipase.'®

Experimental

All chemicals were used as received. For the MPS preparation,
ethanol, tetraethyl orthosilicate (TEOS), and hydrochloric acid
were obtained from Junsei Chemical Co. (Tokyo, Japan). F127
block copolymer supplied by BASF (Mount Olive, NJ, USA)
was used as a structure-directing agent. A borosilicate tube
(Vitrocom, Mountain Lakes, NJ, USA) containing six bores
0.20 mm in inner diameter and 30 cm long (3 mm outer diameter)
was used as a microreactor. Lipase PS SD and lipase PS IM
are products of Amano Pharmaceutical Co. Note that lipase
PS IM is a commercial formulation of lipase PS immobilized
on SiO, (diatomaceous earth). For a buffer solution, 2-(N-
morpholino)ethanesulfonic acid (MES) was obtained from
Dojin Chemical (Kumamoto, Japan). For the transesterifi-
cation, (¥)-1-phenylethanol (PE) and (S)-(-)-1-phenylethanol
((S)-PE) were purchased from Wako Pure Chemical Industries
Ltd. (Osaka, Japan); ()-1-phenylethylacetate (PEA) was pur-
chased from Merck Schuchardt OHG (Hohenbrunn, Germany);
vinyl acetate (VA) and diisopropyl ether (iPr,O) were ob-
tained from Kishida Chemical Co. (Osaka, Japan); 1,1,1,3,3,3-
hexamethyldisilazane (HMDS) was purchased from Aldrich
(Milwaukee, WI, USA).

The preparation of MPS thin films inside microreactors
has been detailed elsewhere.?3® Two different MPS struc-
tures were formed in the present study. The molar ratios of
TEOS, H,0, HCI, EtOH, and F127 in precursor solutions
were 1:9.2:0.042:51:0.0041 for 3D cubic MPS film and
1:9.2:0.021:40:0.0072 for 2D hexagonal film. The inner walls
of micro-capillary tubes were coated with these precursor
solutions. In fact, it is difficult to measure the amount of
adsorption inside microreactors directly. Accordingly, a quartz
microbalance system (QCM: Q-Sense D300, Géteborg, Sweden)
was used for measuring the amount of lipase adsorbed on the
MPS films. The same precursor solutions were used to form

MPS thin films on QCM oscillators by dip coating with a
3.6 cm min™' withdrawing speed. The hydrophobic surfaces
were prepared with HMDS. The prepared MPS thin films were
exposed to HMDS vapor at room temperature for 2 h. After this
exposure, the films were dried at 70 °C to remove excess adsorbed
HMDS. In this process, the surface Si—-OH groups of MPS were
converted into methyl terminals and became hydrophobic.*
Surface and cross-sectional images of the prepared MPS films
were acquired with a scanning electron microscope (SEM) at an
acceleration voltage of 0.8-1.5 kV (S-4800 FE-SEM: Hitachi
High-Technologies, Japan). For this observation, the micro-
capillary tubes were broken to reveal the MPS films coated on
their inner walls.

In the lipase immobilization process, the developed microre-
actor was filled with a 10 mg mL™" lipase PS solution and kept
at 5 °C for 12 h to reach adsorption equilibrium. The lipase
solution was prepared by dissolving lipase PS SD in 20 mM
MES buffer solution controlled at pH 7. Prior to the experiment,
the microreactor was rinsed with the buffer solution for more
than 30 min to remove excess lipase. Subsequently, N, gas was
fed through the microreactor to remove any remaining buffer
solution because the reactant solution is not soluble in water.
In the QCM analyses used to measure the amount of adsorbed
lipase, 10 mg mL™" lipase solution was fed into the system where
it remained for 2 h. After flowing the buffer solution to remove
excess lipase near the surface, the mass change of the QCM
oscillator was monitored.

Transesterification was carried out with lipase immobilized
inside the microreactor. All the experiments using the microre-
actor were performed at 40 °C in a continuous flow manner. The
reaction is expressed as follows:This model reaction catalyzed

QAc
? ~ (RLPEA
oH Ao~ CH,CHO @A R
PR S S
Lipase PS OH
(*)-PE (S)}-PE

by lipase PS is known as a route to enantiomerically pure
compounds under mild conditions.® Because of its high activity
and selectivity, the reaction is frequently discussed in the field
of green chemistry.** A mixture of (+)-PE and VA dissolved in
iPr,0 was fed at a rate ranging from 0.3 to 24 uL min™ by using a
syringe pump (PHD2000, Harvard Apparatus, Holliston, MA,
USA). The initial concentration was ranging from 5 to 26 mM
for PE and from 5 to 50 mM for VA, respectively. The effluent
was collected to measure its concentration with an HPLC
(Shimadzu LC-10A, Kyoto, Japan) equipped with a Chiralcel
OD column (Daicel Chemical Industries, Tokyo, Japan). The
UV detector was set at 254 nm, and the column temperature was
held at 30 °C. The mobile phase was hexane/2-propanol (6/1),
and the flow rate was 1 mL min™'. Reference compounds in-
cluding (£)-1-phenylethanol, (S)-(-)-1-phenylethanol, and (%)-
1-phenylethylacetate were used to identify the retention time of
the products.

Additional batch experiments were conducted using lipase PS
SD and lipase PS IM to evaluate enzyme activity. The mixture
of PE and VA dissolved in iPr,O (3 mL) was added toa 13.5 mL
glass vial containing lipase PS SD (30 mg) or lipase PS IM (5 mg),
and was then stirred (600 rpm) at 40 °C. The initial concentration
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of PE tested in these batch experiments was ranging from 6 to
26 mM; the initial concentration of VA was ranging from 5.7 to
57 mM. After completion of the reaction time, the suspension
was quickly filtered through a cellulose acetate filter (0.5 pum,
Advantec DISMIC-13, Tokyo, Japan) and then was injected
into the HPLC system.

Results and discussion
MPS films for lipase PS immobilization

The first part of this study focuses on the influence of the
porous structure and hydrophilicity of MPS thin films on the
amount and activity of adsorbed lipase. Fig. 1 shows SEM
images of MPS thin films that were formed on the inner wall
of the microreactor. Two forms of MPS were prepared for
the investigation: 3D-cubic (Fig. 1a and b) and 2D-hexagonal
(Fig. 1c and d). A major difference between two structures was
the existence of open mesopores on the surface. Uniform open
pores about 7.5 nm in diameter are aligned in an orderly way
with 3-fold symmetry on the surface (Fig. 1a). This is a typical
feature of a 3D cubic structure.’* As shown in Fig. 1b, the
film thickness is about 45 nm. With the 2D hexagonal film
shown in Fig. Ic, the pore channels are aligned parallel to the
surface forming a swirling pattern with few open pores (dark
spots in the figure) on the surface. Fig. 1d shows that the film

Fig. 1 Structures of mesoporous thin films on the inner wall of
microreactors: (a) Surface image of 3D cubic; (b) cross-sectional image
of 3D cubic; (c) surface image of 2D hexagonal, (d) cross section of 2D
hexagonal. Scale bar: 100 nm.

thickness is about 125 nm and that the pore channel size is about
7.5 nm, which is almost the same as the pore size of 3D cubic
film. We confirmed that ordered pore structures were present
inside the microreactor. We also confirmed that the films on the
QCM oscillators had the same structures as those inside the
microreactor.

The amount of lipase adsorbed on the MPS films on QCM
oscillators was measured in order to understand the properties
of support matrices suitable for lipase immobilization. We
investigated MPS films with and without HMDS hydrophobic
treatment. Hereafter, we refer to HMDS-treated 3D cubic
and 2D hexagonal films as H-cubic and H-hexagonal films,
respectively. The mass change (AM) of QCM oscillators coated
with MPS films was monitored after they were exposed to
lipase solution (Fig. 2). Fig. 2 shows that lipase adsorption
increased rapidly and reached equilibrium after exposure to
lipase solution. Importantly, AM remained constant after it
was rinsed with buffer solution, which indicates that little lipase
leached from the MPS films. Although several reports mention
that a strong interaction between enzyme and silica is required in
the immobilization process to minimize the amount of enzyme
leaching out from silica,***’ the MPS films exhibited excellent
affinity to lipase PS. The final values of AM are also listed
in Table 1. A comparison of the final AM values for MPS
films showed that lipase adsorbed more on HMDS-treated films
than on untreated films. The lipase adsorption on H-cubic film
(1.55 pg cm™) was about 9 times that on the untreated film
(0.173 pg cm™), while the adsorption on H-hexagonal film
(2.12 pg cm™) was about 20 times that on the untreated film

25 T T

N =y N
o (&) o

o
3}

Mass Change / pg-cm?

Time /h

Fig. 2 Amount of lipase adsorbed in MPS films on QCM oscillators:
(from top to bottom) solid line: H-hexagonal, long-dashed line: H-hubic,
short-dashed line: cubic, dotted line: hexagonal. At 2 min, lipase solution
was supplied to the QCM system. Every 10 min after 122 min, the buffer
solution was supplied to remove excess lipase.

Table 1 Amount and activity of lipase adsorbed on 4 types of MPS thin film

Type of MPS AM/ug cm2 (R)-PEA/mM® (R)-PE/mM* (S)-PE/mM?* i-(R)-PE/mM¢ i-(S)-PE/mM¢ Yield [%0]“
Cubic 0.173 0.272 12.9 12.9 13.0 12.9 2.10
Hexagonal 0.102 0.202 13.1 12.4 13.0 12.9 1.56
H-Cubic 1.55 9.53 5.44 14.9 14.9 14.9 63.9
H-Hexagonal 2.12 6.64 8.31 14.8 14.9 14.9 44.7
H-Cubic* — 11.2 1.17 12.5 12.1 12.1 92.5

“Mass change (AM) was calculated from frequency shift (Af) of QCM based on Sauerbrey equation. ® The concentration in the effluent. ¢ The
concentration in the influent. ¢ Ratio of the concentration of (R)-PEA in the effluent and the initial concentration of (R)-PE. ¢ Microreactor
experiment was at a flow rate of 0.3 uL min™'. Other experiments were at 1.2 uL min~'. When the flow rate is small in this system, the reaction proceeds

further because of long contacting time.
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(0.102 ug cm™). It is clear that lipase was preferentially adsorbed
on the hydrophobic films. This agrees with other reports on
silica and MPS.'>** While several types of interaction including
electrostatics, hydrogen bonding, hydrophobic interactions, and
van der Waals interactions govern protein adsorptions,®® the
hydrophobic interaction dominates in the lipase adsorption in
MPS. Furthermore, the QCM results showed that more lipase
was adsorbed on H-hexagonal film than on H-cubic film. It is
simply because the thickness of H-hexagonal film is greater than
that of H-cubic film. As shown in Fig. 1b and d, the hexagonal
film (125 nm) was thicker than the cubic film (45 nm). Because
thicker films should have a larger pore volume, the H-hexagonal
film had a greater lipase adsorption capacity than the H-cubic
film. From the AM values and the size of lipase, we calculated the
total volume of adsorbed lipase and compared it with the size of
the pore volume. From this estimation, lipase was adsorbed on
almost the entire H-cubic film from top to bottom, while an open
space still remained in the H-hexagonal film. Therefore, lipase
was adsorbed more on the H-hexagonal film because it even
migrated inside the narrow pore channels of the H-hexagonal
film during the long immobilization process.

The activity of the adsorbed lipase was also compared
with four types of MPS film coated inside the microreactors.
Transesterification was carried out in a continuous flow manner
at a rate of 1.2 uL min™".* The measured concentration
of the effluent flow is summarized in Table 1. The product
concentrations, (R)-PEA, for the HMDS-treated films (9.53 mM
for H-cubic and 6.64 mM for H-hexagonal) were about 35 times
greater than that for the bare films (0.272 mM for cubic and
0.202 mM for hexagonal). This supports the QCM results
showing that more lipase was adsorbed on the hydrophobic
surface than on the hydrophilic surface. The result also suggests
that lipase immobilized on the hydrophobic surface maintained
good enzymatic activity and that denaturation via the adsorption
process was not significant in the current system. Furthermore,
it should be noted that while H-cubic film had only 9 times more
lipase adsorption than the untreated cubic film, it exhibited a
35-fold increment in the product concentration. In other words,
lipase adsorbed on H-cubic film was more active than that on
the untreated cubic film. It is reported that the lipase active site
is covered by a lid domain and that the lid moves away when
lipase is exposed to hydrophobic environments.” An open form
of lipase is thought to exhibit good activity. The hydrophobic
treatment in the present study also had a similar effect on the
transesterification catalyzed by lipase. Indeed, both H-cubic
and H-hexagonal films had similar acceleration effects on the
reaction. The results indicate that the hydrophobic treatment of
MPS thin film enhanced the catalytic activity of immobilized
lipase as well as the amount of adsorption.

We discuss the effect of MPS structure on the activity of
immobilized lipase by comparing H-cubic and H-hexagonal
films. As shown in Table 1, the (R)-PEA concentration of the
H-hexagonal film (6.64 mM) was 30% less than that of the
H-cubic film (9.53 mM), whereas the lipase adsorption of the
H-hexagonal film (2.12 pg cm™) was 70% more than that of
the H-cubic film (1.55 pg cm™). Interestingly, the reaction rate
of lipase immobilized in the H-hexagonal film was slower than
that in the H-cubic film. We speculate that the slow reaction rate
was due to reactant molecules’ access to the lipase inside H-

hexagonal film. The H-hexagonal film has a limited number
of open pores on the surface and appears to provide poor
accessibility to its pores through its surface compared with H-
cubic film (see Fig. 1¢).*** In some cases, there are micropores
(smaller than 2 nm) on the walls of mesopore channels. However,
the diffusion of reactant molecules through such micropores is
presumably small compared with the diffusion through the open
mesopores in Fig. 1a. Unlike the H-hexagonal film, the H-cubic
film has many open mesopores on its surface, and the reactant
molecules have good accessibility to the lipase immobilized
inside the mesopores. Since the reaction was conducted in a
continuous flow manner, its reaction rate was greatly affected
by diffusion limitation. Hence, the reaction rate of immobilized
lipase is correlated with the MPS film structure in terms of
reactant molecules’ accessibility to lipase inside the pores. Of
the MPS films tested in this study, the H-cubic film is the most
suitable for transesterification with immobilized lipase.

In our preliminary experiments, lipase PS SD and lipase PS
IM showed good enantioselectivity in batch reactions. However,
it should be noted that the enantioselectivity of lipase PS
is dependent on its solvent environment and is sometimes
altered by the addition of ionic liquids.** In this context,
the enantioselectivity in the experiments was judged from the
(S)-PEA and (S)-PE concentrations in Table 1. In fact, the
concentration of (S)-PEA was lower than the detection limit;
the change in the (S)-PE concentration was negligible. Hence, in
all cases, the enantiomeric excess values were higher than 99%.
For the H-cubic film, the enantioselectivity was high even at a
yield of 92.5% in an additional experiment with a flow rate of
0.3 uL min™'. Thus, the lipase immobilized in the MPS films
maintains good enantioselectivity.

Evaluation of immobilized lipase PS

The H-cubic film exhibited a good capacity for lipase immobi-
lization based on an activity test for four types of MPS film.
The second part of this study focuses on the characteristics of
lipase immobilized in the H-cubic film. The reactant solution
was continuously fed into a microreactor containing lipase PS at
arate of 3L min™' for 36 h, and the product concentration in the
effluent solution was monitored to determine its stability (Fig. 3).
The concentration after the first hour was 6.21 mM, which
corresponds to a yield of 51% in a contact time of 18.8 min. The
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Fig. 3 Changes in the product concentration in the effluent solution
with time in long-term continuous test. The reactant solution (Czy.pr =
12.1 mM, Cpz = 12.1 mM, Cy, = 50 mM) was continuously fed at
3 uL min™ over 36 h. The temperature of the reactor was kept at 40 °C.
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concentration at 8 h was 5.71 mM and the final concentration at
36 h was 4.94 mM, which was about 80% of the original value.
The results indicate that the reaction rate slowly decreased with
time. Since a small amount of lipase was leached out in the QCM
experiments, the decrease in the reaction rate was largely due to
the natural decay of lipase activity. It is well known that lipase
loses its activity in organic solvents.*"*> Amano Pharmaceutical
Co. also reported that lipase PS IM loses about 20% of its activity
after being stirred in /Pr,O at 25 °C for 24 h. Therefore, the lipase
immobilized in the H-cubic film provided fairly good stability,
based on the result showing that it maintained about 80% of its
original activity after 36 h of continuous reaction at 40 °C.

The enzymatic activity of lipase immobilized in MPS films
was quantified for evaluation through a comparison with native
lipase and a commercial immobilized lipase PS. Since the
MPS film coated inside the microreactor was designed for
continuous operation, we conducted tests with various reactant
concentrations at a flow rate of 24 uL min™', and calculated
the reaction rates from the product concentrations. Compared
with the flow rate in the previously described activity test
(1.2 pL min™), the rate in this experiment is fast (24 L min™).
Under this condition, the change in the reactant concentration
is very small because of the short contact time. This allows us
to assume that the reactant concentration is constant across
the microreactor and then to calculate the reaction rates directly
from product concentrations and flow rates.?” It should be noted
that the rates obtained with this method are equivalent to the
initial rates in the batch experiments.

Fig. 4a shows the reaction rates as a function of VA
concentration at (R)-PE concentrations, Cpe of 2.5, 5, 6,
and 13 mM. The reaction rates gradually increase with VA
concentration and reach a plateau at high VA concentrations.
This feature is observed for all PE concentrations. For further
analysis, the results were re-plotted in Lineweaver—Burk form,
where the reciprocals of the reaction rates were plotted against
the reciprocal of the VA concentration, Cy, (Fig. 4b). Data sets at
a constant C,pg form straight parallel lines. We also confirmed
that the y-intercepts of the straight lines are proportional to
the reciprocal of C,pe. These are typical features representing
the Ping-Pong Bi Bi mechanism."” In this transesterification,
VA first binds to lipase to give an intermediate form that then
reacts with PE to yield the product, PEA. It is known that PE
sometimes acts as a competitive inhibitor in the first step of this
reaction.”** The current results show that the rate increased
with the PE concentration (Fig. 4a), and suggest that PE
inhibition was minimal under these conditions. This is because
we set the initial reactant concentrations at relatively low values
in order to quantify the initial activity of lipase immobilized
in MPS films in the absence of competitive inhibition. While
many kinetic forms have been proposed for the interpretation
of transesterification,* the Ping-Pong Bi Bi mechanism in
the absence of competitive inhibition was suitable for acquiring
kinetic parameters in this study and is expressed as follow:

P — VmaxCVAC(R)-PE (1)
Cya-Ciryre
(Con Car) CVAC(R)-PE + KPECVA + KVAC(R)-PE

where V., is the maximum velocity (mol s™ gy...'); Kva and
Kyi are the Ping-Pong constants for VA and PE (M). Since the
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Fig. 4 (a) Transesterification experiments as a function of VA concen-
tration. The solid lines are the fitted results based on the Ping-Pong Bi Bi
mechanism. In the graph, Cg, g is the concentration of (R)-PE in mM.
A: Cioprs = 13mM, A: Ciayppr = 6 MM, @: Crpe = S mM, 2 Copypr =
2.5mM. (b) Lineweaver—Burk plot of the transesterification experiments
in Fig. 4a. Dotted lines are guides to the eye.

substrate concentrations (Cyy and Cz,pe) Were set at very low
values, eqn (1) can be simplified as follows:*

1
.o =
(Cya-Cinree) Ky, N Ko ?2)
" Cva I/:naxC(R)-PE

max

In eqn (2), it is estimated that 1/V,, is far smaller than
Kyn/ViaxCva and Kpg/ Vi Cripe. The specificity constants,
which correspond to V,../Kys and V,./Kps, indicate the
efficiency of an enzyme that converts a substrate into a product.
Hence, instead of estimating the individual parameters of V',
Kpe, and Ky, the specificity constants were obtained by fitting
the results to eqn (2) to evaluate the immobilized lipase activity.
In addition, the slope of the straight lines in the Lineweaver—
Burk plot corresponds to Ky,/ V.., Which is the reciprocal
of the specificity constant (Fig. 4b). To estimate commercial
lipase activity, the initial reaction rates were measured in batch
experiments using lipase PS SD and lipase PS IM. The results
of the batch experiments were also fitted to eqn (2) in the
same manner. The obtained specificity constants of immobilized
lipase, lipase PS SD, and lipase PS IM are summarized in Table 2.

The values of V,,,./ Ky and V,,,./ Ky for lipase immobilized
in the MPS film are roughly the same, which indicates that
the Ping-Pong constants, Ky, and Kz are not very different
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Table 2  Specificity constants of lipase PS

Type of lipase Vinax/ Kya [L 87 ipace™'] Vinax/ Ko [L 8™ ipase™']
Immobilized 4.50 x 1073 3.86 x 107°
Lipase PS SD 5.71 x 107 6.85%x 10
Lipase PS IM 1.17x 10 3.08x 10

from each other. The specificity constant V., /Ky, for lipase
immobilized in the MPS film is greater than that for native
lipase PS SD by a factor of nearly 800. As described in the
introduction, lipase PS was not dissolved in organic solvents
and was not equally dispersed in the solution. This low solubility
caused the native lipase activity to be low in organic solutions.
Hence, the results suggest that the lipase immobilized in the
MPS film encountered reactant molecules with an increased
frequency, which led to excellent enzymatic activity in the trans-
esterification. The specificity constant of lipase PS IM in Table 2
was estimated for the total weight which includes diatomaceous
earth and lipase because the immobilization percentage was not
provided. Although the specificity constant of lipase PS IM is
not directly comparable, the specificity constant for the lipase
immobilized in the MPS film (4.50 x 107 L s g™) is about
40 times that for lipase PS IM (1.17 x 10* L s g'). We also
estimated the amount of lipase immobilized in lipase PS IM by
measuring the protein concentrations of lipase PS IM and lipase
PS SD using standard BCA protein assays (Pierce BCA Protein
Assay Kit, Rockford, IL, USA). The estimated immobilization
percentage of lipase PS IM was 34%. If this immobilization
percentage (34%) is included in the values for lipase PS IM,
the specificity constants were 3.44 x 10 L s g for V /Ky
and 9.06 x 10* L s g for V,u/Kpe. The Vo / Kya value of
lipase PS IM is smaller than that for lipase PS immobilized in
the MPS films by a factor of 13. Hence, the activity of lipase
PS immobilized in the MPS film was much greater than that of
commercial immobilized lipase PS.

Conclusion

Microreactors with MPS thin films were employed for enan-
tioselective transesterification catalyzed by immobilized lipase.
The porous structure and surface hydrophilicity of the MPS
film affected the adsorption amount and the activity of lipase
PS. Hydrophobic treatment enhanced both the adsorption
amount of lipase PS in the MPS films and its enzymatic activity.
MPS film with open pores on the surface, which possessed good
reactant accessibility, exhibited an increased reaction rate. Of
the films tested in this study, lipase PS immobilized in the 3D
cubic film with hydrophobic treatment exhibited the highest
activity while maintaining enantioselectivity higher than 99%.
The immobilized lipase also showed good stability during 36-
hour continuous operation. The activity of lipase immobilized
in the MPS film was quantified by fitting the results to the Ping-
Pong Bi Bi mechanism. The specificity constant of immobilized
lipase was 800 times greater than that of native lipase PS and
was 13 times greater than that of lipase PS IM. The immobilized
lipase PS in the MPS film inside the microreactor exhibited
the enzymatic activity higher than the native lipase PS and
lipase PS IM. A microreactor containing MPS film showed good

applicability to enantioselective chemical reactions catalyzed by
immobilized enzymes.
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One of the main barriers to the enzymatic hydrolysis of cellulose results from its highly crystalline
structure. Pretreating biomass with ionic liquids (IL) increases enzyme accessibility and cellulose
recovery through precipitation with an anti-solvent. For an industrially feasible pretreatment and
hydrolysis process, it is necessary to develop cellulases that are stable and active in the presence of
small amounts of ILs co-precipitated with recovered cellulose. However, a significant decrease in
cellulase activity in the presence of trace amounts of ILs has been reported in the literature,
necessitating extensive processing to remove residual ILs from the regenerated cellulose. Towards
that end, we have investigated the stability of hyperthermophilic enzymes in the presence of the IL
1-ethyl-3-methylimidazolium acetate ((C2mim][OAc]) and compared it to the industrial
benchmark Trichoderma viride (T. viride) cellulase. The endoglucanase from a hyperthermophilic
bacterium, Thermatoga maritima, and a hyperthermophilic archaeon, Pyrococcus horikoshii, were
over expressed in E. coli and purified to homogeneity. Under their optimum conditions, both
hyperthermophilic enzymes showed significantly higher [C2mim][OAc] tolerance than 7. viride
cellulase. Using differential scanning calorimetry we determined the effect of [C2mim][OAc] on
protein stability and our data indicates that higher concentrations of IL correlated with lowered
protein stability. Both hyperthermophilic enzymes were active on [C2mim][OAc] pretreated Avicel
and corn stover. Furthermore, these enzymes can be recovered with little loss in activity after
exposure to 15% [C2mim][OAc] for 15 h. These results demonstrate the potential of using
IL-tolerant extremophilic cellulases for hydrolysis of IL-pretreated lignocellulosic biomass, for
biofuel production.

Introduction markets given the role of corn as a food commodity. LC biomass,
on the other hand, is an abundant and potentially low cost
resource that does not compete with human needs.® It includes
agricultural residues (corn stover, wheat straw and rice straw),
deciduous and coniferous woods, agricultural processing by-
products (corn fiber, rice hulls and sugar cane bagasse) and

The use and depletion of fossil fuels are major environmental and
energy security issues for the twenty-first century.! Renewable
biofuels produced from biomass are an important alternative to
petroleum use for transportation. Lignocellulosic (LC) biomass
is an abundant‘and, pc?tentially, carbon.-neutral energy resource energy crops like switch grass and miscanthus.*

fo.r the. production ofblgfuels and chemicals.? However, there are Lignocellulosic biomass is made of three major components—
scientific and technological challenges that need to be overcome cellulose (35-50%), hemicellulose (20-35%) and lignin (10—
before LC biomass-derived biofuels can be a significant and
economically competitive alternative to petroleum.

The production of ethanol from corn grain represents the
most convenient and technically advanced option for biofuels
in the United States today. However, the increased displacement
of available corn supplies for fuel has adverse affects on food

25%)—the relative concentrations of which vary according
to the source® For efficient utilization, the biomass has to
undergo pretreatment before it can be enzymatically hydrolyzed
to glucose and other constituent sugars. Cellulosic component of
LC biomass is highly crystalline with polymeric cellulose chains
held together by hydrogen bonds and van der Waals forces.®
The polymeric chains are made of anhydroglucose units joined
together by glycosidic bonds with degree of polymerization

“Deconstruction Division, Joint BioEnergy Institute, 5885 Hollis St, 4th

Floor, Emeryville, CA, USA. E-mail: rsapra@Ibl.gov; (DP) ranging from 1000-20 000 units.” Pretreatment is essential
Fax: +1 510-486-4252; Tel: +1 510-508-9956 to reduce the DP of the cellulose and make it amorphous
”Biomass Science and Conversion Technology Department, Sandia to facilitate access to the substrate for enzymatic cellulose
National Laboratory, Livermore, CA, US4 i i hydrolysis.® Current strategies in pretreatment and recovery of
‘Department of Chemical Engineering, University of California, . . . .

Berkeley, CA, USA cellulose from biomass have been primarily derived from pulp
1 Electronic supplementary information (ESI) available: DSC, halotol- and paper industry, where the downstream process of converting
erance and compositional analysis. See DOI: 10.1039/b916564a cellulose to glucose is not a consideration and are incompatible
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with enzymatic hydrolysis; thereby requiring extensive cellulose
processing for enzymatic hydrolysis and resulting in an increase
in time and cost. It is therefore desirable and important to
develop a biomass pretreatment process that is compatible
with not only the enzymatic hydrolysis but also subsequent
fermentation of glucose to biofuels.

Current pretreatment methods include mechanical reduction
in biomass particulate size followed by dilute acid, flow-through
ammonia fiber expansion, ammonia recycle percolation, lime,
steam explosion, or organosolv (OS) pretreatment.” The draw-
backs of these methods include severe reaction conditions (high
temperature and/or high pressure and extremes of pH), and
high processing costs. A new pretreatment approach using ionic
liquids (ILs) has been shown to be effective in solubilizing
crystalline cellulose.™

Room temperatures ILs are pure salts with melting points
typically below 100 °C."!* While the properties of ILs are very
diverse, high thermal stability and non-volatility make this class
of compounds an attractive alternative to organic solvents in
several existing industrial processes.”> ILs depending on their
chemistry, can dissolve a wide range of polar and non-polar
organic and polymeric compounds, including cellulose, and
make the polysaccharide chains more accessible to enzymatic
hydrolysis.”® Of particular interest to the biofuels industry is
the ability of several imidazolium based ionic liquids with weak
conjugated-base anions to dissolve crystalline cellulose at mod-
erate temperatures.’*!* The cellulose is subsequently recovered in
the amorphous form upon the addition of anti-precipitants like
water'>"” rendering it more accessible to enzymatic hydrolysis
and subsequent rapid hydrolysis to glucose using cellulases.’®
The dissolution of lignocellulosic materials such as corn stalks,
rice straw, bagasse, pine wood, and spruce wood in ILs followed
by cellulose hydrolysis with acid or enzymes has also been
recently reported in literature.’®*

Cost-effective enzymatic hydrolysis of cellulose to sugars
would benefit from the development of enzymes that are effective
under pretreatment conditions (which may be extreme pH or
temperature). However, significant decreases in cellulase activity
in the presence of trace amounts of ILs have been reported in
literature.? In order to avoid extensive processing and clean
up of the regenerated cellulose, the cellulases that are used
must be able to perform optimally in up to 15% concentrations
of IL that is co-precipitated with cellulose. The amount of
leftover IL would however depend on the cost of recovery
of ILs. Towards the goal of discovering cellulases that are
stable and active in the presence of trace amounts of ILs, we
investigated the stability of hyperthermophilic enzymes, broadly
categorized with extremophilic enzymes, as a function of IL
concentration. Since extremophilic organisms grow in extremes
of pH, temperature and/or salinity efc., these are a promising
source of enzymes for industrial processes. The enzymes derived
from hyperthermophilic organisms may be capable of tolerating
ionic liquids since the native growth condition of these organisms
is greater than 80 °C in a strongly reducing environment.*

A model extremophilic organism is the hyperthermophilic
bacterium Thermatoga maritima (Tma), a member of the order
thermotogales, which is an anaerobic heterotrophic hyper-
thermophile capable of fermenting both simple and complex
sugars.* Roughly 7% of the predicted coding sequences in its

genome encode enzymes that are involved in the metabolism
of monosaccharides and polysaccharides. Tma Cel5A is a free-
acting endoglucanase containing only a catalytic domain.”
Pyrococcus horikoshii (Pho), a hyperthermophilic archaeon
found in deep-sea hydrothermal vents, is an anaerobic het-
erotroph, which utilizes peptides as its main carbon source
at temperatures approaching 100 °C but has been shown to
contain an endoglucanase (EG) that is functional at an optimum
temperature of 97 °C.

Since cellulases from Trichoderma constitute an established
cellulase hydrolysis process for benchmarking, here we present
data comparing the efficiency of hydrolysis of Tma Cel5A and
Pho EG with the Trichoderma viride cellulase. Tma CelSA and
Pho EG were purified to homogeneity and enzymatic hydrolysis
activity was measured in the presence of varying concentrations
of [C2mim][OAc]. Both enzymes showed significant specific
activity at 15% (v/v) [C2mim][OAc] with specific activities
decreasing at higher concentrations. Decreased specific activities
at higher concentrations showed a direct correlation to enzyme
stability as indicated by decreases in unfolding temperatures
by DSC measurements. Both enzymes were very stable at high
temperatures for extended periods of time and were tolerant to
2 M NaCl and KCI. These enzymes are also active on pretreated
biomass. Long half-lives and a near 100% recovery of activity
from ILs make them promising targets for further investigation
for use in large-scale saccharification reactions employing this
pretreatment technology.

Results
Hyperthermophilic enzymes and specific activity assays

Previous studies by Chhabra et al.?® showed that the Tma Cel5SA
from Tma is intracellularly expressed in 7. maritima and has
an optimum temperature (7,,) of 80 °C. The EG from Pho
has a even higher T, of 97 °C and specific activity of 8.5 U
mg™" (1 U = 1 umole of reducing sugar produced min™ using
CMC as substrate) at pH 5.6 and 85 °C.*” Thus, both of these
enzymes were attractive targets for our work. The enzymes were
expressed in E. coli in autoinduction media and purified by nickel
affinity chromatography to homogeneity as detected by SDS-
PAGE. Maximal amounts of soluble 7Tima Cel5A were obtained
following induction at 37 °C, yielding 30 mg L. The yield of
Pho EG was around 2 mg L', under similar conditions except
that an additional anion exchange chromatography step was
added to obtain purer protein. Both cellulases were active on
carboxymethyl cellulose (CMC). In our experiments, the specific
activities of Tma CelSA and Pho EG were 30 U mg' and
1.9 U mg™, respectively (Table 1). The commercially available
T. viride cellulase, has a specific activity of 10-12 Umg™ at 37 °C
with CMC as the substrate, depending on the batch of enzyme
used.

Specific activity in the presence of [C2mim][OAc]

The purified recombinant enzymes were assayed in the presence
of [C2mim][OAc] and the specific activity results were compared
with the cellulase from 7. viride. [C2mim][OAc] was selected as
the IL of choice. The assays were preformed under optimum
pH and temperatures for 7. maritima and T. viride enzymes, as
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Table 1 Biochemical properties of hyperthermophilic enzymes: optimum temperature and pH, specific activity, and stability in presence of
[C2mim][OAc]. The % specific activities (last column) are reported as percentages of residual specific activity, taking the specific activity of IL
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free enzyme as 100% activity

Properties

% Activity recovered after

Enzymes Ton/°C PHop T,,/hin 0% IL T,,/hin 15% IL Specific activity* incubation in 15% IL for 15 h
T. viride cellulase® 37 4.5 9 0 11£2 0

Tma Cel5A? 80 4.8 20+2 19+3 30+£2 44

Pho EG* >95 6.4 24+4 23+4 1.9+0.3 79

# Units is pmoles of reducing sugars min™' mg™' with carboxymethylcellulose as substrate. * Assays were done at T, © Assays were done at 80 °C.

shown in Table 1. The Pho EG was assayed at 80 °C where
its specific activity is around 10% less than at 95 °C (data not
shown). As seen in Fig. 1, the cellulase from 7 viride rapidly
lost activity with increasing concentration of [C2mim][OAc]. In
the presence of 5% (v/v) [C2mim][OAc] the enzyme lost 60%

fe2]
o

Y
o

(8]
o

(=]

50

10 15 20
% [C2mim][OAc] with CMC

Fig. 1 Enzymatic hydrolysis of CMC by cellulase from 7 viride (cross
line), Tma Cel5A (solid) and Pho EG (horizontal line), in the presence of
various [C2mim][OAc]: 2% CMC in and 0-50% of [C2mim][OAc] (v/v)
were incubated at 37 °C (T viride), 80 °C (Tma EG, Pho EG). The specific
activities were calculated as umoles of reducing sugars formed per min
per mg of enzyme. The specific activities are reported as percentages of
residual specific activity, taking the specific activity of IL free enzyme as
100% activity. Error bars indicate the standard deviation.

of its activity while it was undetectable in the presence of 10%
(v/v) [C2mim][OAc]. Both the recombinant hyperthermophilic
enzymes behaved very differently. 7ima CelSA in the presence of
5% [C2mim][OAc] loses 24% of its specific activity. At 15% IL
(v/v), Tma Cel5A retains 50% of its specific activity. The highest
residual activities were observed with Pho EG which retains
100% activity in 20% IL (v/v) (Fig. 1). Pre-incubation overnight
(15h) in 15% [C2mim][OAc] resulted in an almost complete loss
of activity for the 7. viride cellulases, as expected (Table 1) while
the Tma CelSA and Pho EG retained 44% and 70% respectively
of their activity. The hyperthermophilic enzymes also exhibited
longer half-lives, around 20-24 h, compared to the 9 h for the
fungal T. viride cellulase, at their optimal pH and temperatures
(Table 1).

Effect on enzyme stability

To understand the effect of ILs on protein stability, differential
scanning calorimetry studies were done on the 7. viride cellulase
and compared to 7ma Cel5A and Pho EG. The unfolding
temperatures of the enzymes are listed in Table 2 and the
thermograms for Tma Cel5SA and Pho EG are shown in the ESI,
Figure 1A and 1B.7 The decrease in unfolding temperatures for
T. viride cellulase between 0 and 5% [C2mim][OAc] is 7.2 °C

Table 2 Unfolding temperatures from differential scanning calorimetry thermograms of Tma Cel5A (5 mg mL™), T viride cellulase (2.2 mg mL™")
and Pho EG (1.8 mg mL™"). The decrease in unfolding temperature of Tma Cel5A, T viride cellulase and Pho EG is compared to the decrease in

percent specific activity

Enzyme % [C2mim][OAc] (v/v) Unfolding T/°C Decrease in % specific activity Decrease in unfolding 7/°C
T viride cellulase 0 64.2 — —
5 57.0 60 7.2
10 52.4 100 11.8
15 49.4 100 14.8
20 47.5 100 16.7
T. maritima endoglucanase (Tma Cel5A) 0 92.0 — —
5 89.8 23 2.2
10 89.3 35 2.7
15 88.5 52 3.5
20 87.2 58 4.8
50 67.0 98 25.0
P. horikoshii Endoglucanase (Pho EG) 0 102.3 — —
5 99.3 0 3
10 97.5 0 4.8
15 94.9 5 7.4
20 91.8 10 10.5
50 66.1 100 36.2
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compared to a 2.2 °C drop in Tma Cel5A and a 3 °C drop in
Pho EG (Table 2). This difference gets more pronounced at 10%
[C2mim][OAc] (11.8 °C vs. 2.7 °C) when the T viride cellulase is
completely inactive. In the case of Tma Cel5A, there is a 25 °C
drop in unfolding temperature at 50% [C2mim][OAc] (v/v) when
the specific activity of Tma Cel5A is undetectable using the DNS
assay. Similarly there is a 36.2 °C drop in unfolding temperature
of Pho EG when the specific activity becomes undetectable. To
understand the basis of tolerance to ILs we also looked at the
effect of high concentrations of salt on the specific activity of
the hyperthermophilic enzymes. To investigate whether the 1L
tolerance of the 7ma Cel5A can be correlated with ionic strength
of the buffer, Tma CelSA was assayed in the presence of high
salt concentration. As seen in the ESI, Figure 2A and 2B,}
Tma CelSA and Pho EG retained 65% and 85% of its activity
respectively, in the presence of 2 M NaCl and 2 M KCl.

Effect on pretreated biomass

Corn stover refers to stalks, leaves and cobs that remain in the
fields after the corn kernel harvest and is the largest quantity of
biomass residue in the United States®® and as such is also a LC-
biomass source for producing cellulosic ethanol in the United
States.”” [C2mim][OAc] pretreated corn stover was used as a
substrate to verify enzymatic efficiency on IL-pretreated biomass
and a comparison made with [C2mim][OAc] pretreated Avicel.
Avicel is a commercially available microcrystalline cellulose
and a good model substrate for analysis. Similar assays were
done in the presence of [C2mim][OAc] to simulate real biomass
processing and saccharification scenarios. The assay products
for the reactions in the presence of IL were detected by high
performance anion exchange chromatography (HPAEC). The
enzymatic hydrolysis reaction was carried out for 8 h for the
T. viride cellulase and 15 h for the hyperthermophilic enzymes,
taking into account the half-lives of these enzymes. To compare
the amounts of total sugars formed between different reactions
we chose to calculate the sum of glucose, xylose and cellobiose
and report as pmoles of sugars formed per min per mg of enzyme
used (Table 3). A comparison of assay results between pretreated
and untreated substrate indicates a 26 fold increase in hydrolysis
products after pretreatment irrespective of the enzyme used,
thereby confirming that IL pretreatment can increase the
efficiency of hydrolysis of cellulose recovered from biomass.
The fungal enzyme was more active on untreated substrates
compared to the hyperthermophilic enzymes probably due to the
presence of cellobiohydrolases and xylanases in the enzyme mix
(Table 3). The catalytic efficiency of the fungal enzyme however,
decreases with increasing IL concentration in the reaction mix.
After normalizing for the reaction time and enzyme amounts, the
amount of sugars formed is undetectable at 15% [C2mim][OAc].
The catalytic efficiencies of the hyperthermophilic enzymes with
insoluble substrates and in the presence of [C2mim][OAc] follow
a similar trend as seen with the soluble substrate CMC. The yield
of sugars from Tma Cel5A hydrolysis of pretreated Avicel in the
presence of 15% IL decreases by 43% compared to 0% IL, while
the decrease is only 10% in the case of Pho EG on the same
substrate under similar conditions (Table 3). Cellobiose was the
major product in the case of Pho EG, while a mixture of sugars
were obtained for Cel5SA.

Discussion

Hyperthermophilic proteins exhibit a remarkable balance be-
tween heat stability and functionality. This makes such proteins
suitable for industrial applications like enzymatic hydrolysis
of biomass for biofuels production. These enzymes generally
owe their stability to a higher number of ion pairs and the
polarity of exposed surfaces.® We started our present studies
with two endoglucanase from hyperthermophilic organisms (one
characterized representative each from bacterial and archaeal),
to look into the effect of ILs with an eye on developing a large
scale bioprocess.

Current processing conditions do not allow an in situ pretreat-
ment and saccharification using an ionic liquid solvent, since ILs
has been shown to affect the activity of cellulases. Turner et al.*!
reported the inhibition of T reesei cellulases by the IL 1-butyl-
3-methylimidazolium chloride. A recent report by Pottkdmper
et al® reported the IL tolerance of a salt-tolerant cellulase
from an uncultured microorganism?*® and discovered that a GH5
family cellulase that was active at IL concentrations of up to 30%
(v/v). However the specific activity of these cellulases was very
low, in the range of 0.014 pmoles min™” mg™' with the assay
performed with cell extracts.*?

We wanted to conduct an extensive study to look into the
effect of ILs on hyperthermophilic cellulases with an eye on
developing a large scale bioprocess with the hypothesis that
hyperthermophilic enzymes would better tolerate ILs. Both
Tma Cel5A and Pho EG were found to retain between 44%
and 79% respectively of their activity in the presence of 15%
[C2mim][OAc] unlike the T viride cellulase with greater than
85% recovery of activity after exposure to 15% [C2mim][OAc] for
15 h. To verify enzymatic activity on biomass, we compared the
efficiency of the recombinant cellulases to those from 7. viride
cellulase using both corn stover and Avicel as substrates and
compared the results with assays on IL pretreated Avicel and
corn stover. The pretreated substrates were more efficiently
hydrolyzed compared to the untreated substrates. None of our
recombinant proteins contain carbohydrate-binding domains,
yet we detect the formation of sugars in the presence of untreated
Avicel or corn stover. Further studies are needed to differentiate
between the possibility of hydrolysis of amorphous cellulose
in these samples or the possible effect of hyperthermophilic
enzymes without carbohydrate-binding domains on insoluble
substrates. However, as would be expected from reactions with
insoluble substrates, enzymatic efficiency was less compared
to results obtained using CMC. These results also show the
importance of evaluating enzymatic efficiency with “real-world”
insoluble substrates as opposed to synthetic soluble substrates
that are easier to manipulate but cannot be used for translating
analysis to actual substrates. The hyperthermophilic enzymes
displayed higher activity compared to 7. viride cellulase in the
presence of [C2mim][OAc] (Table 3) for IL-pretreated cellulose,
verifying our earlier results using a soluble substrate. The
CMCase activity results of the three cellulases are not indicative
of the activity on non-pretreated biomass where the 7. viride
outperforms the extremophilic cellulases. However since IL
pretreatment increases the amount of sugars released, it would
thus be preferred to pretreat the biomass prior to enzymatic
hydrolysis, thus underscoring the need for IL-tolerant cellulase.
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Table 3 Activity assay on insoluble substrates in the absence of [C2mim][OAc] and presence of [C2mim][OAc]. The hydrolysis reactions were
performed under pH and temperatures for each enzyme as listed in the Methods section. The reactions were run over a 14 h period with 5-10 pg of
enzyme with 6% (w/v) enzyme loading in optimum buffer for each enzyme and run in duplicate. The reaction products were measured on a HPLC
and HPAEC. The amounts of sugars detected are shown in umoles and normalized with regards to amount of enzyme and time of reaction. Different
reactions under each enzyme were run under exactly similar conditions

% [C2mim][OAc] Enzyme Substrate Sugars produced “/umoles min™ mg™!
0 T. viride cellulase Avicel 3+£0.5
pAvicel 5+0.9
Corn stover 2.8£0.8
pCorn stover 6+0.9
Tma Cel5SA Avicel 1.1+0.1
pAvicel 6.61£0.8
Corn stover 3+£0.9
pCorn stover 9+1
Pho EG Avicel 0.54+0.1
pAvicel 32102
Corn stover 0.58 £ 0.1
pCorn stover 2.14£0.1
5 T. viride cellulase Avicel 2.1+£0.6
pAvicel 4+£09
Corn stover 23+£0.5
pCorn stover 3.6+£0.6
Tma CelSA Avicel 1.0+0.2
pAvicel 6£0.5
Corn stover 203
pCorn stover 8§+£0.9
Pho EG Avicel 0.5+0.1
pAvicel 33£0.2
Corn stover 0.59+0.1
pCorn stover 2.240.14
10 T. viride cellulase Avicel 0.2+0.1
pAvicel 1£0.1
Corn stover 0.6+0.3
pCorn stover 1.1£0.3
Tma Cel5SA Avicel 0.9+0.1
pAvicel 5.7+1
Corn stover 24+0.8
pCorn stover 7£1
Pho EG Avicel 0.52+0.1
pAvicel 3.1+0.2
Corn stover 0.57%0.1
pCorn stover 2.0£0.2
15 T viride celulase Avicel <0.01
pAvicel <0.01
Corn stover <0.01
pCorn stover <0.01
Tma CelSA Avicel 0.6+0.1
pAvicel 4+£0.5
Corn stover 2.3%£0.5
pCorn stover 59+1
Pho EG Avicel 0.6 £0.08
pAvicel 2.9+0.06
Corn stover 0.59+0.1
pCorn stover 1.9£0.1

“The sum of glucose, cellobiose and xylose obtained, normalized by enzyme amount and time. ® The reactions were spiked with 0 to 15% (v/v)
[C2mim][OAc], everything else being the same for all substrates for an enzyme. © The sum of glucose, cellobiose and xylose obtained, normalized by
enzyme amount and time.

342 | Green Chem., 2010, 12, 338-345 This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/B916564A

Downloaded by Lomonosov Moscow State University on 30 October 2010
Published on 21 January 2010 on http://pubs.rsc.org | doi:10.1039/B916564A

View Online

Future studies would focus on using optimum sized particles,
solids loading during the saccharification reaction as well as
enzyme loadings.

The DSC experiments indicate that at higher concentrations
of [C2mim][OAc] the enzymes unfold and are less stable. Thus,
the loss of activity could be accounted by the denaturation
of the enzyme or a disruption of the tertiary structure of the
protein. It has been speculated that halotolerant enzymes are
more stable in ILs in comparison to non-halotolerant enzymes,
because of the inherent ability of such organisms to live in
high salt concentration environments."* However, we found that
the recombinant proteins 7Tma Cel5SA and Pho EG from non-
halotolerant organisms maintained around 80% of their activity
in 1.5 M sodium or potassium chloride (ESI, Fig. 2).1 This is
in contrast to general findings that non-halotolerant cellulases
show reduced activity at high salt concentrations.?* This implies
a different mechanism of denaturation depending on the identity
of the cation and anion of the IL. Further studies are needed
to better understand the differences in behaviour of 7ma Cel5A
and Pho EG at higher concentrations of ionic liquids to get a
better understanding of the mechanisms of deactivation, and
to investigate if other IL’s used in biomass pretreatment would
better stabilize the cellulases.

The recombinant enzymes studied here are members of
the GHS5 family, supporting the speculation that the higher
resistance to ILs is due to a common structural motif.** Based
on saturation mutagenesis studies, J. Pottkdmper et al.** have
suggested that motifs within the N-terminal part of the protein
and within carbohydrate-binding domain are responsible for IL
tolerance. We speculate that the hyperthermophilic properties
of these enzymes may lead to stability of the enzymes in ionic
liquids. Related studies with IL tolerance of other cellulases
from hyperthermophilic organisms support a similar trend
(S. Datta, J. I. Park and R. Sapra—unpublished results).

Conclusions

While there are a number of reports in literature on using I1Ls
to deconstruct cellulosic biomass, the present work reports on
the effects of ILs on purified and active recombinant cellulases.
Our work suggests that hyperthermophilic cellulases can tolerate
around 15% (v/v) of ILs, which reflects the IL content that
may be present from a large-scale commercial IL pretreatment
process. Fungal enzymes studied did not possess this tolerance
to ILs. Further work is needed to discover, evolve and engineer
cellulases with longer half-lives that are more stable and active
in higher concentrations of IL, towards the ultimate goal of
cheaper and efficient saccharification of biomass.

Experimental
Chemicals

All chemicals used were reagent grade. Trichoderma viride cel-
lulase (Sigma Cat # C9422), sodium acetate, 3,5-dinitrosalicylic
acid (DNS), sodium hydroxide, sodium potassium tar-
trate and carboxymethylcellulose (CMC) was obtained from
Sigma (St. Louis, MO). 1-ethyl-3-methylimidazolium acetate
([C2mim][OAc]) was obtained from BASF, USA.

PCR and cloning of endoglucanase from 7. maritima and
P. horikoshii

The open reading frame of the endoglucanase from 7ma
Cel5A (NP_229549), and Pho EG (UniProt ID: O58925) was
synthesized and codon optimized for protein expression in
E. coli (GenScript Corporation, Piscataway, NJ). Tma Cel5A
was cloned by ligation independent cloning method into the
expression vector, pPCDF2 LIC/Ek (Novagen/EMD Chemicals,
Gibbstown, NJ), using the kit supplied by the manufacturer.
The Pho EG amplicon was gel-purified, and then cloned into
pDONR221 (Invitrogen, Carlsbad, CA) via BP recombination
reaction to create an entry vector. The Pho EG gene was then
inserted into pET DEST42 vector (Invitrogen, Carlsbad, CA)
as a fusion to a C-terminal V5 epitope and His(x6) tags by LR
recombination reaction to create pET DEST42-PhoEG plasmid.
The DNA sequence of entry and expression vectors for Pho EG
and expression vector containing 7ma Cel5A was confirmed by
DNA sequencing.

Protein expression and purification

Escherichia coli BL21(DE3) star transformed with the plasmid
construct was grown in Luria—Bertani (LB) medium containing
streptomycin (50 ug mL™") at 37 °C, induced with 0.5 mM IPTG
(at Agoomm = 0.5-0.7), and then grown overnight at 30 °C. Tma
Cel5A with a C-terminal His tag was purified from cells (10 g wet
weight) suspended in 100 mL of 10 mM potassium phosphate
buffer (pH 7.2) and containing 0.15 mg mL™" lysozyme and one
tablet of complete EDTA-free protease inhibitor (Roche). After
sonication, NaCl (150 mM) and imidazole (10 mM) were added
to achieve the specified final concentrations and loaded onto a
Ni-nitrilotriacetic acid column (GE Healthcare, Piscataway, NJ)
equilibrated with phosphate buffer containing 150 mM NaCl,
and 10 mM imidazole. The column was washed extensively, and
proteins were eluted with a 10400 mM imidazole gradient. The
protein eluted between 100 and 350 mM imidazole and were
pooled and dialyzed against 100 mM Acetate buffer (pH 4.8).
The Pho EG was purified under similar conditions with an
additional purification step by Q Sepharose High Performance
column (GE Healthcare, Piscataway, NJ) using manufacturer
recommended protocol and dialyzed against 100 mM MES
buffer (pH 6.4). The protein concentrations were measured by
Bradford Assay for both recombinant and commercial enzymes
used in this study. The recombinant protein purity was visually
assessed using SDS-PAGE.

Avicel and corn stover pretreatment by [C2mim][OAc]

[C2mim][OAc] (1 kg, as received, < 0.2% moisture specified)
was heated to 130 °C in a 1.5 L glass reaction vessel with
mechanical stirring and 8% w/w (corn stover, 4.8% moisture)
or 10% w/w (Avicel PH-101, 3% moisture). After around 3 h
when the majority (corn stover) or all (Avicel) had dissolved,
the dissolved corn stover or Avicel was allowed to cool to below
80 °C and was added to 2 L of 95% ethanol with rapid agitation
to induce the precipitation of dissolved materials. The resulting
slurry was filtered under pressure through polypropylene filter
cloth and the solids redispersed in 2 L of additional ethanol. The
filtration and redispersion steps were repeated twice to remove
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most residual ionic liquid and the filter cake dried under vacuum
at 40 °C to yield a free-flowing powder product. Residual free
ionic liquid remaining in the dried biomass is estimated to be
less than 4% (w/w).

Enzyme activity assays on soluble and insoluble polysaccharides

Enzymatic activity was measured on soluble polysaccharide
substrates, CMC, using the 3,5-dinitrosalicylic acid (DNS)
reducing sugar assay.* Briefly, 2% CMC (w/v) in 120 uL acetate
buffer, (100 mM, pH 4.5 and pH 4.8 for T. viride and Tma,
respectively, and 100 mM MES buffer, pH 6.4 for P. hori EG)
was incubated at 80 °C for 30 min for Tma Cel5A and Pho
enzymes and 37 °C and 10 min for 7. viride. The solution was
cooled down to 4 °C and 80 UL of DNS solution was added. The
reactants were incubated at 95 °C for 5 min and cooled down
to room temperature before the absorbance was read at 540 nm.
The reducing sugar concentration in the sample was calculated
from its absorbance using the standard curve of D-glucose and
cellobiose. All experiments were run in triplicate. For hydrolysis
reactions in the presence of [C2mim][OAc], control reactions
with CMC in the presence of IL but without no enzyme was
subtracted from each measurement.

The solid substrate (Avicel and corn stover) hydrolysis reac-
tions were conducted at 80 °C for 15 h for the recombinant
enzymes and at 37 °C for 8 h in the case of T viride cellulase
at the optimum pH for each enzyme. The reaction products
were monitored using an Agilent 1200 HPLC equipped with
Varian 380-LC Evaporative Light Scattering Detector. The
total reaction volumes were 500 uL and shaken at 900 rpm at
temperature controlled shakers. Enzyme loadings were 0.4 mg
per g of glucan and each data point was measured in triplicate.
Separation was achieved using a Varian/Polymer labs Hi-Plex
Pb carbohydrate analytical column (300 x 7.7 mm) with a
guard column (50 x 7.7 mm) at 85 °C (Polymer Laboratories,
Varian Inc., Shropshire, UK). The mobile phase was deionized
water with a flow rate of 0.6 mL min™'. Hydrolysis reactions
in the presence of [C2mim][OAc] were monitored by either
by High Performance Anion Exchange Chromatography with
Pulsed Amperometric Detection (HPAEC-PAD) on a Dionex
DX600 equipped with a Dionex Carbopac PA-20 analytical
column (3 x 150 mm) and a Carbopac PA-20 guard column
(3 x 30 mm) (Dionex, Sunnyvale, CA). Eluent flow rate was
0.4 mL min"' and the temperature was 30 °C. A gradient
consisting of a 12 min elution with 14 mM NaOH followed
by a 5 min ramp to 450 mM NaOH for 20 min, then a return
to the original NaOH concentration of 14 mM for 10 min prior
to the next injection. Product concentrations were determined
by the integrations of the appropriate peaks from the HPLC or
HPAEC chromatograms.

Estimation of temperature dependence and thermostability

T viride enzyme was assayed at 37 °C and pH 4.5 as suggested
by the manufacturer. The pH dependence of the recombinant
enzymes was determined by measuring specific activities of the
enzyme on CMC in a series of pH values between 4 and 5 with
100 mM sodium acetate buffer, and between 5 and 8 with sodium
phosphate buffer. The optimal temperature of 7ma Cel5A was
determined by measuring specific activity of the enzyme on

CMC in 100 mM sodium acetate buffer (pH 4.8) at various
temperatures. Similar experiments in 50 mM MES buffer, pH 6.4
was done for Pho EG. Thermostability was determined by
incubating the enzyme at 80 °C in 100 mM acetate buffer, pH 4.8
for Cel5A and 50 mM MES buffer, pH 6.4 for Pho EG and for
24 h prior to determining specific activity.

Differential scanning calorimetry

Unfolding temperatures of Tma Cel5A (5 mg mL™) in the
absence and presence of 5-50% (v/v) of [C2mim][OAc] were
determined with a multi-cell differential scanning calorimeter
(Calorimetry Sciences Corporation, Lindon, UT, USA). The
[C2mim][OAc] containing samples were dialyzed overnight
against 100 mM sodium acetate buffer (pH 4.8) in the presence
of similar amounts [C2mim][OAc] as in sample. The dialyzed
enzyme was scanned between 25 and 100 °C using a scan
rate of 0.5 °C min™'. The enzyme scans were corrected with
a buffer—buffer baseline. The T. viride cellulase (2 mg mL™) was
run under similar conditions in the presence of 0-20% (v/v)
[C2mim][OAc]. Unfolding temperatures of Pho EG (2.6 mg
mL™) were determined similarly to the Tma but on a NanoDSC,
Differential Scanning Calorimeter (TA Instruments—Waters
LLC, New Castle, DE). The protein sample was dialyzed
overnight against the presence of similar amounts of IL as in
sample in the pH,, buffer. A scan rate of 2 °C min™' was used
and the data analyzed using the NanoAnalyze software supplied
by the manufacturer.
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Two ionic liquids 1-methyl-3-butylimidazolium (BMImBF,) tetrafluoroborate and
I-methyl-3-octylimidazolium (OMImBF,) tetrafluoroborate were studied from the viewpoint of
removing aromatic sulfur-containing compounds from hydrocarbon mixtures using transition
metal ions as complexing centers. The values of distribution coefficients (D) indicate that
OMImBF, absorbs benzothiophene (BT) and dibenzothiophene (DBT) better than BMImBF,,
which corresponds to the increasing absorption ability of the IL due to the presence of a longer

hydrocarbon (octyl) chain in the third position of the imidazolium ring. The influence of additives
of various complexes of cobalt(ir) on the extraction of BT and DBT was studied in the system
OMImBF,~heptane. The planar complex of the Na-salt of 4,5-dicarboxyphthalocyanine of cobalt
was found to be the most efficient for the extraction of both substances. The electrochemical
approach enables one to purify the IL from BT and DBT by electrochemical oxidation or
reduction. This result can be used for searching ways to increase the degree of extraction of BT

and DBT in hydrocarbon-IL systems.

Introduction

The removal of sulfur-containing compounds has become an
increasing technical challenge as oil refineries face growing
environmental pressures and regulations.! Catalytic processes
are conventionally used for desulfurization of transportation
fuels through hydroprocessing,* but these processes fail to reach
the sulfur level set by new requirements. Further removal of
residual sulfur from fuels is expected to significantly increase
the cost of hydroprocessing, that is why alternative methods
of sulfur removal to below 10 ppm (part per million) are
being of particular interest. The use of enzymes and novel
catalytic and adsorbtion methods are among these alternative
technologies, but ionic liquids (ILs) as extraction agents are
most promising.*® ILs such as 1-methyl-3-butylimidazolium
(BMIm) tetrafluoroborate, 1-methyl-3-butylimidazolium octyl-
and ethyl-sulfates are moisture-stable and do not cause corrosion
of the equipment which is why they could be used repeatedly in
technological cycles. ILs are not miscible with gasoline or diesel
0il.” Tt is very important for preserving the optimal ratio of
hydrocarbons in the fuel that substances with low polarity, such
as thiophene, are being extracted much better than non-polar
aromatic compounds, for example, toluene.?

The aim of the current research was to study the extrac-
tion of benzothiophene (BT) and dibenzothiophene (DBT)
by 1-methyl-3-butylimidazolium (BMImBF,) tetrafluoroborate
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"Zelinsky Institute of Organic Chemistry, Leninsky prospect, 47, 119991,
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and 1-methyl-3-octylimidazolium (OMImBF,) tetrafluorobo-
rate. BT and DBT were selected as model sulfur-compounds that
are difficult to remove from gasoline and diesel fuels, although
it is known that methyl-substituted derivatives are even more
difficult to remove.

Results and discussion
Extraction using metal salts in ionic liquids

The addition of transition metal ions into the extractant leads
to an increase of its extractive power.? To increase the degree of
extraction (R, %) of BT from octane, we studied the addition of
different salts of d-elements and their influence on the extraction
of BT into BMImBF, from an octane-benzene mixture. The
effect of cobalt(11), nickel(1r), iron(1), iron(1r) and copper(1)
additives was investigated. The addition of cobalt(ir) nitrate led
to the most pronounced increase of the R value as compared
to other salts. Since the nitrates are fixed in ILs, the salts were
dissolved in water and aqueous solutions were introduced into
the IL, which was followed by the removal of water in the IL
by vacuum distillation. That was the reason why, for further
investigations, complex compounds of cobalt(ir) with organic
ligands with better solubility in ILs were chosen. According to
the literature,®® chlorides and water are the main impurities in
ILs which strongly affect their properties. The presence of 1-3%
water could dramatically change the properties of ILs.

The influence of additives of various complexes of cobalt(ir)
on the extraction of BT and DBT was studied in the system
OMImBF,-heptane at 20 °C. Hydrates of cobalt acetylace-
tonate (Co(AcAc),-2H,0) [I], cobalt acetoacetate [II], cobalt
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Table 1 Distribution coefficient (D) and degree of extraction (R) of BT
and DBT from heptane (C, = 500 ppm) into IL (I - BMImBF,, II -
OMImBF,), C, - residual concentration of BT and DBT

Substance Cy/ppm D R (%)

1L | Inm I I 1 I
BT 340 160 0.50 2.0 33 66
DBT 420 360 020 0.39 17 28
BT (electrochemically) 125 115 3.1 33 74 77
DBT (electrochemically) 380 360 035 0.39 24 28

Table 2 Distribution coefficient (D) and degree of extraction (R) of
BT and DBT (C, = 500 ppm) from heptane into OMImBF, with the
addition of complexes of cobalt(i1), C, — residual concentration of BT
and DBT

C,/ppm) D R (%)

Complex DBT BT DBT BT DBT BT
I 360 345 0.40 0.45 28 31
1I 320 — 0.56 — 35 —
111 420 >450 0.19 <0.11 16 <10
v >450 — <0.11 — <10 —
A% 200 85 1.5 49 60 83
VI 160 — 22 — 68 —

acetylacetonate (Co(AcAc),) [III], cobalt pivalate [IV], Na-
salt of 4,5-dicarboxyphthalocyanine of cobalt [V] and N,N-
bis(salicyliden) ethylenediamine cobalt complex (Co-Salen)[VI]
were studied.

The results are shown in Tables 1 and 2. As shown in Table 1,
the degrees of extraction of aromatic sulfur-containing com-
pounds are not very high. Also it follows from Table 1 that BT
is extracted more efficiently in comparison with DBT. Besides,
the values of the obtained distribution coefficients (D) show that
OMImBF, absorbs BT and DBT better than BMImBF,, which
can be explained by the increasing absorption ability of the IL
due to the presence of a longer hydrocarbon (octyl) chain in the
third position of the imidazolium ring. The planar complex of
the sodium form of 4,5-dicarboxyphthalocyanine of cobalt [V]
was found to be the most efficient for the extraction of both
substances (Table 2), as can be judged from the distribution
coefficient and degree of extraction.

The extraction of thiophenes by ionic liquids has been studied
(see ref. 6), but in most cases no work on the effect of additives of
transition metal complexes has been investigated. Nevertheless,
the extraction characteristics obtained in our work using pure
ionic liquids are comparable with data reported so far. On
the contrary, the introduction of transition metal complexes
into ionic liquids, especially cobalt(i) moieties, results in a
dramatic enhancement of the distribution coefficient and degree
of extraction of thiophenes as compared to the case of pure ionic
liquids.

Electrochemical approach to the removal of sulfur compounds
using ionic liquids

ILs are unique, ecologically friendly solvents since they can
behave as extractants and organic electrolytes. Therefore, it
was of interest to investigate the electrochemical behavior of

extracted organic substances in the media of a conducting
extractant (IL). It should be mentioned that literature data
related to the electrochemical removal of BT are limited” and
relevant data on DBT are absent.

With the aim of determining the range of electrochemical
stability of the ILs, the background cyclic voltammograms
(CVA) of pure ILs - OMImBF, and BMImBF, — were studied.
The “window” of the electrochemical stability of BMImBF, is
found to be 4.2 V (2.0 to +2.2 V) in agreement with literature
data® and the corresponding window for OMImBF, is 4.5 V
(2.2 to +2.3 V). The CVA curves of ILs with dissolved BT
and DBT were measured to investigate their electrochemical
behavior at an optimal scan rate, which was found to be 50
mV s™'. This scan rate will be used in all further experiments. The
CVA curves of BT in BMImBF, are presented in Fig. 1. They
show that an increase of the current is observed in parallel with
the scan rate of the anodic potential from the stationary value
(Ey). The value of the anodic current increases in the second
cycle and in all further cycles. This finding provides evidence for
the oxidation of BT. No such oxidation peaks were observed in
the anodic region of the first CVA cycle of DBT in BMImBF,,
but there was an area of reduction in the cathodic region (Fig. 2).
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Fig.1 CVA curve of BT in BMImBF,. The scan rate is 50 mV s7'; C, =

2.7210° mol dm™; E = [-1.9 + +2.1]; a — the first cycle; b — the second
cycle. Arrows indicate the scan direction.
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Fig. 2 CVA curve of DBT in BMImBF,. The scan rate is 50 mV s7;
Cy =3.73 10° mol dm™; E = [-2.0 + +2.1]; a — the first cycle; b — the
second cycle. Arrows indicate the scan direction.
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The data obtained from voltammetric studies allow us to use
the electrochemical effect as a means to shift the absorptive
equilibrium. The volume of heptane (or the model mixture
of octane-benzene with the volume ratio 80:20) equal to the
volume of IL with a dissolved substance (BT or DBT) was placed
into an electrochemical cell. The concentrations of BT and DBT
were the same as in the studies of the influence of additives of
cobalt(11) compounds and equal to C, = 500 ppm. As a factor
for shifting the absorptive equilibrium we used the exposition of
the oxidation potential for BT and the reduction potential for
DBT.

The CVA curves with exposition of the potential in OMImBF,
were also measured in the case of studying the electrochemical
behavior of the pure component of the model mixture heptane—
IL. As it was established in preliminary experiments, heptane
does not change the shape of the background CVA of IL. CVA
curves were measured in the systems where the absorptive
equilibrium had already been achieved by preliminary stirring.
The exposition of the potential for BT was E, = 2.0 V, the time
of exposition was varied from 200 to 2000 s. The total cycling
time was 3 h. The scheme of varying the potential while cycling
could be described in the following way:

E, — E,(t=200-2000s) > E,, — E — E (1)

where E,, and E. stand for the potential of the anodic
and cathodic stability threshold of IL, respectively, E is the
stationary potential.

The extraction of BT from heptane into BMImBF, was
carried out in a similar manner. The potential of exposition
was 1.8 V. Voltammetric curves in the system BT-BMImBF,
after ten cycles performed according to eqn (1) are similar to the
CVA curves presented in Fig. 1.

After consecutive scanning of the potential over BT, the peak
attributed to the peak of the oxidation process increases at the
CVA curve after exposition of the potential, and the black solid
product was formed at the surface of the electrode. This solid
was identified as polybenzothiophene by IR-spectroscopy. Thus,
the possibility of the removal of BT from ILs by electrocatalytic
polymerization was established (Scheme 1).

- — OO0

Scheme 1 Electropolymerization of BT.

The potential of exposition for DBT was E. = -1V, the time
of exposition and the time of cycling were the same as in the
case of BT. The value and position of peaks at the CVA curve
for DBT after multiple scanning were the same as for the first
CVA curve.

The obtained results can be used to increase the degree
of extraction of BT and DBT in the hydrocarbon (octane,
heptane)-IL system. This is due to a decrease in concentration of
S-containing compounds in ILs caused by their electrochemical
transformation into new substances and shift of equilibrium in
the system that leads to an increase in the degree of extraction
and the distribution coefficient of BT and DBT in ILs. After
completing the experiments, the final concentration of DBT in

heptane was determined: C,; = 360 ppm. This value is exactly
the same as in the case of extraction without the effect of the
electrochemical factors (see data in Table 1). The values Dy =
0.39 and R.; = 28% were calculated from the obtained data.
Similar experiments were carried out for BT in both investigated
ILs. The final concentration of BT in heptane was C, = 115 ppm.
Thus, D.; = 3.3 and R.; = 77%. The comparison of D.; and R.;
with data from Tables 1 and 2 indicates that D, and R.; are
higher than the values of D and R, obtained for pure IL and are
comparable to the values found in the case of the addition of the
Na-salt of 4,5-dicarboxyphthalocyanine of cobalt(ir) into IL.

Experimental
Materials

Tonic liquids used in this work were from the kind donation from
Merck KgaA, Germany. Heptane, octane, benzene, benzoth-
iophene, dibenzothiophene (Fluka, 99%), cobalt(11), nickel(1r),
iron(11n), iron(11) and copper(l) nitrates were purchased from
Aldrich. Hydrates of cobalt acetylacetonate (Co(AcAc),-2H,0),
cobalt acetoacetate, cobalt acetylacetonate (Co(AcAc),), cobalt
pivalate, Na-salt of 4,5-dicarboxyphthalocyanine of cobalt and
N,N-bis(salicyliden) ethylenediamine of cobalt (Co-Salen) were
synthesized according to procedures described elsewhere.

Methods

The extraction of BT and DBT from heptane was performed
by using BMImBF, and OMImBF, at 20 °C, the extraction
time was one hour under stirring. The time of extraction was
established in preliminary experiments as the time taken for
liquid-liquid equilibrium. The volume of the phases of IL and
heptane (or a model mixture) was varied from 0.5 to 2.0 ml
and the volume ratio of the components was kept at 1:1. The
residual concentrations (C,) of BT and DBT were determined
from the calibration curves obtained by measuring the band
intensity at A,.,(DBT)/327 nm and at A,,,(BT)/322 nm for
different concentrations.'

The concentration of salts dissolved in IL was C = 1.27
10 mol dm™. The initial concentration of BT and DBT in
heptane was 500 ppm. The concentration of BT in the octane—
benzene mixture was 1000 ppm.

Electrocatalytic studies were carried out in the electrochemical
cell with unseparated cathodic and anodic areas. The volume of
the electrolyte was 3—5 ml. Platinum wire was used as auxiliary
and quasi-irreversible reference electrodes. The scan rate of the
potential was varied in the voltammetric investigations from
5 to 50 mV s depending on the composition and viscosity
of the IL. The choice of the scan rate was determined by
convective mixing of the liquid (lower than 5 mV s') and by
the absence of the resolution of peaks (more than 50 mV s™). In
the chosen range of potentials the CVA curves were similar,
so further experiments were carried out with the scan rate
of 50 mV s,

Conclusions

The obtained data demonstrate the feasibility of using ionic
liquids with dissolved metal complexes and salts for the
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extraction of S-containing compounds from hydrocarbon mix-
tures. The electrochemical approach enables one to purify the IL
from BT and DBT by electrochemical oxidation or reduction, re-
spectively. This result can be used for searching ways to increase
the degree of extraction of BT and DBT in hydrocarbon-IL
systems. The redox reactions of BT and DBT occurring with
the formation of new products can decrease the concentration
of these substances in ILs and as a consequence displace the
equilibrium in the studied system towards the complete removal
of S-containing compounds. Hence, further development of the
method of simultaneous extraction under the electrochemical
effect seems to provide a perspective technique for increasing
the degree of extraction of S-containing compounds and as a
simultaneous solution of the problem of regeneration of costly
ILs.
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