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Ten years of green chemistry at the Gordon Research
Conferences: frontiers of science

Paul Anastas, Romas Kazlauskas and Gary Sheldrake

Paul Anastas, Romas Kazlauskas and Gary Sheldrake look
back at ten years of Green Chemistry Gordon Research
Conferences, and look forward to this year’s conference.

COMMUNICATIONS

679

Aqueous biphasic catalysis with polyoxometalates:
Oximation of ketones and aldehydes with aqueous
ammonia and hydrogen peroxide

Dorit Sloboda-Rozner and Ronny Neumann*

Na,[WZn3(H,0),[ZnW¢Osy),], easily self assembled from
Na,WO, and Zn(NO;),, catalyses the in situ oxidation of
ammonia with hydrogen peroxide to hydroxylamine, which
further reacts with ketones and aromatic aldehydes in an
aqueous biphasic medium to yield oximes.

OH
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N
RE H\Glgamc Hg R‘
Aqueou\

NH3 + H0; p® ® NHZOH + H0

Zn(NO3)
Na;WO0,
HNO3

682

L-Proline in an ionic liquid as an efficient and reusable
catalyst for direct asymmetric a-aminoxylation of
aldehydes and ketones

Hai-Ming Guo, Hong-Ying Niu, Meng-Xia Xue,
Qi-Xiang Guo, Lin-Feng Cun, Ai-Qiao Mi,
Yao-Zhong Jiang* and Jian-Ji Wang*

Proline-catalyzed direct asymmetric a-aminoxylation of
aldehydes and ketones in the room temperture ionic liugid
1-n-butyl-3-methylimidazolium tetrafluoroborate achieved
high yields and high enantioselectivities.

20%L-Proline 0
[bmim]BF,, rt, 3-4h R

685

A green catalyst for green chemistry: Synthesis and
application of an olefin metathesis catalyst bearing a
quaternary ammonium group

Anna Michrowska, Lukasz Gufajski, Zuzanna Kaczmarska,
Klaas Mennecke, Andreas Kirschning and Karol Grela*

The novel catalyst 8, bearing a polar quaternary ammonium
group, is very stable, can be easily prepared from commercially
available reagents, and can be efficiently used for olefin
metathesis in both traditional and aqueous media.
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Epoxidation of styrene by TBHP to styrene oxide using
barium oxide as a highly active/selective and reusable
solid catalyst

Vasant R. Choudhary,* Rani Jha and Prabhas Jana

Styrene oxide can be produced in high yields by the
epoxidation of styrene by tertiary butylhydroperoxide
using a simple, inexpensive and environmentally friendly
(easily separable, reusable and non-toxic) BaO catalyst.

691
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Thermal degradation of cyano containing ionic liquids

Tim J. Wooster, Katarina M. Johanson, Kevin J. Fraser,
Douglas R. MacFarlane and Janet L. Scott*

The long term thermal stability of ionic liquids containing
dicyanamide or tricyanomethide anions is significantly lower
than might be expected from temperature ramped TGA
studies, and these anions, combined with N-based cations,
yield polymeric products during thermal decomposition.

697

PVC or PVDC mixed

Controlled Pyrolysis
: . R,
with PP/PE/PS plastics

Chlorine free liquid products

Prevention of chlorinated hydrocarbons formation during
pyrolysis of PVC or PVDC mixed plastics

Thallada Bhaskar,* Rie Negoro, Akinori Muto and
Yusaku Sakata

We report for the first time, the controlled pyrolysis of PVC
or PVDC plastics mixed with PP/PE/PS to produce chlorine
free liquid products in the absence of dechlorination
catalyst/sorbent.

701

9 o
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A Kkinetic study on the decomposition of
5-hydroxymethylfurfural into levulinic acid

B. Girisuta, L. P. B. M. Janssen and H. J. Heeres*

This study describes an in-depth experimental and
modelling study on the acid catalysed decomposition of
S-hydroxymethylfurfural into levulinic acid. The results
are applied to gain insights into the optimum process
conditions for this conversion.

670 | Green Chem., 2006, 8, 667-674
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Facile and regioselective mono- or diesterification of
glycerol derivatives over recyclable phosphazene
organocatalyst

Ghizlane Kharchafi, Francois Jérome,* Jean-Paul Douliez
and Joél Barrault

A facile and selective method for the mono- and
diesterification of glycerol and its derivatives using a
recyclable phosphazene catalyst is presented.
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1: Xm0~ 5a:n =10, R=H o
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717

Functional monolithic resins for the development of
enantioselective versatile catalytic minireactors with
long-term stability: TADDOL supported systems

Belen Altava,* M. Isabel Burguete,*
Eduardo Garcia-Verdugo, Santiago V. Luis* and
Maria J. Vicent

Polymeric Ti-TADDOLates prepared as monoliths show
remarkable long-term stability and can be used sequentially for
different reactions.

727
Solvent and catalyst-free synthesis of polyphosphates

Smaranda Iliescu, Gheorghe Ilia,* Nicoleta Plesu,
Adriana Popa and Aurelia Pascariu

Polyphosphates were synthesised using a solvent and
catalyst-free gas-liquid interfacial polycondensation between
alkyl(aryl)phosphoric dichlorides and aromatic diols.

O (o]
base
Jl—P—Cl + HO—R—OH ———>» P—O0—R,—0O
U ! -(2n-DHCI !
OR OR n

R= CH;,CoHs, C3Hy, CoHyy, CoHs
Ry= CHy-C(CHy), -CgHy. CeCli-C(CHy)y -CCly, Colly -Cey

731

An efficient and practical synthesis of chiral imidazolium
ionic liquids and their application in an enantioselective
Michael reaction

Wen-Hua Ou and Zhi-Zhen Huang*

We have developed a practical and efficient synthesis of chiral
imidazolium ionic liquids by only two or three steps from
cheap N-methyl imidazole with 67-81% overall yields.

O,N H,;N( H -
\ @\ ¢
—_— >\: R/</OH Me—N@/N\ H

Me—N_ N NOy ——— & OH
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— 4 T8 5 NN or NN
acetone /</0H )</OH
R R
3 4

2a, 3a, 4a: R = CH;,
2b, 3b, 4b: R = CH(CHj),
2c, 3c, 4¢: R = CH,CH(CHa),
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Ruthenium hydroxide on magnetite as a magnetically
separable heterogeneous catalyst for liquid-phase
oxidation and reduction

Q

Miyuki Kotani, Takeshi Koike, Kazuya Yamaguchi and
Noritaka Mizuno*

Ruthenium hydroxide on magnetite (Ru(OH),/Fe;0,) could
act as a magnetically separable heterogeneous catalyst for the
aerobic oxidation of alcohols and amines, and reduction of
carbonyl compounds with 2-propanol.

Ru(OH)./Fe104

0, air [Hmim][NO;]—an efficient solvent and promoter in the

&
q o © oxidative aromatic chlorination
“ e X X\ § Cinzia Chiappe,* Elsa Leandri and Marianna Tebano
[Hmim][NO;] ! |\\ [Hmim]moﬂ, | Bronsted acidic ionic liquid [Hmim][NO;] has been used as
_#  HQ3% o a cosolvent and “promoter” for oxidative halogenation of

aromatic compounds with aqueous halohydric acids.
cl

YN S o Preparation of terminal oxygenates from renewable
Me0” gy TOMe * Me0” Thh]

(i) Butenolysis

e natural oils by a one-pot metathesis—isomerisation—

Tuthenium-based metathesis catalyst o o o o

oo 0 o * oot Koo * ooty methoxycarbonylation—transesterification reaction

0
o (ii) Me ycarbonytation
o Pd(dba),, DTBPMB.
{J\/:’\%/:v v ecri o o o o o 0 sequence
Me0” f OMe Me0” “HT ome  Me0” H . . o o .
‘ Yulei Zhu, Jim Patel, Selma Mujcinovic, W. Roy Jackson*
and Andrea J. Robinson

Renewable natural oils can be converted into potentially
high value terminal oxygenates by a single-pot, high yielding
one-pot metathesis—isomerisation—methoxycarbonylation—
transesterification reaction sequence.
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Markus Holscher reviews some of the recent literature in green chemistry.

Novel hydrogelators for
controlled, enzyme-catalyzed
drug release

The usage of renewable resources in
white biotechnology contributes increas-
ingly to a sustainable economy, and
nano-engineering is an important field
in this context, as new building blocks
can be generated for a multitude of
purposes. John et al. (City College of
New York and The City University
of New York) presented an interesting
approach for novel drug carriers which
are put together by self assembly pro-
cesses and are later degraded by enzyme
catalysis.! The authors reasoned that
D-amygdalin, which is a natural glyco-
side, could be a building block in novel
hydrogelators for the formation of
nanoaggregates thermally and chemically
stable enough to be useful for the
encapsulation of drugs. For the forma-
tion of self assembled hydrogels the
introduction of long fatty acid chains is
necessary, which was accomplished by
esterification of the primary hydroxy
group of amygdalin generating com-
pounds 1-3. These were found to form
hydrogels by intra- and intermolecular
hydrogen bonding and m-stacking in
numerous solvents with gel-to-solution
temperatures between 40 and 85 °C. In
the second step of the study, curcumin,
which is a strong anti-oxidative and anti-
inflammatory drug, was encapsulated
into the hydrogels and drug release was
studied by degrading the hydrogel by
enzyme catalysis.

The release of curcumin was studied
by UV spectroscopy and unequivocally
showed that hydrolase (Liploase 100 L,
type EX) broke the ester linkage and
thus destroyed the hydrogel. As a
result the drug was released into the
solution. These findings open new
routes for designed drug encapsula-
tion and transportion followed by
controlled drug release, and as such
should stimulate material and medicinal
sciences.

0
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Three new C-C bonds and
four stereocenters in one
organocatalytic reaction
cascade

C-C bond forming reactions are among
the most important and challenging
chemical transformations, especially
with regard to diastereoselectivity and
enantioselectivity. While the typical pro-
cedure for creating molecules consists of
a stepwise build up with one chemical
transformation at a time, cascade reac-
tions generating a multitude of bond
forming events mediated by only one
catalyst are both extremely efficient and
challenging, as many different stereo-
isomers become available. The careful
choice of reactants, catalyst and
reaction conditions can aid in setting up
highly selective processes, which was
successfully demonstrated very recently
by Enders et al. from RWTH Aachen
university.>

The authors reasoned that a chiral
secondary amine would be a useful
catalyst for enamine and iminium cata-
lysis. If reactants with the appropriate
reactivity were chosen, a reaction cascade
should be initiated in which C-C bonds
are formed in the correct sequence and in
selective manner. Indeed, it was possible
to observe this reaction sequence experi-
mentally. By reacting a linear aldehyde
(A) with a nitroalkene (B) followed by

NO,

reaction with an  o,f-unsaturated
aldehyde (C) in the presence of chiral
secondary amine catalyst (S)-1, product 2
was obtained enantioselectively. Usage
of catalyst (R)-1 accordingly generated
ent-2. Only 2 of the 16 theoretically
possible stereoisomers were generated,
rendering this reaction cascade highly
stereoselective. This is an excellent
proof that chemists can imitate the
complexity of nature’s way of synthesiz-
ing molecules.

Increased hydrogen storage
capacity in metal-organic
frameworks by designed use
of spillover

Researchers are trying to meet the targets
for hydrogen storage capacity set up by
the U.S. Department of Energy. The
anticipated figures for onboard storage
systems are 4.5 wt% by 2007, 6 wt% by
2010 and 9 wt% by 2015. The reasons are
clear: clean burning processes generate
only water as the end product, making
the combustion of H, a lot more
sustainable than the use of carbon based
fuels. Though many efforts have already
been made, hydrogen storage capacities
of different kinds of materials have not
really been convincing. However, a novel
strategy, developed by Yang et al. from
the University of Michigan, comes
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significantly closer to the desired values.’
The underlying concept is the idea that
secondary spillover in hydrogen storage
materials consisting of a metal and a
support can be used to increase the
storage capacity. Spillover is the disso-
ciative chemisorption of hydrogen on the
metal and the subsequent migration of
atomic hydrogen onto the surface of the
support. Secondary spillover is the
migration to a secondary material. If
different materials were used and physi-
cal linkages between them were made,
the secondary spillover should be accom-
plished more easily, and secondary mate-
rials should be usable which themselves
would not induce spillover. Accordingly
the authors used metal-organic frame-
works (MOF) and combined them with a
metal on activated carbon as the matrix.
Simple mixing is good, but even better is
the establishment of carbon bridges
between the materials by carbonizing
sucrose. At first the mixture is heated to
473 K to melt the sucrose, ensuring a
thorough distribution of the carbo-
hydrate and filling of the interstitial
space. Subsequently the mixture was
heated to 523 K resulting in the carbo-
nization of sucrose leaving a material in
which the metal-activated carbon mate-
rial was physically linked to the MOF.
Adsorption experiments with materials
obtained from different [Zn4O]* -cluster
based MOFs showed remarkably
enhanced hydrogen storage capacity,
reaching values as high as 4 wt% at a
temperature of 298 K and a pressure of
10 MPa. According to detailed structural
analyses, the estimated capacity at
15 MPa should be in the range of
6 wt%, which would meet the require-
ments fairly well, as pressures in the
range of 15 MPa are viable for practical
automotive applications.

Laboratory safety of ionic
liquids

Due to their unique physicochemical
properties ionic liquids (Ils) have gained
an enormous interest over the past years
for a variety of applications. In chemistry
the most important field is the usage of
Ils as non volatile solvents, which—as
conventional ~ wisdom  suggests—are
safe solvents with comparatively low

tendency to ignite and burn. Rogers
et al. from the University of Alabama
and Wilkes from the United States Air
Force Academy inspected the behaviour
of 20 Ils with respect to combustibility,
and undertook calorimetric measure-
ments as well as ignition experiments.*
As a first trial, all 20 Ils were heated with
a torch flame for 5 to 7 s and every single
Il ignited under these conditions. Some
Ils burned only shortly while others
burned to complete or nearly complete
combustion. Nitro groups seem to
enhance burning rates, with Il 1 burning
most rapidly. In a set of calorimetric
experiments it was found that Il 2, and
others, develop explosive potential when
they were heated above a certain tem-
perature. Interestingly = commercially
available II 3 (Cyphos™), which was not
thought to be energetic, can be ignited
when present as a spray in air.
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When a fine spray of 3 got in contact
with an electrically heated nickel-
chromium wire this Il, and others, ignite
readily. In the case of Cyphos™, the
authors suspect the impurities (5 to 7%)
to be responsible for the ignition.
Furthermore, caution was especially
recommended when Ils are dried to
completeness, as the condition of dryness
may influence their shock and friction
sensitivities. As a result, the ignition and
combustion behaviour of Ils should be
carefully evaluated from case to case.

2006 Presidential Green
Chemistry Challenge Award

The U.S. Environmental Protection
Agency (EPA) awarded the 2006
Presidential Green Chemistry Challenge
Award in Washington D.C. on June 26,
2006 to selected individuals and organi-
that have made innovative
science contributions with identifiable
applications that result in less pollution

zations

or waste. Five categories were recognized
this year: Academic Award, Small
Business Award, Greener Synthetic
Pathways Award, Greener Reaction
Conditions Award and Designing
Greener Chemicals Award. Galen J.
Suppes from the Department of
Chemical Engineering, University of
Missouri-Columbia won the Academic
Award for the development of an
inexpensive method for the conversion
of glycerine to propylene glycol, which
can be used as a replacement for ethylene
glycol in automotive antifreezers. The
Small Business Award went to Arkon
Consultants and NuPro Technologies,
Inc. for the development of a safer
chemical processing system for flexo-
graphic printing, in which the millions
of gallons of hazardous solvents are
avoided. The  Greener  Synthetic
Pathways Award was presented to
Merck & Co., Inc. for the discovery of
a highly innovative and efficient synth-
esis of sitagliptin, which is the active
ingredient in Januvia®, the company’s
new treatment for type 2 diabetes. The
new synthesis route generates 220 pounds
less waste per pound of product, while
the overall chemical yield is increased to
50%. In the product’s lifetime Merck
estimates an avoidance of 330 million
pounds of waste, including 110 million
pounds of aqueous waste. The Greener
Reaction Conditions award was given to
Codexis, Inc. for a novel enzyme-based
process which significantly improves the
manufacture of the key building block
for Lipitor™, which is a best-selling
chlosterol lowering drug. The Designing
Greener Chemicals Award was awarded
to S. C. Johnson & Son, Inc. for
Greenlist®, which is a system that rates
the environmental and health effects of
S. C. Johnson’s products.
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Ten years of green chemistry at the Gordon
Research Conferences: frontiers of science
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The 2006 Green Chemistry Gordon Research Conference will mark the
10th anniversary of Green Chemistry GRCs. The GRC format, with its strong
emphasis on discussion and interaction, has been especially suited to green
chemistry which, more than most areas of chemistry research, depends on

true interdisciplinarity for success. The ingenuity and innovation displayed by
the green chemistry community in developing solutions to real manufacturing
problems has been breathtaking. This success has been mirrored in the ten years
of the Green Chemistry GRCs, and the 2006 conference will provide a glimpse
at how green chemistry will develop over the next ten years.

Gordon Research Conferences (GRCs)
differ from most other scientific con-
ferences in three key ways: their informal
environment, their emphasis on discus-
sion and their focus on the cutting edge
of science. The GRC format, with its
strong emphasis on discussion and inter-
action, has been especially suited to green
chemistry which, more than most areas
of chemistry research, depends on true
interdisciplinarity for success. At no
other GRC would you find participants
including synthetic, physical and theore-
tical chemists, chemical engineers, micro-
biologists and biochemists, all with equal
contributions to one field of research and
enthused by new opportunities to apply
their expertise.

Green chemistry has its roots in the
feelings of environmental responsibility
that arose in both the industrial and
academic chemical communities in the
1980s following the high public profile of
human and environmental tragedies,
such as Minamata Bay, Love Canal,
Seveso and Bhopal. The discovery that
materials produced by chemists™ could
deplete the ozone layer and affect the
global environment started the decline in
public confidence in chemistry. The first
response was techniques for the analysis
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and remediation of chemical contamina-
tion and end-of-pipe waste treatment
strategies for containing pollution. The
second and only acceptable long term
solution for sustainable chemical manu-
facturing was pollution prevention, which
sowed the seeds of the green chemistry
community.

The Green Chemistry Gordon
Conference was a natural next step in
the growth of green chemistry in 1996.
There had been numerous symposia and
seminars in green chemistry since the
inception of the Green Chemistry
Program at the U.S. EPA in 1991 in
venues such as the American Chemical
Society’s National Meetings. The found-
ing chair of the conference Paul Anastas
recognized that a meeting focused on the
cutting edge science of green chemistry,
rather than the more general discussions
that often blend the science, technology,
application, and implementation of green
chemistry, was necessary and submitted
a proposal to the Gordon Research
Conferences in 1994 which was accepted
to be held in 1996. At the conclusion
of the first conference in 1996, it was
deemed to be so successful that the
Gordon Research Conferences appro-
ached the organizers about doing one of
the first Gordon Conferences in the new
site at Oxford University the following
year. Vice-Chair Stephen DeVito agreed
to chair the second, equally successful,
Green Chemistry Gordon Conference.

A sample of the speakers at the
inaugural conference reads like a Who's
Who of green chemistry over the last

decade: Barry Trost, Ronald Breslow,
Terry Collins, John Frost, John Warner,
Barry Sharpless, Pietro Tundo were all
there. Over the ten years almost every
major international name in green
chemistry has presented at the Green
Chemistry GRCs. The topics covered in
the 1996 conference focused on organic
chemistry and featured the topics of
atom cleaner oxidations,
water-based organic transformations,
heterogeneous catalysis and biocatalysis.
Most presentations focused on improv-
ing existing processes by the development
of catalysts with improved selectivity,
movement from stoichiometric to cataly-
tic procedures, the elimination of toxic
reagents and transfer of processes from
organic solvents to water.

Later Green Chemistry GRCs con-
tinued some of these topics, and new
areas were developed. For example,
cleaner oxidation has received much
attention and generated individual
successes, but remains one the most
challenging problems for large scale
processes. Solid phase chemistry has
developed from a handful of polymer-
and clay-supported reagents and cata-
lysts in the early 1990s to a wide
availability of organic, inorganic and
composite supports, leading to auto-
mated syntheses and combinatorial
libraries. The field of ionic liquids,
notwithstanding the ongoing debate
about their “green credentials”, has
developed from a laboratory curiosity
to one of the most intensely studied class
of materials, which offer almost limitless

economy,
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potential for novel and cleaner chemical
processes. There has been a similar
explosion in interest in supercritical
fluids, which have found applications as
diverse as fine chemical manufacture,
chromatography, biomedical science,
mineralization of waste and even dry
cleaning.

Key events that have raised the profile
of green chemistry over this last decade
have included the launch of Green
Chemistry journal in 1999; the establish-
ment of the Green Chemistry Institute in
the US, the Green Chemistry Network in
the UK and many similar organizations
around the globe; the Presidential Green
Chemistry Challenge Awards (US), the
Green Chemical Technology Awards in
the UK, and equivalent schemes else-
where. Apart from the exponential
growth in international green chemistry
conferences, the community has also
established many workshops and pro-
duced text books and educational mate-
rial suitable for all ages, to spread the
message to the next generation of
chemists and engineers.

One of the more remarkable aspects of
the Green Chemistry Gordon Conference
is the frequency with which cross-
disciplinary collaborations have been
built over the past decade. Because green
chemistry cuts across the many sub-
disciplines of chemistry, it is not unusual
for a polymer chemist at the Green
Chemistry Gordon Conference to discuss
with a catalysis chemist, also there, how a
catalyst might be modified so it can be
used in the supercritical carbon dioxide

medium just described by a third chemist
at the conference; or for interactions
between biochemists working with
enzymes to discover the possibility of
using ionic liquids for their transforma-
tions, and other numerous interactions
like this. The ingenuity and innovation
displayed by the green chemistry com-
munity in developing solutions to real
manufacturing problems has been
breathtaking. Anyone doubting the scale
of what has been achieved needs to look
no further than the list of Presidential
Green Chemistry Challenge Award
winners, the successful implementation
of industrial processes using supercritical
fluids and ionic liquids or the vast
array of new heterogeneous, homo-
geneous and bio-catalysts now available
to the manufacturing community. The
rate at which these ideas have been
transferred from laboratory to plant is
a testament to the interdisciplinary
nature of green chemistry research. It is
one of the few branches of genuine
“blue skies” chemical research, where
process chemists and engineers are
often involved from the beginning and
“invention” moves into
“application”.

How will green chemistry develop over
the next ten years? The 2006 Green
Chemistry GRC will provide a glimpse.
The theme of the conference—Cradle to
Grave—will focus on the multifaceted
nature of any environmental assessment.
The current global threats posed by
rising greenhouse gas emissions and
dwindling fossil fuel resources will set

seamlessly

the agenda for radically new approaches
to sustainability in energy generation,
product design and manufacturing
processes. As green chemistry looks to
the future the fundamental scientific
challenges facing the field could include:

o the design protocol for molecular
structures that are inherently less
hazardous to human health and the
environment;

« the integration of material and energy
systems for the synthesis and isolation of
new molecules;

« a molecular level understanding of
the nature of chemical synergism in the
body and the biosphere;

» a deep and rigorous investigation of
the manifestation of chemical endocrine
disruption;

» design of chemical systems that
possess the intrinsic ability to resist
perturbations  that  could  cause
accidents, performance failure or toxicity
(resilience);

« using weak intermolecular forces able
to impart performance;

» design of solvents and systems in
which external stimuli (e.g. heat, light)
can change physical properties.

The 2006 Green Chemistry GRC
will be at Magdalen College, Oxford
from 27th August to 1st September.
To find out more, see the programme
at http://kazlauskas.cbs.umn.edu/
GreenChem06.html, and follow the links
to the GRC application and registration
pages to participate in the debate on
the current and future direction of
Green Chemistry.
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Aqueous biphasic catalysis with polyoxometalates: Oximation of
ketones and aldehydes with aqueous ammonia and hydrogen peroxidef
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Nap[WZnz(H;0),[ZnWe034),], easily self assembled from
Na,WO, and Zn(NOs),, catalyses the in situ oxidation of
ammonia with hydrogen peroxide to hydroxylamine, which
further reacts with ketones and aromatic aldehydes in an
aqueous biphasic medium without organic solvent to yield
oximes as valuable intermediates.

The reaction of ketones and aldehydes with hydroxylamine to
obtain oximes as intermediates, that can be either dehydrated to
nitriles or undergo an acid catalyzed Beckmann rearrangement
to obtain amides, is a valuable synthetic tool. This methodology is
also applied industrially on a large scale for the production of
g-caprolactam from cyclohexanone. From a safety point of view
the use of hydroxylamine appears to be quite dangerous; two
severe accidents, both involving loss of life, have occurred during
the last decade. In order to reduce safety hazards, hydroxylamine
is often used as a salt, (NH,OH),-H,B where B = sulfate,
phosphate, nitrate, chloride and so forth, or as NH,OSOs;H by
reaction of hydroxylamine with chlorosulfonic acid. Thus, the use
of hydroxylamine in the form of (NH,OH),-HB or NH,OSO;H
introduces salts as by-products into oximation reactions. Note also
that HCl is formed in the synthesis of NH,OSO3H. The formation
of unneeded salts and safety concerns, especially at higher
concentrations in processes involving the use of hydroxylamine,
raises the need for waste free and in situ synthesis of NH,OH.
Oxidation of ammonia with dioxygen is one option, however, the
selectivity observed in such reactions has been limited.”> On the
other hand the use of titanium oxide incorporated in silica based
heterogeneous catalysts for formation of hydroxylamine from
ammonia and aqueous hydrogen peroxide and further in situ
oximation have been quite successful.’ Recently there have also
been reports on the integration of the hydrogen peroxide synthesis
step into the ammonia oxidation to hydroxylamine.*

Recently we have realized the concept of aqueous biphasic
catalysis with a self-assembled water soluble polyoxometalate.’
Thus, the Najp[WZn3(H>0)[ZnWo0s4),] polyoxometalate in
water has been shown to catalyse the aqueous biphasic oxidation
of various substrates, such as secondary alcohols to ketones,
primary alcohols to carboxylic acids, pyridine derivatives to the
corresponding N-oxides and the carbon—carbon bond cleavage of
vicinal diols.” These aqueous biphasic reactions have the advantage
of allowing in situ synthesis of the catalyst from simple starting
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+ Electronic supplementary information (ESI) available: Description of
experimental methods. See DOI: 10.1039/b604837d

materials, easy separation of the water insoluble product from the
aqueous catalyst mixture by phase separation and finally
advantageous reuse of the catalyst containing aqueous phase for
additional catalytic cycles.

In this paper we extend the concept of aqueous biphasic
catalysis with a self-assembled Na;o[WZn3;(H>0),[ZnWoO34),]
polyoxometalate catalyst to an oximation reaction, Scheme 1.
An aqueous solution of ammonia and hydrogen peroxide reacts in
the presence of Na;[WZn3(H>O),[ZnWyOs34),] to yield hydro-
xylamine. Hydroxylamine then further reacts in situ by nucleo-
philic substitution with the water insoluble ketone or aldehyde at
the water/substrate interphase to yield the corresponding oxime.®
Further acid catalyzed reactions include Beckmann rearrangement
to the amide or dehydration of the (primary) oxime to yield
nitriles, Scheme 2.

The results for ammoxidation of some exemplary substrates are
presented in Table 1. Several trends may be noted. First, ketones
reacted to give only oximes as products, with no further Beckmann
rearrangement to yield amides. The reactivity of the ketones was
more or less as expected, with the reactivity of cyclic aliphatic
ketones > acyclic aliphatic ketones > aromatic ketones. Similar to
what was observed previously in alcohol oxidation in biphasic
media, the more hydrophobic substrates tended to react less
efficiently,” presumably due to poorer contact at the interface

_OH
N (0]
Rz Ry Rz)J\FH
Organic
Aqueous
NH3 + H202 #\ o NHQOH + H20
Zn(NO3) H20 \ znl \#
3
Na,Wo; — (\ / \ \ y an
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e

Scheme 1 Generalized picture for the aqueous biphasic oxidation
of organic substrates with H,O, catalyzed by Na;,[(WZn3(H,0),]
[(ZnW4Os4)s].
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Scheme 2 Reaction pathway for oximation and further Beckmann
rearrangement or dehydration.

Table 1 Oxidation of ketones/aldehydes using ammonia and H,O,
solutions catalyzed by Na,[WZn3(H,0),(ZnWy0O34),]. Reaction con-
ditions: 5 mmol substrate, 14 mmol H,O, (~27%), 0.01 mmol
Na5[WZn3(H>0),[ZnW¢O34),] dissolved in 1 ml water, 16 mmol NHj
solution (25%) was added drop wise. The reactions were carried out at
room temperature, 6 h.

Conversion/ Oxime/ Amide/ Nitrile/

Substrate mol% mol% mol%® mol%”
benzaldehyde 95 >999 0 0
benzaldehyde® 93 >999 0 0
3-nitrobenzaldehyde 95 30 2 68
4-nitrobenzaldehyde 94 57 0 43
3-bromobenzaldehyde 95 32 38 26
4-bromobenzaldehyde 66 95 0 5
3-chlorobenzaldehyde 85 62 13 25
2.4-fluorobenzaldehyde 66 84 3 13
4-methylbenzaldehyde 98 82 0 18
4-hydroxy-acetophenone 30 >999 0 0
4-methoxybenzaldehyde 97¢ 30 0 0
3-pyridine carboxaldehyde 100 52 38 6
2-thiophene carboxaldehyde 94 55 13 32
2-butanone 85 >999 0 0
2-pentanone 80 >999 0 0
cyclohexanone 90 >999 0 0
cyclohexanone® 91 >999 0 0
cycloheptanone 90 >999 0 0
cyclooctane 70 >999 0 0
acetophenone 15 >999 0 0
“ Beckmann rearrangement product. “ Dehydration product.

€0.01 mmol Naj,[WZn3(H>0),[ZnWO34),] was formed in situ prior
to the addition of H,O, and NHs. 470% 4-Methoxybenzoic acid
formed.

between the water-soluble hydroxylamine and the ketone sub-
strate. Second, the reaction of some aromatic aldehydes tended to
be less selective, with formation of mostly nitriles and amides
(less frequently) in further acid catalyzed reaction, as presented in
Scheme 2. This reduced selectivity, observed in aromatic aldehydes
with both electron withdrawing and electron donating moieties is
not necessarily undesirable since the final synthesis of nitriles from
aldehydes is often desirable. For more reactive 4-methoxybenzal-
dehdye, the competitive oxidation of the aldehyde with hydrogen
peroxide to the corresponding benzoic acid became considerable
(70% 4-methoxybenzoic acid). This effect was exacerbated in the
case of aliphatic aldehyde substrates, where only the corresponding
carboxylic acid products were observed. Finally, the results of
reactions with self assembled Na,[WZn3(H,0)-[ZnWO3y4),] were
identical to those with purified Najo)[WZn;(H>0),[ZnWoOs4),]. In
the past, there have been some reports that ammonoxidation could
be catalyzed by simple Na,WO,.” In order compare our results
with Na ;o [WZn3(H>0),(ZnWO3y4),] to the results published in the
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Fig. 1 Decomposition of H,0O, (top) and kinetic profile for cyclo-

hexanone oximation (bottom). Reaction conditions: (top) 14 mmol H,0,,
16 mmol NHj, 0.01 mmol catalyst. (bottom) 5 mmol cyclohexanone,
14 mmol H,0, (~27%), 0.1 meq W. dissolved in 1 ml water, 16 mmol
NHj solution (25%) was added drop wise.

literature, the systems were compared using two parameters for
comparison: (i) efficiency in the utilization of the oxidant and
ammonia and (i) the the kinetic profile of product formation
based on equivalents of tungsten (not mols of catalyst). As
one can see from the profiles shown in Fig. 1 (top), the
Na o [WZn3(H>0),(ZnWoOs4),]  polyoxometalate  decomposed
hydrogen peroxide much more slowly than Na,WOQO,, even with
an equimolar amount of catalyst. Furthermore at equivalent
amounts of tungsten the polyoxometalate showed significantly
higher oxidation efficiency and no induction period for the
reaction, Fig. 1 (bottom).

In order to check the stability of the catalyst in the reaction
mixture, a catalyst recycling experiment, in which cyclohexanone
was oximated (reaction conditions as in Table 1), was carried out.
The catalyst in the aqueous phase was recovered simply by
separating off the organic phase and the recycling was carried out
by re-addition of cyclohexanone and 30% aqueous hydrogen
peroxide and dropwise addition of 25% aqueous ammonia over
6 h at room temperature. The results showed essentially no
change in activity (90 + 2 mol% conversion) or selectivity to
cyclohexaneoxime (>99.9%) for six cycles.

The Na; o [WZn3(H>0),(ZnW¢Os34),] polyoxometalate, which
can be easily synthesized from Na,WO, and Zn(NOs), in the
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presence of HNO; without purification steps, is an efficient
catalyst for the oximation of ketones and aromatic aldehydes in
aqueous biphasic media, and does not require an organic solvent.
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Proline-catalyzed direct asymmetric ¢-aminoxylation of
aldehydes and ketones in the room temperture ionic liugid
1-n-butyl-3-methylimidazolium tetrafluoroborate achieved high
yields and high enantioselectivities, even when just 1-5% of
proline was used as the catalyst; immobilisation of the catalyst
in an ionic liquid phase offers simple product isolation and the
reuse of the catalytical system at least four times in subsequent
reactions.

The stereoselective synthesis of o-hydroxycarbonyl compounds is a
topic of interest, as these structures represent fundamental building
blocks for the construction of complex natural products and other
important bioactive molecules; this importance has motivated the
investigation of a wide variety of reactions for diastereoselective
and enantioselective synthesis.! Momiyama and Yamamoto have
reported an excellent catalytic asymmetric nitroso-aldol reaction,
in which the tin enolate of a ketone reacts with nitrosobenzene in
the presence of a catalytic amount of BINAP-AgOTf complex,
affording an o-aminoxyketone in high enantioselectivity, which
can be easily converted into the corresponding o-hydroxyketone.”
Just recently, inspired by the notion that nitrosobenzene acts as an
electrophilic aminoxylating reagent, organocatalyzed reactions of
a-aminoxylation of aldehydes and ketones with nitrosobenzene in
the presence of L-proline and its derivatives have also been actively
investigated (eqn (1)).

(0] N/’o (@)
L-Proli
R'/\H N roine R|)K*(O‘N’Ph (1)
H
R R

or the organocatalysts

Tonic liquids* have been widely used as environmentally benign
solvents to replace the common organic reaction media.’
Moreover, they are reusable, allow for simply isolation of products
and enable the easy recovery of catalysts.® L-Proline in combina-
tion with ionic liquids has proved to be an efficient system for
direct asymmetric aldol reactions,’ cross-aldol reactions,® Michael
additions,’ o-aminations of aldehydes and ketones,'® Ullmann-
type reactions,'! as well as Mannich reactions.'? As a part of our
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453002, People’s Republic of China. E-mail: guohm518@hotmail.com
bKey Laboratory for Asymmetric Synthesis and Chirotechnology of
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Chengdu Institute of Organic Chemistry, Chinese Academy of Sciences,
Chengdu, 610041, China

“Graduate School of Chinese Academy of Sciences, Beijing, China

ongoing research in the field of ionic liquids,'> we are highly
interested in studying the influence of ionic liquids on L-proline-
catalyzed direct asymmetric o-aminoxylation of aldehydes and
ketones in an ionic liquid, and in comparing the results with the
published data in more common organic solvents. The next
important aspect was the examination of the catalyst recovery
and the possibility of the reuse of the catalyst in subsequent
reactions.

At first, several aldehydes and ketones (1) and nitrosobenzene as
substrates were investigated in ionic liquid [bmim]BF, (ee values
in CHCl; have been reported in the literature®**?). To a dried vial
charged with L-proline (20 mol%, 23 mg) and nitrosobenzene
(1 mmol, 107.1 mg) was added the ionic liquid [bmim]BF, (2 ml),
followed by the appropriate aldehyde or ketone (2 mmol) in one
portion at room temperture. After the resulting solution was
stirred for 3-4 h, the reaction mixture was extracted with ether
(6 x 10 ml) to leave the ionic liquid containing L-proline. The
achieved results are summarized in Table 1. It can be seen that
ionic liquid gave the desired a-aminoxylation products. In all
cases, the expected o-aminoxylation products were obtained
with comparable or better yield and ee in [bmim]|BF, than in
CHCl3. >

The effect of catalyst loading on the reaction efficiency was
evaluated next, using isovaleraldehyde and nitrosobenzene as
substrates (Table 2). No reaction took place in the absence of
proline (entry 1). The same result was obtained for the reaction
catalyzed by 10 mol% of proline as the reaction catalyzed by
20 mol% of proline (entry 2 and entry 3). With 5 mol% of
proline, the product yield remained at a comparable level, but
with 1 mol% of proline, a significant loss of yield was observed
(entry 4 and entry 5). In all cases the enantioselectivity was not
affected (98% ee).

Finally, the possibility to reuse or recycle the ionic liquid
[bmim]BF, containing L-proline was examined by employing
the direct o-aminoxylation reaction of cyclohexanone with
nitrosobenzene as a model. After the reaction was completed,
the reaction mixture was extracted with ether (6 x 10 ml) to give
the ionic liquid residue containing L-proline. The ionic liquid
containing L-proline phase was dried in vacuo at 40 °C for 3-4 h
and was used directly for the subsequent reaction. The data shown
in Table 3 illustrate that the ionic liquid [bmim]BF, containing
L-proline can be reused at least four times without sacrificing the
yield and enantioselectivity (>99% ee) (entries 2, 3 and 4).

In conclusion, we have demonstrated that the room temperature
ionic liquid [bmim]BF, is a suitable solvent for proline catalyzed
asymmetric o-aminoxylation reactions of aldehydes and ketones
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Table 1 Proline-catalyzed o-aminoxylation of aldehydes and ketones
in ionic liquid [bmim]BF,*

20 mol% L-Prdline

0 N=O o)
- _Ph
R )l\ + . R1)J\./ O-N
1 [bmim]BF 4, rt, 3-4h - H
Ry R
1

2
Entry  Substrate Product Yield (%) ee (%)
1 o} 0 89¢ 97
H)H " )J\;./O\H,Ph
Me Me
2 0 0 98¢ 99
H )H H)J\./ O~y
Et Et
3 o) 0 76¢ 99
HJ\ " )J\/o\ H,Ph
nBu Bu-n
4 0 0 91¢ 98
HJ\ HJ\./ O-p PP
i-Pr E-"r-i H
5 0 o) 93¢ 97
HJ\ HJ\._/ °- ”’Ph
CH,Ph CH,Ph
6 0 0 744 >99
é é_‘\ONHPh
7 0 0 709 >99
éj \ONHPh
L7 7
8 o o] 67 >99
ch)H BiC \ONHPh
Me Me

“ The reaction was conducted with 0.2 equiv L-proline, 3 equiv
aldehyde or ketone and 1.0 eq;)uiv nitrosoenzene in ionic liquid
[bmim]BF, at room temperture. ” Determined by HPLC. ¢ Isolated
yield of the alcohol (2 steps). ¢ Isolated yield.

Table 2 Effect of catalyst loading on the reaction yield and
enantioselectivity in the o-aminoxylation of isovaleraldehyde with
nitrosobenzene

9 0
20 mol% L-Proline oy _Ph
[bmim]BF,, t, 30  H

t-Pr i-Pr
Entry L-proline/mol% Yield (%)“ ee (%o)?
1 0 0 —
2 20 91 98
3 10 91 98
4 5 87 98
5 1 64 98

“ Isolated yield of the alcohol (2 steps). ® Determined by HPLC
(Chiralpak AD-H column).

Table 3 Studies on catalyst recycling

o 0 o
r\"' 20 mol% L-Proline \ONHPh
+ N
\© [bmim] BFy4, rt, 3h

Run Yield (%)” ee (%)’
1 74 >99%
b 74 >99%
3 73 >99%
4 73 >99%
5 50 >99%

“ Isolated yield. ® Determined by HPLC (Chiralpak AD-H column).

with nitrosobenzene. The catalyst immobilised in [bmim]BF,
could be reused at least four times, and the product yield and
enantiopurity remained at a comparable level to the case with the
fresh catalyst.
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The novel catalyst 8, bearing a polar quaternary ammonium
group, is very stable and can be easily prepared from
commercially available reagents. Catalyst 8 can be efficiently
used for olefin metathesis not only in traditional but also in
aqueous media. Various ring closing-, cross- and enyne-
metathesis reactions were conducted in water-methanol mix-
tures in air. The electron withdrawing quaternary ammonium
group not only activates the catalyst chemically, but at the same
time allows its efficient separation after reaction. Application of
8 leads to organic products of high purity, which exhibit very
low ruthenium contamination levels (12-68 ppm) after filtering
through a pad of silica gel.

Introduction

Despite the general superiority offered by modern homogeneous
Grubbs and Hoveyda—Grubbs catalysts 1-3 (Scheme 1),! they

MesN NMes MesN NMes MesN NMes

T .o T.c

RU= Ru= RU=
cIv cIv e

0 OCH,4 0 NO, 0
~ N

|
OCH NO
4 @ 5 6 z

Scheme 1 Selected ruthenium precatalysts for alkene metathesis. Cy =
cyclohexyl; Mes = 2,4,6-trimethylphenyl.
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+ Electronic supplementary information (ESI) available: Experimental
procedures for ligand and catalyst syntheses, including characterization
data of metathesis products. See DOI: 10.1039/b605138¢c

share some disadvantages. Since olefin metathesis reaction is
expected to be used in pharmaceutical processes, the most
undesirable feature of these complexes is that during the reaction
they form ruthenium byproducts, which are difficult to remove
from the reaction products.2 In many cases, ruthenium levels of
>2000 ppm remain after chromatography of products prepared by
RCM with 5 mol% of Grubbs catalysts.® The ruthenium has to be
removed prior to further processing.*

Several protocols to solve problems associated with Ru
contamination arising during pharmaceutical or fine chemical
processing, from R&D scale through to manufacture, have
been proposed.’ Use of biphasic aqueous extraction,’ various
scavengers, such as lead tetraacetate,® DMSO,’ triphenylphosphine
oxide,” and supported phosphines® were reported to reduce the
ruthenium content to between 200-1200 ppm. Alternatively, two
cycles of chromatography, followed by 12 h incubation with
activated charcoal, resulted in <100 ppm.° Recently, special
functional polymers—QuadraPure® resins—were intended for
heavy metal (including Ru) removal in both batch and continuous
processes.'® Complex 4, introduced by our group,'' exhibits
catalytic activity comparable to the parent Hoveyda-Grubbs
carbene 2b, but shows much higher affinity for silica gel when
CH,(Cl, is used as eluent, which enables its efficient removal. We
have recently developed a new efficient strategy for phase-
separation and recovery of 4, which provides crude products
containing up to 400 ppm of ruthenium. '

In continuation of our program to develop a ‘green’ metathesis
catalyst,lz’13 herein we report on a new, airstable ruthenium
homogeneous catalyst, that exhibits an increased activity in
metathesis reactions and allows us to obtain crude products with
low residual ruthenium levels.

Results and discussion
Catalyst design

We demonstrated that the 5- and 4-nitro-substituted complexes 5
and 6 initiate olefin metathesis dramatically faster than the parent
Hoveyda-Grubbs catalyst 2b."* We proposed that the electron-
withdrawing (EWG) nitro-group in the benzylidene fragment of 5
and 6 weakens the O—Ru chelation and facilitates faster initiation
of the catalytic cycle.!* In accordance with this assumption, we
observed that complex 7 (Scheme 2), bearing the electron-donating
(EDG) diethylamino group shows little or no activity in olefin
metathesis.'>*'> However, in a striking contrast, the in situ
formed salts obtained by treatment of aniline 7 with Brensted
acids (Scheme 2) are of high activity, surpassing the parent

This journal is © The Royal Society of Chemistry 2006
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Scheme 2 The concept of ‘EWG-to-EDG activity switch’ and prepara-
tion of complex 8.

Hoveyda—Grubbs complex 2b in terms of initiation speed (electron
donating to electron withdrawing activity switch)."

Exploring further the concept of activating a catalyst using
EDG to EWG activity switch, we have attempted to prepare
complex 8, bearing a quaternary ammonium group.'® As
illustrated on Scheme 2, we used commercially available aldehyde
10 as a starting material for the preparation of the corresponding
quaternary salt 11.!” Complex 8 was obtained in the reaction of 11
(1.1 equiv.) with 1b (1.0 equiv.) and CuCl (1.4 equiv.). Washing of
the crude product with ethyl acetate and methanol afforded pure
complex 8 as an air-stable, green micro-crystalline solid, soluble in
acetonitrile, dichloromethane, methanol, methanol-water and
ethanol-water 5 : 2 (v/v), respectively.

Catalytic performance of 8

To compare the relative activities of catalysts 2b, 7 and 8, the ring-
closing metathesis of diethyl 2-allyl-2-methallylmalonate (12a)
(Table 1, entry 1) was investigated under identical conditions. The
results show that the initial rate of metathesis was markedly
enhanced in the case of the EWG-substituted 8. After 20 and
40 min the yields of 13a were 51% and 81% respectively (96% after
1.5 h), as opposed to 20% and 46% obtained with 2b (81% after
1.5 h). This demonstrates again'*"? that the activity of ruthenium
metathesis catalyst 2b can be enhanced by introduction of electron-
withdrawing groups without detriment to the catalyst stability. An
analogous experiment was conducted with free-amine catalyst 7.
As expected,'? practically no reaction was observed during the first
2 hours (<1% conversion after 1.5 h and 8% after 24 h).

We supposed that the introduction of a polar quaternary
ammonium group can be used not only to increase the catalyst
activity, but also to alter its physical-chemical properties, such as
affinity to silica gel, which should facilitate its separation after the
reaction. To reduce this assumption to reality, a spectrum of
various substrates for RCM and enyne-cycloisomerisation were
tested (Table 1, entries 2-7). The data compiled in Table 1 show

that complex 8 is a superb catalyst in CH,Cl,. In addition, we
observed that simple silica-gel filtration of the reaction mixture
through a short pad of silica gel (2040 x weight of the product)
allows almost complete removal of ruthenium byproducts.
Inductively coupled plasma mass spectrometry (ICP-MS) analysis
of the selected crude products (13) indicated 12-68 ppm Ru, which
is much lower than contamination levels obtained in reactions with
catalyst 1a> and 4.

Metathesis reactions are usually carried out in nonpolar
organic solvents under inert and anhydrous conditions.! From
an economic and environmental standpoint, water or aqueous
solutions represent very attractive media for organic reactions,'®
and recently some efforts have been directed to the application of
water or aqueous solutions in metathesis reactions.'”

We were pleased to see that complex 8 efficiently catalysed the
metathesis of various substrates in non-distilled, non-degassed protic
media in air (Table 1, entries 4-5 and 8-9). Again, in one selected
case we checked that the crude organic product (13h) contained a
very low level of residual ruthenium (37 ppm).

In conclusion, we have reported the first example of a homo-
genous Hoveyda—Grubbs catalyst containing a quaternary ammo-
nium group. Catalyst 8 initiates various types of metathesis
reaction in both dichloromethane and methanol-water mixtures.
Furthermore, the very low levels of residual ruthenium impurities
in crude organic products make 8 particularly suitable for use in
pharmaceutical applications. The application of this catalyst in the
synthesis of biologically important molecules in aqueous solvent
mixtures is currently being pursued.

Experimental
Representative procedure of metathesis in CH,Cl,

A reaction tube equipped with a magnetic stirring bar was charged
with CH,Cl, (10 mL), catalyst 8 (1-5 mol%) and substrate 12
(0.2 mmol). The reaction mixture was stirred at 25 °C. After
complete conversion (TLC), the reaction mixture was passed
through a cartridge containing silica gel (1-2 g). The cartridge was
washed with an additional portion of CH,Cl, (10-20 mL). The
CH,Cl, fraction was concentrated under reduced pressure to yield
crude product 13.

Representative procedure of metathesis in a mixture of MeOH-
H,0 or EtOH-H,0, 5 : 2 viv

A reaction tube equipped with a magnetic stirring bar was charged
with catalyst 8 (6 mg, 0.007 mmol, 5 mol%) and non-degassed
water (2 mL). To the resulting suspension a solution of substrate
12 (0.14 mmol) in MeOH or EtOH (5 mL) was added. The
reaction mixture was stirred at 25 °C. After complete conversion
(TLC), the reaction mixture was evaporated to dryness, dissolved
in CH,Cl, (5 ml) and passed through a cartridge containing silica
gel (1-2 g). The cartridge was washed with an additional portion of
CH,Cl, (15-25 mL). The CH,Cl, fraction was concentrated under
reduced pressure to yield crude product 13.
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Table 1 Metathesis reactions catalyzed by 8¢

Entry  Substrate 12 Product 13 Solvent Catalyst (mol%) Time/h  Conversion (%)”  Ru/ppm®
1 N\ CO,Et 2b (5) 0.3 20
D( 2b (5) 0.6 46
CO,Et COoEt 2b (5) L5 81
7(5) 1.5 <1
COAEt 13a CH,Cl 8 (5) 03 51
12a 8 (5) 0.6 81
8(5) 1.5 96
2 S CH,Cl, 8(5) 0.5 99 68
NTs l NTs
—
- 12b 13b
3 \:><002Et ®<002Et CH,Cl, 8(5) 1 99 12
81 35 99
= CO,Et 2 CO,Et M
C
13¢
4 AN CH,Cl, 8(5) 1 97 33
NTs | NTs MeOH/H,O 8 (5) 0.5 99
\/\/
12d 13d
5 N\ = CH,Cl, 8(5) 0.5 98
= \<Ph = pn MeOH/H,O 8 (5) 0.5 92
o ph EtOH/H,O0 8 (5) 0.5 99
12¢ O Ph 13e
6 A N CH,Cl, 8(2.5) 0.5 99
NCOPh ENCOF’h
—
12f 13f
7 H5CO ~ H4CO CH,Cl, 8(3) 2 91 21
chom HsCO
CH30 O\S, CH30 o\Si
12g /N 13g / \
8 . = MeOH/H,O 8 (5) 0.5 99 37
= EtOH/H,O 8 (5) 0.5 83
/\/NTS 12h _Ir\_j 13h
S
9 OH H MeOH/H,O 8 (10 24 99¢
N O™~ g o MO0 810)
12i 13i

“ Conditions: 1-5 mol% of catalyst, CH,Cl, or MeOH/H,0; ¢ = 0.02 mol L™, 25 °C. ? Conversions were determined by analysis of '"H NMR
or GC-MS of the crude reaction mixture. ¢ Level of Ru impurity in crude products determined by ICP-MS and shown as parts per million
(ppm). ¢ Reaction with 10 mol% of 8 at 40 °C.
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Styrene can be oxidised by TBHP to styrene oxide with high
selectivity/yield using barium oxide (with or without gallium
oxide support) as a simple, inexpensive and reusable solid
catalyst; compared to the other alkaline and rare earth metal
oxides, barium oxide showed a much better performance in the
styrene epoxidation.

Styrene oxide (which is an important organic intermediate in the
synthesis of fine chemicals and pharmaceuticals) is conventionally
produced by epoxidation of styrene using stoichiometric amounts
of peracid as an oxidizing agent.! However, peracids are very
expensive, corrosive, hazardous to handle, non-selective for the
epoxide formation and also lead to formation of undesirable
products, creating voluminous waste. In order to overcome these
limitations, a number of studies have reported on the epoxidation
of styrene over easily separable solid catalysts, containing Ti,>” Fe
or V* or nanosize-gold,® using safer oxidizing agent, such as TBHP
(tertiary butylhydroperoxide)*® or H,0,.*”7 With H,O, as an
oxidizing agent, although the styrene conversion was high, the
selectivity for styrene oxide was very poor. Recently Choudhary
and coworkers® used bohemite or alumina as a catalyst for the
selective epoxidation of styrene by anhydrous H,O, with a
continuous removal of the reaction water. It 1is, therefore,
interesting to know whether other simple metal oxides, such as
alkaline and rare earth oxides have activity in the selective
epoxidation of styrene. The present work was undertaken for this
purpose. In this communication, we report, for the first time, the
use of a simple, inexpensive and reusable metal oxide, such as
BaO, for the selective epoxidation of styrene by TBHP with a very
good selectivity/yield for styrene oxide. However, the other alkaline
earth oxides and also rare earth oxides show a much lower
performance in the epoxidation.

The styrene epoxidation by anhydrous TBHP over commercial
BaO and other alkaline and rare earth metal oxides and
supported BaO [prepared by impregnating barium nitrate
(2 mmol g~ '(support)) on different supports (viz. SiO,, Ga,Os,
ALO;, Iny0O; and Si-MCM-41) by incipient wetness technique,
drying and calcining at 500 °C for 4 h] was carried out under
reflux, using a reaction mixture containing 10 mmol styrene,
15 mmol TBHP and 0.1 g of catalyst, by procedures described
carlier.® Results of the epoxidation over the different catalysts are
presented in Tables 1 and 2.

Chemical Engineering & Process Development Division, National
Chemical Laboratory, Pune, 411 008, India.

E-mail: vr.choudhary@ncl.res.in; Fax: +91 20 25902612;
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Table 1 Performance of different alkaline and rare earth metal oxides
for the epoxidation of styrene to styrene oxide by anhydrous TBHP
(SO = styrene oxide, PA = phenylacetaldehyde, Bzh = benzaldehyde,
OP = other products)

Conversion (%)  Selectivity (%) SO
Yield

Bzh OP* (%)

Catalyst Styrene TBHP SO PA TOF’

Nil 7.5 16.5 1.0 7.7 1.7 817 08 —

MgO 15.9 28.0 198 7.0 49 682 32 1.1
CaO 0.9 45.3 —  — — 100 =0.0 0.0
SrO 15.2 242 60.2 80 0.0 318 92 3.1
BaO 40.7 32.1 787 89 1.1 1.2 320 10.7
BaO“ 33.1 26.0 785 9.0 1.0 1.5 260 10.8
La,05 3.2 19.5 69.0 47 00 263 2207
CeO, 28.7 52.4 389 6.0 42 507 112 3.7
Nd,O;  20.0 232 628 8.0 1.1 28.0 12,6 42
Sm, 03 9.8 14.2 486 52 00 4e6.1 48 1.6
Eu,03 9.8 12.1 502 53 0.0 444 49 1.6
Gd,05 157 16.0 60.0 10.8 0.0  29.0 94 3.1
Tb,O5 9.8 10.5 483 82 0.0 435 47 15
Er,0O4 7.4 13.0 60.0 3.6 05 358 44 15
Yb,0; 109 21.7 41 29 00 883 04 0.1

“ Benzoic acid and phenylacetic acid. ® Defined as mmols of styrene
oxide formed per gram of catalyst per hour. ¢ For its 5th reuse
(amount of catalyst used was 0.08 g).

The results in Table 1 reveal the following important
information:

(1) Among the alkaline earth metal oxides, the BaO catalyst
showed the best performance, ie. the highest styrene oxide
selectivity (79%) and yield (32%) in the epoxidation.

Table 2 Performance of different supported BaO catalysts for the
epoxidation of styrene by anhydrous or aqueous TBHP

Conversion (%) Selectivity (%) SO
Yield

Catalyst Styrene TBHP SO PA Bzh OP (%) TOF“
Epoxidation using anhydrous TBHP

BaO/SiO, 25.0 29.0 18.0 0.2 0.6 792 45 49
BaO/In,0; 23.6 28.6 362 38 20 58.0 85 92
BaO/Ga,0, 49.3 453  58.0 1.2 6.0 349 28.6 309
BaO/Ga,05" 42.2 389 58.3 1.1 55.8 34.8 24.6 31.8
BaO/AL,O3 25.5 40.2  30.0 8.7 1.3 60.0 7.7 83

BaO/Si-MCM-41 27.4 456 30.0 5.6 4.4 60.0 82 89
Epoxidation using aqueous TBHP

BaO/In,0; 31.0 383 402 6.8 0.3 52.7 125 135
BaO/Ga,04 40.1 58.6  56.1 0.6 2.3 41.1 22.5 243
BaO/AlL O3 20.4 324 410 65 2.5 500 84 9.1

BaO/Si-MCM-41 30.8 48.0 362 3.1 2.7 58.0 11.1 12.0

“ Defined as mmols of styrene oxide formed per gram of BaO
deposited on the support per hour. ® For its 4th reuse (amount of
catalyst used was 0.085 g).
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(2) The CaO showed the lowest performance (high conversion
of TBHP but <1% conversion of styrene). The observed high
conversion of TBHP is due to its decomposition over the catalyst
(with the evolution of oxygen) according to the reaction:

This catalyst in fact inhibits the styrene oxidation; even in the
absence of any catalyst, the styrene conversion is much higher than
that obtained in the presence of the CaO catalyst.

(3) The SrO catalyst also showed a good styrene oxide selectivity
(60.2%) but at a low conversion of styrene (15.2%).

(4) Among the rare earth metal oxides, the CeO,, Nd,O; and
Gd,Os5 catalysts showed a good performance in the epoxidation
of styrene. When comparing the styrene oxide yield, the three
catalysts showed a somewhat comparable performance. However,
they differed in their styrene conversion activity and epoxide
selectivity; the CeO, catalyst was more active but less selective
for the epoxidation. Also, the Nd,O; and Gd,O; showed higher
styrene oxide selectivity (62.8 and 60%, respectively) but at a low
styrene conversion (20 and 15.7%, respectively).

(5) The Er,O; and La,Os also showed high epoxide selectivity
(60 and 69%, respectively) but at a very low conversion of styrene
(7.4 and 3.2%, respectively). The Yb,O5 showed very poor epoxide
selectivity and also low styrene conversion activity. The other rare
earth oxides Tb,O;, Sm,O; and Eu,Oj catalysts showed good
epoxide selectivity (about 50%) but low styrene conversion activity
(<10% conversion).

The alkaline and rare earth metal oxides showed the following
order for their performance in the epoxidation (the value in
brackets shows the styrene oxide yield): BaO (32%) >» Nd,O4
(12.6%) > CeO, (11.2%) > Gd,0; (9.4%) > Eu,03, Sm,03, Tb,O3
and Er,O;5 (4.4-4.9%) > MgO (3.2%) > La,05 (2.2%) > without
catalyst (0.8%) > Yb,O3 (0.4%) > CaO (0.0%).

Among the supported BaO catalysts (Table 2), the BaO/Ga,O3
showed the best performance (28.6% styrene oxide yield). It may
be noted that both the conversion and selectivity/yield were
more when anhydrous TBHP was used instead of aqueous TBHP.
However, in case of the other supported BaO catalysts, the
selectivity/yield was better for aqueous TBHP. Among the
different supports used for the supported BaO catalyst, Ga,0O4
was found to be the best one, probably because of its redox
properties. The TOF for the BaO/Ga,O; catalyst was much higher
[30.9 mmol g '(BaO) h™!] than that observed for the BaO
(without support) catalyst [10.7 mmol g '(BaO) h™']. This is
expected most probably because of the finely dispersed BaO on the
support.

Both the Ga,Os-supported and unsupported BaO catalysts
showed excellent reusability in the epoxidation (Tables 1 and 2). It
is also interesting to note that the TOF of the BaO (without
support) catalyst (which is an inexpensive metal oxide) is quite
comparable to that [11-12 mmol g '(cat) h™!] of the very
expensive supported nanosize-gold,® Ti/SiO,®> and Ti-HMS'"
catalysts, reported earlier for the styrene epoxidation by TBHP.

+ PhCH =—=CH, and CH,
(CH,),COOH 0
BaO - |
- (CH,),CHOH Ba 0 CHPh
PhCH CH, +BaO
Scheme 1

The very high activity of BaO, as compared to other alkaline
and rare earth metal oxides, may be attributed to the relatively
easier formation of barium peroxide species by the reaction of
barium oxide with TBHP, and its further reaction with styrene
(Scheme 1). Further work is necessary to understand/confirm the
reaction mechanism.

The epoxidation would be a totally green process if the oxidant
TBHP is replaced by H,O, (which after consumption leaves
water as a side product) or, more preferably, by molecular oxygen.
Unfortunately, barium oxide is a highly basic metal oxide and
hence has high H,O, decomposition activity. It showed almost no
epoxidation activity when molecular oxygen was used as an
oxidizing agent.

In summary, unsupported or Ga,Os-supported BaO is a highly
active and environmentally friendly (easily separable, reusable
and non-toxic) and also inexpensive catalyst for the difficult to
accomplish epoxidation of terminal alkenes, such as styrene, with
high conversion and selectivity/yield.
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The long term thermal stability of ionic liquids containing dicyanamide or tricyanomethide anions
is significantly lower than might be expected from temperature ramped TGA studies, and these
anions, combined with N-based cations, yield polymeric products during thermal decomposition.

Operational upper temperature limits for extended heating have been determined from isothermal

decomposition measurements and extraction of 7,99 values, and a simple relationship between
onset of decomposition (determined by non-zero st derivative) and T g1/10 (the temperature at

which 1% decomposition occurs in 10 h) is derived.

Introduction

Tonic liquids (ILs) offer a number of unique possibilities to the
green chemistry practitioner. The extraordinarily low vapour
pressure!? (exhibited by many ILs), mitigates issues of VOC
emission due to solvent evaporation and hazards associated
with the use of high P equipment. The lack of vapours also
renders the bulk ILs non-flammable® and provides for product
isolation by distillation of product rather than solvent.* In
addition, large liquid ranges obviate the need for solvent
changes in multi-step processes with vairable temperature
regimes, and tunable miscibility and phase separation® provide
opportunites for new catalysts,® catalyst immobilisation,’ reuse
and recycling.®

Many ILs are reported to be resistant to thermal decom-
position and thus suitable for high temperature applications’
yet, in most cases, thermal stability is inferred from measure-
ment of weight loss by rising temperature thermogravimetric
analysis (TGA). Such “thermal stability”” is a useful com-
parative value, as the experiment to allow comparison of the
decomposition temperature of a new IL is quick and easily
reproduced. However, this is an overestimation of the
operational upper temperature limit, at which an IL may be
expected to retain its structural integrity during extended
periods at elevated temperatures. For example, the widely used
hydrophobic ILs [emim] bis(trifluoromethanesulfonyl)amide 1
and [bmim] bis(trifluoromethanesulfonyl)amide 2 are reported
to decompose at temperatures ranging from 455' to 234 °C!!
and 450" to 235 °C' respectively. The higher values are
derived from ‘step tangent’ analysis of temperature ramped
TGA experiments and the lower from experiments designed to
probe long term thermal stability. Each of these values is valid,
as long as the method of analysis is reported, but do not serve
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to answer the question “how hot and for how long can I heat
my IL without it decomposing?”.
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F3C—S—N—S—CF3
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CH,CHj3
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R = (CHz)3CH3
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The huge range of possible combinations of cation and
anion may provide ILs that are tailor-made solvents for
specific applications and it is advantageous to consider how
inclusion of a specific, apparently desirable, cation or anion
might affect properties such as thermal stability and thus the
longevity and recyclability of an IL. The effect of nucleo-
philicity of anions on the rate of the reverse Menschutkin
reaction and the predisposition of particular side chains to
Hofmann elimination has been described for ammonium and
imidazolium cations,'®!'""'* and herein we consider the effect
of prolonged heating on ILs based on combinations of
N,N-dialkylpyrrolidinium [p;4] and tetra-alkylphosphonium
[Ps.6.6.14] cations, with dicyanamide [dca] and tricyanomethide
[tem] anions. Phosphonium cations are readily prepared at
low cost,'”” and ILs prepared from these tend to exhibit
higher thermal stability than quaternary nitrogen based
cations,'® while the pyrrolidinium cation is a cyclic analogue
of an ammonium cation and yields ILs with low fusion

f \ (?Hz)scHs
R Hac(Hzc)n*?**(CHz)sCHs
7 (CH):CH; (CHa)sCHs
[p14l” N [Psss1al”
Il
N- C: FiC g N~ g CF
- 3T W N ToTLg
_ = AR I I
A Y
[deal [tem] [TfNT

Scheme 1 Cations and anions used in this study: N-butyl, N-methyl-
pyrrolidinium  [p;4]*, trihexyltetradecylphosphonium [P ¢6.14]"
dicyanamide [dca] , tricyanomethide [tcm]  and bis(trifluorometha-
nesulfonyl)amide [TfrN] .
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Fig. 1 Degradation measured by temperature ramped TGA (10 K min !, N, flow, Al pans); (i) [pi.4][dca], (ii) [p1.4ltem], (iii) [Pe¢.6.14][dca]
and (iv) [p1 4][TfoN]. [p1 4lldea] and [p; 4][tcm] do not decompose completely to volatile products but yield a significant amount of charred material

post analysis.

temperatures.'” Anions [dca] and [tcm] confer low viscosity
on ILs'"® and the bis(trifluoromethanesulfonyl)amide anion,
[Tf,N], is included for comparison with previous studies.!!
The combination of the cations and anions represented here
allows comparison of modes of degradation.

Results and discussion

Thermal stability of the ILs was compared using both rising
temperature TGA and an isothermal method. In the first case
the order of thermal stability is found to be: [p; 4][Tf,N] >
[Ps.6.6.14)[dcal > [p;.4lltem] > [p; 4][dca], as illustrated in Fig. 1.
Although the estimation of first onset of weight loss is fraught
with difficulties (leading some authors to conclude that this is
not an appropriate technique for stability determination'®) the
determination of the temperature at which the first derivative
of the weight loss vs. T curve is non-zero (dw/dT # 0) provides
an estimate of the lowest 7" at which volatile products are
evolved, under the conditions of the experiment. These values
are significantly lower than those derived from step tangent
analysis, Table 1, but are not an accurate measure of longer
term stability at elevated temperatures.

We have previously described a method that allows
determination of the temperature at which negligible decom-
position occurs, even after extended heating.11 This entails
determination of the value 77, the temperature at which a
specific degree of composition (expressed as a fraction, z)

Table 1 Comparison of decomposition temperatures derived from
rising temperature and isothermal TGA

IL Tdecomp onsellaca’b TU.OI/IO/OCU AT/CCd

[p1.4][dca] 283 (262) 170 149 (113)
[p1 4lltem] 319 (301) 192 174 (127)
[P6.6.6.14][dca] 396 (355) 233 192 (163)
[p1.4l[TH:N] 435 (399) 271 235 (164)

@ Ramped TGA, step tangent analysis. © Numbers in brackets refer
to the temperature at which dw/dT # 0. ¢ From isothermal TGA,
To.01/10 1s the temperature at which 1% decomposition occurs in 10 h.
d —

AT = (Tdecomp onset T0.01/10)~

occurs in a designated period of time (y). This is achieved by:
(a) measurement of decomposition curves under isothermal
conditions at a series of temperatures; (b) extraction of rate
constants, k, for decomposition (under the conditions of the
experiment, the ILs exhibit zero order decomposition and k& is
thus simply the gradient of the linear decomposition ‘curve’);
(c) determination of 7 g9: the time taken for 1% decomposition
to occur (analogous to 7.,) at each temperature, from eqn (1);
(d) a fit of an exponential equation (eqn (2)) to a plot of
tooo vs. T and (e) extrapolation (or interpolation) to provide
T.;,, with acceptable degree of decomposition z in chosen
time y.

We have chosen Tjg1/10, the temperature at which 1%
degradation occurs in 10 h, as a good indicator of thermal
stability. Depending on intended application, different degrees
of degradation and/or time periods may be appropriate.
(A caution: attempting to extrapolate to very lengthy periods
of time is likely to lead to great loss of accuracy and it is
preferable to consider treating a temperature 10 K lower than
To.01/10 as the maximum operating temperature.) Experimental
data and fitted curves used in the determination of T gy/19 for
these ILs are provided in Fig. 2 and Table 1.

fi—v = 100x/kyg (D

Tx

ty= ae(—%) 2)

Clearly, long-term thermal stability reflects the general trend
of stability indicated in temperature ramped studies, but the
ILs degrade at significantly lower temperatures than the latter
imply. In the worst case, there is >200 K difference between
the decomposition temperature arrived at by the step tangent
method and the present one.

As determination of 7., by measurement and analysis of
multiple isothermal TGA runs is experimentally onerous, it
would be desirable to find a simple and direct relationship
between T.;, and decomposition temperature measurable by a
simple rising temperature TGA experiment. Examination of
the values for this small sample, reveals a linear relationship
between the onset temperature of degradation (measured by
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rising temperature TGA) and isothermal TGA methods, as
illustrated in Fig. 3. As a good first estimate of T{ 110, the
decomposition T (expressed in Kelvin) x 0.82 would fall on
the dotted line (i.e. intercept = 0 rather than 12 K, the intercept
of the best fit line). Thus, it is a relatively simple matter
to arrive at a reasonable estimate of T7{ g0 from a single
temperature ramped TGA run, provided the first appreciable
weight loss (dw/dT # 0) is used to estimate the temperature of
degradation onset: T 1710 & 0.82 x Tiawar = 0)-

As might be expected, the anion [Tf,N] ™ confers the greatest
resistance to thermal degradation.'® While the dca anion,
which has been demonstrated to provide an IL with basic
character,”® begins to decompose to volatile products at

560

10 4

v 510
=
°
S
|_O

460 1

K O step tangent
R B non-zero 1st derivative
410 4= : : . :
500 550 600 650 700 750
Tonset/ K

Fig. 3 Plot of Ty01/10 vS. Tonser for decomposition, as measured by
rising temperature TGA, using the step tangent and non-zero st
derivative methods analysis methods. Expressions for each fitted line
are: y = 0.6902x + 56.829 and y = 0.798x + 11.924, respectively. The
dotted line represents the line of best fit to the non-zero 1st derivative
data if the intercept is set to 0.

550 600 650

TIK

t.99 vs. T for (i) [py 4][dcal, (ii) [py 4][tem], (iii) [Pe 6.6.14][dca] and (iv) [p; 4][Tf2N]. Points are experimentally determined values and solid lines

relatively low temperatures. Decomposition products of ILs
containing the cation [p;4]", detected by pyrolysis mass
spectrometry, include monoalkylated pyrroles and pyrrolidines
confirming that decomposition proceeds in similar fashion to
that previously reported for ILs with ammonium cations i.e.
the Hofmann elimination and/or reverse Menschutkin reac-
tions.'®!" Alkenes and trialkylphosphine degradation products
emanating from the phosphonium IL indicate Hofmann
elimination as the primary route for decomposition to volatile
products, also in accordance with previous findings.”!
Notably however, the extent of decomposition of the ILs
tested differs, with anions dca, or tcm, paired with pyrrolidi-
nium cations, yielding a large mass of charred residue post
analysis. This char exhibits great resistance to further decom-
position, requiring high temperatures and an oxidising atmo-
sphere to effect removal from TGA pans. (Similar residues
occur for TCM based salts with both imidazolium and
pyrrolidinium cations.'®*) In contrast, [Pe.6.6.14][dca] and
[p1.4][Tf,N] decompose completely to volatile products in a
single step, leaving no significant residue. Thus, (a) both
pyrrolidinium and phosphonium ILs yield some dealkylated
cation residues and terminal alkenes, indicating Hofmann
elimination processes and/or dealkylation reactions; (b) ILs
with N containing cations and either dca or tcm anions do not
decompose completely to volatile products, yielding an intract-
able char post degradation; (c) conversely, the IL comprising a
P containing cation with dca anion decomposes completely
and provides no char residue and (d) the N-containing
cations yield no char when combined with non-cyano anions.
Incomplete decomposition to volatile products and the
ocurrence of an intractable char is restricted to ILs composed
of N-based cations and cyano containing anions.
Observation of incompletely decomposed samples of the
char-yielding ILs reveals that a membrane forms on the
surface of the sample at relatively low extents of decomposi-
tion (measured by TGA). Subsequent evolution of volatile
decomposition products in the bulk of the sample results in

This journal is © The Royal Society of Chemistry 2006

Green Chem.,, 2006, 8, 691-696 | 693


http://dx.doi.org/10.1039/B606395K

Downloaded on 07 November 2010
Published on 04 July 2006 on http://pubs.rsc.org | doi:10.1039/B606395K

View Online

HX k / N
R\
PN
i;
/N\/R—> X R
N
. ~
[y =R e X . (R
/N HX

Scheme 2 Possible decomposition routes of pyrrolidinium ILs.
Hoffman elimination (left) yields terminal alkenes and protonated
anions, while the reverse of the alkylation reaction (right) provides
alkylated anions.

bubbling of this membranous layer. It is apparent that the
sample is polymerising during decomposition.

As such polymerisation is only noted during decomposition
of ILs with N-based cations and CN containing anions,
possible combinations of decomposition products and
cations/anions were considered. Possible decomposition
products of pyrrolidinium ILs are illustrated in Scheme 2.
N-Alkyl pyrrolidine products are detected in pyrolysis
GC-MS experiments (along with pyrroles resulting from
oxidation).

A number of transformations of dicyanamide salts at
elevated temperatures have been described. Trimerisation of
sodium dicyanamide salts, at elevated temperatures, yields
tricyanomelaminate anions 3 (Scheme 3i),> and thermally
induced reaction of ammonium dicyanamide yields cyano-
guanidine 4, which on further heating transforms into
melamine 5 (Scheme 3ii).?* In addition, a-halogen substituted
acetonitriles react with 2° amines, to form amidines 6
(Scheme 3iii)** and polyacrylonitrile may cyclise to a ladder
polymer 7 (Scheme 3iv), either upon heating or induced by
added base.?

As amines are produced during decomposition of pyrroli-
dinium salts and have been implicated in reactions that might
be expected to lead to cross-linked polymeric products, it is
tempting to suggest that amine decomposition products act as
initiators in a polymerisation reaction of cyano containing
anions. To test this hypothesis, samples of [p; 3][dca] (methyl-
propylpyrrolidinium dicyanamide) and [Pg¢ ¢ 14][dca] were
doped with ca. 10 mol% of either pyrrolidine or N-methyl-
pyrrolidine and maintained at 50 and 100 °C for 1 week. All
samples with added base show distinct colour changes on
heating (Table 2), although the phosphonium IL is signifi-
cantly less prone to discolouration than the pyrolidinium IL,
under these conditions.

TGA analysis of these samples after >1 week of heating in
the presence of either added base, however, indicate that only
the pyrrolidinium IL samples yield char, while [P ¢ 14][dcal,
with and without additives, decomposes completely to volatile
products. Thus, the formation of the polymeric material
requires the presence of both pyrrolidinium cation and CN
containing anion, and is not the result of base initiated
polymerisation of CN containing anions alone. A number of
reaction sequences bearing similarity to Scheme 3ii and iii,
possibly including attack on the products resembling 3 may be

N
|‘|
N
4 !
A .
3 Na* N 3 Na* N)\N l
\, N
N7 N7 N
/ N\
N 3 Ny
N N HoNo N _NH
/ // 2 X 2
3 NH4* // A 3N A z\Nﬁ N i
o ) Y
\ NH,
\ NH
HoN 2
4 5
)
X X ,
o=, M e
i~ YRR Y
X X
6
W iv
VY
B O O Oy R et

Scheme 3 (i) Sodium and other group I metal dicyanamides trimerise
to 3M* tricyanomelaminates;?? (ii) ammonium dicyanamide on heating
forms cyanoguanidine and thence melamine;?? (iii) variously a-halogen
substituted acetonitriles react with secondary amines, yielding
amidines;** and (iv) base initiated cyclisation of polyacrylonitrile.?®

Table 2 Colour changes in base doped samples of dca ILs
IL 50 °C, 1 week 100 °C, 1 week

No change
Dark red/brown
Dark red/brown

[p1.5“][dca]
[P1.4][dca] + mpy”
[p1.4l[dca] + py*

No change
Slightly red
Slightly red

[P 6.6,14][dca] No change Yellow
[P6,6.6.14][dca] + mpy No change Orange
[P6,6.6.14][dca] + py No change Orange

¢ N-Methyl, N-propylpyrrolidinium. b N-Methylpyrrolidine.

¢ Pyrrolidine.

invoked, but clarification of the route of polymerisation awaits
further experiment.

Conclusions

Operational upper stability temperatures, Ty 01/10 values, for a
group of ionic liquids are presented and demonstrated to be far
lower than might be predicted from analysis of fast scan TGA
curves by either step tangent analysis or use of the non-zero
Ist differential as a measure of thermal stability. A means
for estimating 70110 as simple factor applied to Ty Of
decomposition, derived from the first onset of weight loss, is
provided. Tonic liquids composed of anions containing cyano
groups and N-based cations are prone to polymerisation
during decomposition, but phosphonium based ionic liquids
decompose completely to volatile products.
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Experimental

Ionic liquids [pj4][dcal, [pialltem] and [p;4][TfN] were
synthesised as described previously.!”'® The phosphonium
ionic liquid [Pg e 14][dca] was used as supplied by Cytec
industries.

Thermogravimetric analysis

An STA 1500 simultaneous thermal analyser (Rheometric
Scientific) was used for thermal decomposition studies. The
instrument was thermally calibrated using a five point melt
series (indium, tin, lead, zinc and gold) and mass calibrated
using a 100 mg certified mass standard. Experiments were
performed in aluminium pans in an dry nitrogen atmosphere
(50 ml min~'). Rising temperature weight loss vs. 7 curves
were obtained at heating rates of 10 °C min ' over the
temperature range 25 to 500 °C. For isothermal studies,
furnace PIDs were set such that there was no temperature
overshoot and the following programme applied: e.g. iso-
thermal temperature 260 °C, isothermal at 120 °C for
15 minutes then isothermal at 267 °C for x h. The PID
configuration means that the “set temperature” is never
reached, the change in temperaure during the hours of
isothermal heating was always less than 0.3 °C. Sample masses
were typically 20-25 mg.

Weight loss vs. ¢ isothermal decomposition curves were
obtained for each IL in the 7,99 range 1 to 60 min. This
correlated to a temperature range of: 240 to 199 °C for
[p1.4lldca], 274 to 215 °C for [p;4][tcm], 340 to 288 °C for
[Ps.6.6.14l[dca] and 370 to 320 °C for [p; 4][TH,N].

In all cases kinetic analysis was restricted to a maximum
mass loss of 15 weight% to avoid complications due to a
change in decomposition mechanism. This is justified as it is
the early stages of decomposition that are of interest. Kinetic
analysis was conducted in the linear region of isothermal
decomposition plots, and only after the sample had been
subjected to at least 15 minutes at the nominal temperature. In
all cases kinetic analysis was conducted over data collected
over a minimum period of 1 h (over 120 data points), and in all
cases linear fits provided R* values of greater than 0.995
(in most cases greater than 0.999). Linear fits involving eqn (1),
eqn (2) and the Arrhenius equation were all conducted using at
least 6 temperature points, and 8 points in most cases (except
[p1.4l[THN]), most yielded R? values greater than 0.999
(0.995 for [py 4][Tf,N]). All data analysis was conducted using
Microsoft Excel 2000.

Pyrolyis mass spectrometry

Pyrolysis GC-MS was carried out using a Varian CP-3800 gas
chromatograph, with a Varian Saturn 2200 GC/MS/MS unit.
The capillary column used was a Varian factor four capillary
column (VF-5 ms 30 m x 025 mm ID DF = 0.25).
The pyrolysis probe was a CDS pyroprobe 1000 series and
2 pL of sample (diluted in CH;Cl,) was injected and held
in the probe for 30 seconds at 500 °C. The sample was
loaded onto the capillary column at 0 °C and then subjected to
the following temperature ramp: heat at 8 °C min ™' to 80 °C,
heat from 80 °C to 200 °C at a rate of 10 °C min~!, heat

from 200 °C to 325 °C at a rate of 15 °C min~ ' and hold
isothermally for 5 min.
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Pyrolysis of poly(vinyl chloride) (PVC) and poly(vinylidene chloride) (PVDC) mixed with
poly(ethylene) (PE), poly(propylene) (PP), poly(styrene) (PS) [PE/PP/PS/PVC, and PE/PP/PS/
PVDC (3 :3:3:1)] were performed with a controlled temperature program (step I: room
temperature to 330 °C; kept at 330 °C (for PVC), 300 °C (for PVDC) for 2 h; step II: 300 or 330 °C
to final temperature 430 °C) and produced the chlorine free hydrocarbons in the absence of
dechlorination catalyst/sorbent, which can be used as a chemical feedstock in a refinery. The
temperature programs were selected based on the TGA analysis of individual plastic samples.

Introduction

The development of viable recycling technologies for waste
plastics is becoming increasingly important. Feedstock
recycling or liquefaction of waste plastics has more advantages
than mechanical recycling or energy recovery, and the volume
of harmful gases produced is much lower than that of the
incineration process. Liquefaction of waste plastics is one of
the best methods for preserving valuable petroleum resources.
Municipal waste plastic (MWP) is a mixture of halogenated
plastics (PVC and PVDC) and non-halogenated plastics
(PP, PE, PS, PET etc.). There has been a plethora of research
work and monographs on the feedstock recycling of plastic
wastes,! new pathways in plastic recycling and the current
status of plastics recycling,? pyrolysis of individual and mixed
plastics such as PP/PE, PP/PS, PE/PS mixed with and without
PVC plastics into liquid products by using various catalysts
and sorbents.>™ It is well known that the pyrolysis of
mixed plastics containing PVC or PVDC produces inorganic
(HCI) and subsequently organic chlorine compounds during
pyrolysis.>* Halogenated (Cl, Br) compounds in the liquid
products obviates its use as a feedstock in refinery or fuel oil.
The oil fraction from pyrolysis can be used in the petro-
chemical plants, if the chlorine does not exceed 100 ppm. The
liquefaction of halogenated mixed waste plastic requires a
suitable dehalogenation catalyst or sorbent for the effective
removal of halogenated compounds from the plastic derived
oils (PDO). In our earlier publications, we have reported the
development of novel calcium based sorbents for the
dehalogenation process.® However, the preparation of such
sorbents and treatment after the pyrolysis process has to be
processed in a safe and effective manner. One of the twelve
green chemistry principles shows that it is better to prevent
waste than to treat or clean up waste after it has been created.
The use of plastics cannot be avoided but the formation of
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and Technology, Okayama University, 3-1-1Tsushima Naka, 700-8530,
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toxic and corrosive compounds during recycling of haloge-
nated mixed plastics can be.

In the present investigation, we report for the first time the
pyrolysis of PVC or PVDC mixed plastics PE/PP/PS and pre-
vent the formation of chlorinated hydrocarbons in pyrolysis.
The TG/DTA analysis of sample plastics was performed to
understand the decomposition behavior and temperature. In
the detailed investigation on the distribution of degradation
products, chlorine analysis in various degradation products
was discussed with the analysis of gas chromatographs with
the flame ionization detector and the atomic emission detector.

Results and discussion

The pyrolysis of 3P/PVC and 3P/PVDC was performed using
the temperature profiles shown in Fig. 1. The mixture of
PE, PP and PS (1 : 1 : 1 by weight) is abbreviated as 3P.
The pyrolysis products were classified into three groups:
gas, liquid, and solid residue. Table 1 shows the yield of
degradation products from 3P/PVC and 3P/PVDC, and
average carbon number (C,,) and density of liquid products.
The pyrolysis of PVC’ produced ca. 4% of liquid products;
PVDC? could not produce any liquid products, and the major
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Fig. 1 TGA analysis of PVDC, PVC, PP, PE, and PS samples.
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Table 1 Product yields and properties of liquid product from 3P/PVC and 3P/PVDC mixed plastics

Yield of degradation products (wt%)

Liquid products

Liquid Gas“ Residue

Sample Method (L) (G) (R) Cop Density/g cm >
3P/PVC Model 65.4 28.7 5.9 12.3 0.799

Mode2 60.9 28.2 10.9 11.2 0.801
3P/PVDC Mode3 64.1 28.4 7.5 11.2 0.801
“G =100 — (L + R). " Average carbon number of liquid product.
portion was gas (68 wt%) and residue (32 wt%), due to the

PVDC, PVC (~ = HCI (eqn (1))

presence of high chlorine content in PVC (53.2 wt%) and
PVDC (73.2 wt%). Pyrolysis of 3P/PVC produced a higher
yield of liquid products in the single step rate of heating
(mode 1) than the two step rate of heating (mode 2) to the
pyrolysis temperature (430 °C). We have previously reported
the thermal and catalytic degradation of PE/PVC, PP/PVC,
and PS/PVC by silica—alumina catalysts and dechlorination by
iron oxides (FeOOH and Fe;0y sorbents).>* Bhaskar er al.®%-1°
reported the liquefaction of mixed plastics (PE/PP/PS) contain-
ing PVC and dechlorination of liquid products by calcium
carbonate carbon composite (Ca—C) sorbent and optimized the
reaction conditions with simulated HCI gas. In all the above
reports, the single step rate of heating and different catalysts/
sorbents were employed for the removal of halogenated
hydrocarbons from PDO. It can be understood from TGA
studies that the decomposition temperature of PVC, PVDC
is much lower than for PE, PP, and PS which are main
components in municipal waste plastics. There has been a
plethora of research work on the decomposition behavior of
PVC and PVDC by TG analysis and our TGA decomposition
profiles are comparable''™* (Fig. 2). The first decomposition
step is the loss of HCI from either PVC or PVDC. The
formation of chlorinated hydrocarbons during PVC, PVDC
mixed plastics pyrolysis can be followed from Scheme 1. The
HCI evolved from the PVC or PVDC reacts with the olefinic
hydrocarbons produced from the commingled plastics such as
PE, PP and PS. Based on the decomposition behavior of PVC
and PVDC samples, the temperature profiles were modified
from mode 1 (single step) to controlled pyrolysis (two step) to
remove the HCI evolved from the PVC or PVDC from the

500
30 ml/min N,
400 | e
O > — Model
T 300 | = Mode2
: —
£ 5°C/min Mode3
2 200
5
& 100
55 ml/min N,
0
0 100 200 300 400 500
Time(min)

Fig. 2 Temperature program(s) for the pyrolysis of 3P/PVC and
3P/PVDC.

|

PP, PS, and PE} — R-C=C ———p R-Cl-C (eqn(2))
Cl

Scheme 1 Plausible steps for the formation of chlorinated hydro-
carbons during pyrolysis of PVC, PVDC mixed plastics.

reactor and avoid the formation of chlorinated hydrocarbons
in the liquid products. In mode 1 pyrolysis (single step), the
formation of chlorinated hydrocarbons due to the addition
of HCl (evolved from PVC or PVDC) with the olefinic
hydrocarbons (PE or PP or PS) is possible; however in mode 2
(two step) pyrolysis, by keeping at the low pyrolysis
temperature (300 or 330 °C) for 2 h, the evolved HCI will be
carried out from the reactor with the carrier gas (N,) and the
formation of chlorinated hydrocarbons is avoided. As can be
seen from Scheme 1 and Fig. 2, the two step pyrolysis i.e.,
decomposition of the PVC or PVDC plastics in the first stage
(Scheme 1, eqn (1)) and removal of the HCI from the reactor
environment and subsequently increasing the reactor tempera-
ture to the final pyrolysis temperature (Scheme 1, eqn(2)) was
performed. In addition to the two step pyrolysis, the quantity
of carrier gas flow was increased during step 1 pyrolysis for
the complete removal of hydrogen chloride from the reactor.
The initial PVDC decomposition temperature is lower than the
PVC decomposition temperature and the step 2 temperature
for PVDC was fixed at 300 °C and 330 °C for PVC .

The distribution of chlorine in different pyrolysis products
from 3P/PVC and 3P/PVDC is summarized in Table 2. Table 2
shows that the pyrolysis of 3P/PVC with mode 1 produced the
liquid hydrocarbons with 390 ppm of chlorine and gaseous
products with 5890 ppm. The major organic chlorine com-
pounds in liquid products were 2-chloro-2-methylpropane,

Table 2 The distribution of chlorine content in various pyrolyses of
products of 3P/PVC and 3P/PVDC

Chlorine

Temperature
Sample 10 g program

Liquid (ppm) Gas (ppm) Residue/mg

3P/PVC Model 390 5890 25
Mode2 STEP1 — 6370
STEP2 n.d. 70 39
3P/PVDC  Mode3 STEP1 — 6760
STEP2 15 990 74

n.d.: not detected
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2-chloro-2-methylpentane, a-chloroethylbenzene and 2-chloro-
2-phenylpropane. The nature of chlorinated hydrocarbons
formed with the PE, PP or PS mixed plastics with PVC was
well described by Shiraga ez al. > and Uddin et al.* Single step
heating up to the pyrolysis temperature produced liquid
hydrocarbons with chlorine, and chlorine in the residue is
low. During the two step pyrolysis of 3P/PVC and 3P/PVDC
(mode 2 and mode 3), there are no oil (liquid) products up to
step 1 as the evolved gaseous product is HCI and the non-
condensable hydrocarbons up to C;—Cs. In step 2 for both
3P/PVC (330 °C for 2 h) and 3P/PVDC (300 °C for 2 h)
pyrolysis, the major portion of chlorine (1 g PVC contains
524 mg of chlorine and PVDC contains 732 mg of chlorine)
content in the mixed plastics samples has been removed in
the form of HCL It is clear from Table 2 that the two step
pyrolysis produced the halogen free hydrocarbons from the
3P/PVC mixed plastics and pyrolysis of 3P/PVDC produced
the liquid products with a concentration of 15 ppm chlorine.
The plastic derived oil with less than 100 ppm of chlorine can
be acceptable to use as a feedstock in refinery or fuel oil.

The liquid products were analyzed by gas chromatography
equipped with an atomic emission detector (AED) for the
quantitative analysis of chlorinated hydrocarbons. Fig. 3
illustrates the chromatograms of selective chlorine compounds
in liquid products obtained from 3P/PVC (mode 1 and mode 2)
and 3P/PVDC (mode 3). It is clear from Fig. 3 that the
chlorinated hydrocarbons were completely removed by the
two step pyrolysis of 3P/PVC and 3P/PVDC. The traces of
chlorinated hydrocarbons found in 3P/PVDC liquid products
were ca.l5 ppm.

Experimental

Materials

High-density polyethylene (PE) was obtained from Mitsui
Chemical Co. Ltd., Japan; polypropylene (PP) from Ube

+
] 3P/PVC Model
[ | \_
o ’ * A |
\
JI A ____A..J».__u,_,_J\__ﬁ, e
: x
1 3P/PVC Mode2
: |
. \
] \
! N
s ) s 3 7 T
] 3P/PVDC Mode3 ’
] !
I\
1 15 ppm L

Fig. 3 GC-AED chromatograms for selective chlorine compounds. ¥¢
Internal standard for chlorine (1,2,4-trichloro benzene), A 2-chloro-2-
phenyl propane, % o-chloro ethyl benzene, B 2-chloro-2-methyl
pentane, O 2-chloro-2-methyl propane.

Chemical Industries Co. Ltd., Japan; polystyrene (PS) from
Asahi Kasei Industries Co., Ltd., Japan; and poly(vinylidene
chloride) (PVDC) from Geon Chemical Co. Ltd. The grain
sizes of PP, PE, PS and PVC were about 3 mm x 2 mm. The
mixture of PP, PE, PS was abbreviated as 3P in the
manuscript. The chlorine content in PVC was 52.4 wt% and
PVDC was 73.2 wt%.

Pyrolysis procedure

Pyrolysis of 3P/PVC and 3P/PVDC where 3P is PE (3 g) + PP
(3 g) + PS (3 g) was performed in a glass reactor (length:
350 mm; id 30 mm) under atmospheric pressure by batch
operation with identical experimental conditions. Briefly, 10 g
of mixed plastics were loaded into the reactor for thermal
degradation and in the second reactor quartz grains (thermal)
were charged and kept at 350 °C. The quartz grains were used
to maintain the similar space velocities in the absence of
catalyst/sorbent for dehalogenation. The rate of heating used
in Mode 1 and step 2 of Mode 2 and Mode 3 was 15 °C min "
in step 1 of Mode 2 and Mode 3 it was 5 °C min~!. For the
pyrolysis of 3P/PVC (mode 1), the reactor temperature was
increased from room temperature to the final temperature of
430 °C and kept till the end of pyrolysis experiment (nitrogen
flow 30 ml min~"). For the pyrolysis of 3P/PVC (mode 2), the
reactor temperature was increased from room temperature to
330 °C (nitrogen flow 55 ml min~") and kept for 2 h at 330 °C
(nitrogen flow 55 ml min~') and then subsequently increased
to a final temperature of 430 °C and kept till the end of the
pyrolysis experiment (nitrogen flow 30 ml min~'). For
pyrolysis of 3P/PVDC, the reactor temperature was increased
from room temperature to 300 °C (nitrogen flow 55 ml min~ )
and kept for 2 h at 300 °C (nitrogen flow 55 ml min~ ') and
then subsequently increased to a final temperature of 430 °C
and kept till the end of the pyrolysis experiment (nitrogen flow
30 ml min~'). A schematic experimental setup for the pyrolysis
of mixed plastics and the detailed analysis procedure can be
found elsewhere.>® The TG analysis was performed on
Shimadzu TGA-51 instrument using approximately 20-30 mg
of plastic sample in a nitrogen atmosphere (50 ml min~"). The
rate of heating was 5 °C min~' (from room temperature) and
the maximum temperature was 800 °C.

Analysis procedure

The quantitative analysis of the liquid products (collected
once at the end of the experiment) was performed using a gas
chromatograph equipped with a flame ionization detector
(FID; YANACO G6800) to obtain the quantity of hydro-
carbons and carbon number distribution of the liquid
products. The distribution of chlorine compounds and the
quantity of chlorine content (organic) in liquid products was
analyzed by a gas chromatograph equipped with atomic
emission detector (AED; HP G2350A; HP-1; capillary column
with cross-linked methyl siloxane; 25 m x 0.32 mm x
0.17 pm). 1,2,4-Trichlorobenzene was used as internal
standard for the quantitative determination of chlorine
content in the GC-AED analysis. The amount of Cl content
in the water trap was analyzed using an ion chromatograph
(DIONEX, DX-120 Ion Chromatograph). The quantitative
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determination of chlorine in the residue was measured using a
combustion flask and then subjected to ion chromatography.

The gas chromatograph equipped with a mass selective
detector analysis was performed [GC-MSD; HP 5973; column,
HP-1; capillary column with cross-linked methyl siloxane,
25m x 0.32 mm x 0.17 um] for the identification of various
chlorinated hydrocarbons in liquid products. The composition
of the liquid products was characterized using C-NP grams
(C stands for carbon and NP from normal paraffin) and CI-NP
gram (Cl stands for chlorine). The curves were obtained by
plotting the weight percent of Cl, which was in the liquid
products against the carbon number of the normal paraffin
determined by comparing the retention times from GC
analysis using a non-polar column. In brief, the NP gram is
a carbon number distribution of hydrocarbons derived from
the gas chromatogram based on boiling points of a series of
normal paraffin. Further details on the NP gram can be found
elsewhere. !

Conclusions

The pyrolysis of 3P/PVC, and 3P/PVDC was performed in a
two step temperature program by keeping the final pyrolysis
temperature as 430 °C at atmospheric pressure. The formation
of chlorinated hydrocarbons in both 3P/PVC and 3P/PVDC
was higher in single step pyrolysis. The two step temperature
program eliminated the hydrogen chloride from the reactor
(step 1) and avoided the formation of chlorinated hydro-
carbons in the liquid products (step 2). The two step pyrolysis
produced the plastic derived oils without halogenated hydro-
carbons (less than 15 ppm). The optimization of pyrolysis
parameters is crucial to avoid/decrease the formation of
halogenated hydrocarbons, as proposed in Scheme 1.
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Levulinic acid (LA), accessible by the acid catalyzed degradation of biomass, is potentially a very
versatile green intermediate chemical for the synthesis of various (bulk) chemicals for applications
like fuel additives, polymers, and resin precursors. We report here a kinetic study on one of the key
steps in the conversion of biomass to levulinic acid, i.e. the reaction of 5-hydroxymethylfurfural
(HMF) to levulinic acid. The kinetic experiments were performed in a temperature window of
98-181 °C, acid concentrations between 0.05-1 M, and initial HMF concentrations between

0.1 and 1 M. The highest LA yield was 94% (mol/mol), obtained at an initial HMF concentration
of 0.1 M and a sulfuric acid concentration of 1 M. The yield at full HMF conversion is
independent of the temperature. An empirical rate expression for the main reaction as well as the
side reaction to undesired humins was developed using the power law approach. Agreement
between experimental and model data is good. The rate expressions were applied to gain insights

into optimum process conditions for batch processing.

1. Introduction

Biomass has been identified as an important source for bio-
fuels and chemical products.' Biomass is abundantly available,
for instance in the form of waste from agricultural, forest
and industrial activities (e.g. paper industry). A substantial
amount of research activity is currently undertaken world-wide
to identify attractive chemical transformations to convert
biomass into organic (bulk) chemicals, and to develop
economically feasible processes for these transformations on
a commercial scale. An attractive option is the conversion of
lignocellulosic biomass into levulinic acid (4-oxopentanoic
acid) by acid treatment.”™®

Levulinic acid is a very versatile building block for the
synthesis of (bulk) chemicals for applications like fuel
additives, polymers, and resin precursors.” Several reviews
have been published describing the properties and potential
industrial applications of levulinic acid and its derivatives.®

On a molecular level, the conversion of a typical ligno-
cellulosic biomass like wood or straw to levulinic acid follows a
complicated reaction pathway,'® involving several intermedi-
ate products (see Fig. 1). The simplified reaction scheme given
in Fig. 1 does not explicitly show the reactions leading to
undesired black insoluble polymeric materials also known as
humins. As part of a larger project to develop efficient reactor
configurations for the conversion of biomass to levulinic acid,
we have initiated a study to determine the kinetics of all steps
involved (Fig. 1). A stepwise approach was followed, starting
with the conversion of 5-hydroxymethylfurfural (HMF) to
levulinic acid (LA).

Department of Chemical Engineering, University of Groningen,
Nijenborgh 4, Groningen, 9747 AG, Netherlands.
E-mail: H.J. Heeres@rug.nl; Fax: +31 50363 4479; Tel: +31 50 363 4174

A number of experimental studies have been reported on the
kinetics of the acid catalyzed HMF decomposition to levulinic
acid. The first study was carried out by Teunissen in 1930.'*
Reactions were carried out at 100 °C using various acid
catalysts with acid concentrations ranging between 0.1 and
0.5 N. Heimlich and Martin'® studied the reaction in a
temperature range of 100-140 °C using hydrochloric acid
(0.35 N) as catalyst. McKibbins et al'® investigated the
influence of sulfuric acid concentration (0.025-0.4 N) and
temperature (160-220 °C) on the decomposition rate of HMF
to levulinic acid. In all these studies, the effect of the initial
concentration of HMF was not determined and first order
kinetics was assumed. Kuster and van der Baan'” studied the
influence of the initial HMF concentration on the kinetics of
HMF decomposition at 95 °C using various concentrations
(0.5-2.0 N) of hydrochloric acid. The most recent kinetic study
was reported by Baugh and McCarty,'® who used dilute acid
as catalyst at variable pH (2-4) and temperature (170-230 °C).
Table 1 summarizes the results from previous kinetic studies
on the acid catalysed reaction of HMF to levulinic acid.

On the basis of these data, it may be concluded that a
general kinetic expression for a broad range of temperatures,

Cellulosse —————————> Glucose ——> 3-Hydrosgyethyl- > Foruis asid

furfural
Glucose
Hexose < IMannose

N
Galactose

Biormass < Henicellulose

{Xylose —> Furfural
Pentose .
Arabinose

Lignin ————> Acid-soluble products

Fig. 1 Simplified reaction scheme for the conversion of ligno-
cellulosic biomass into levulinic acid.
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Table 1 Literature overview of rate of reaction for the acid catalysed decomposition of HMF

1

T Cicid CHME.0 Rypmp/mol L™ ! min~ Reference

100 °C Cus0, = 0.1-0.5 N 0.08-0.09 M R=68 x 1073 Cy. Camr 14
CHCI = 01705 N

100-140 ° =035M a. 1

00-140 °C Cher = 0.35 n.a R:1.1><10“exp(—96OOO>CHMF 5

RT
160-220 °C Cuso, = 0.025-0.4 N 0.061-0.139 M R=2.4x 10" g Ca exp(_ 96800) Coonte 16
RT

95 °C Crer = 0520 N 0.25-1 M R = 0.001(Cyz)"? Crmr 17

170-230 °C H =24 0.024 M 55900 18
p R=(1300+4.1x 10° CH+)exp<—W>CHMF

“ apq represents a correction factor given in the original paper and Cj, is expressed in normality (N).

catalysts and initial HMF concentrations is lacking. In
addition, all earlier studies focus on the overall decomposition
of HMF without discriminating between the rates of the main
reaction to LA and formic acid (FA) and the side reaction to
humins. In this paper, the kinetics of the acid catalyzed
decomposition of HMF in a broad range of process conditions
will be reported, including the kinetics of the reactions leading
to humin. The results will be applied to gain insights into the
optimum process conditions to reduce humin formation and to
achieve the highest LA yield. Furthermore, the results will also
be used as input for a full kinetic model for the acid catalyzed
hydrolysis of biomass to levulinic acid. These results will be
reported in due course.

2. Experimental
2.1 Experimental procedure

All chemicals used in this study were of analytical grade and
used without purification. HMF was obtained from Fisher
Scientific BV (Netherlands). All acid catalysts were purchased
from Merck GmbH (Darmstadt, Germany). Milli-Q water was
used to prepare the various solutions.

The reactions were carried out in glass ampoules (inside
diameter of 3 mm, wall thickness of 1.5 mm, and length of
15 cm). The ampoules were filled with approximately 0.5 cm®
of reaction mixture and sealed using a torch. The sealed
ampoules were placed in a special rack that can hold up to 20
ampoules, and placed in a constant temperature oven (+1 °C).
At different reaction times, ampoules were taken from the
oven and quenched into an ice-water bath (4 °C) to stop the
reaction. The reaction mixture was taken out of the ampoule
and diluted with water to 10 cm®. Insoluble humins were
separated using a 0.2 um cellulose acetate filter (Schleicher &
Schuell MicroScience GmbH, Dassel, Germany). The
particle-free solution was subsequently analyzed using High
Performance Liquid Chromatography (HPLC).

2.2 Analytical methods

The composition of the liquid phase was determined using an
HPLC system consisting of a Hewlett Packard 1050 pump, a
Bio-Rad organic acid column Aminex HPX-87H, and a
Waters 410 differential refractometer. The mobile phase
consisted of an aqueous solution of sulfuric acid (5 mM) at

flow rate of 0.55 cm® min~'. The column was operated at
60 °C. The analysis for a sample was complete within
40 minutes. A typical chromatogram is shown in Fig. 2. The
concentrations of each compound in the product mixture were
determined using calibration curves obtained by analysing
standard solutions with known concentrations.

The gas composition was analyzed with gas chromatogra-
phy (Varian Micro GC CP-2003) equipped with a TCD cell
using a Porapak Q column operated at 75 °C. Helium was used
as the carrier gas. Humin particles were analyzed using Field
Emission Scanning Electron Microscopy (FESEM) on a JEOL
6320F. C and H elemental analyses were performed at the
Analytical Department of the University of Groningen using
an automated Euro EA3000 CHNS analyser.

2.3 Heat transfer experiments

At the start of the reaction, the reaction takes place non-
isothermally due to heating-up of the contents of the ampoule
from room temperature to the oven temperature. To gain
insights in the time required to heat up the reaction mixture
and to compensate for this effect in the reaction modelling
studies, the temperature inside the ampoules as a function of
the time during the heat up process were determined
experimentally. For this purpose, an ampoule equipped with

Levulinic Acid
HMF
Formic
Acid

t/ min

Fig. 2 HPLC chromatogram for HMF decomposition.
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a thermocouple was filled with a representative reaction
mixture (1 M HMF in water without acid). The ampoule
was then closed tightly using a special bolt and screw system to
prevent evaporation of the liquid. The ampoule was subse-
quently placed in the oven at a specified temperature and the
temperature of the reaction mixture was followed in time.
Before and after an experiment, the amount of liquid inside the
ampoule was measured to ensure that evaporation of the liquid
did not occur.

The experimental profiles at different temperatures were
modelled using a heat balance for the contents in an ampoule:

d(MC,T)

dt :UAt(Toven_T) (1)

When assuming that the heat capacity of reaction mixture is
constant and not a function of temperature, rearrangement of
eqn (1) will give:

dT U4,
dt  MC,

(Toven - T) = h( Toven - T) (2)

Solving the ordinary differential eqn (2) with the initial
values t = 0, T = T; leads to:
T = Toven — (Toven - Ti)expihl (3)
The value of /# was determined by fitting all experimental
data at different oven temperatures (100-160 °C) using a non-
linear regression method, and was found to be 0.596 min™'.
Fig. 3 shows an experimental and modelled temperature
profile performed at an oven temperature of 100 °C. Eqn (3)
was incorporated in the kinetic model to describe the non-
isothermal behaviour of the system at the start of the reaction.
The effect of the chemical reaction on the heating profiles
was modelled using the mass and energy balance (eqn (1)) with
an additional term for the chemical reaction) for a batch
reactor. The heating profiles did not change significantly when
taking into account an additional term for chemical reaction.
Therefore, the heating profiles were not compensated for the
occurrence of chemical reaction.

400 —

o Experimental data 4

280 L Model according to eqgn (3) i

360

340

TIK

320

300

f72:(0 ) AP RPN R NENPUN RPN RPN TR B

t/ min

Fig. 3 Heating profile of the reaction mixture at 7oy, = 100 °C.

2.4 Determination of the kinetic parameters

The kinetic parameters were estimated using a maximum
likelihood approach, which is based on minimization of errors
between the experimental data and the kinetic model. Details
about this procedure can be found in the literature.'>*°
Minimization of objective function is initiated by providing
initial guesses for each kinetic parameter. The best estimates
were obtained using the MATLAB toolbox fminsearch, which
is based on the Nelder-Mead optimization method.

The concentrations of HMF and LA vary considerably from
experiment to experiment and within an experimental run. As
a result, the high concentrations will dominate the error
calculation when minimizing the objective function. To solve
this problem, the concentrations of HMF and LA were scaled
and transformed to the HMF conversion and the LA yield,
respectively. By definition,?! the HMF conversion (Xpmp) and
LA yield (Y ) vary between 0-1, and are expressed as:

(Cumr,0 — Cuwmr)
Xigp = HMF0 — CHMF) 4
HMF Conr (4)
Cia—C
ViAo (CLa—Crayp) )
CumFEp

3. Results and discussion
3.1 Acid screening

At the start of the research, a number of acid catalysts were
screened (H3PO,, oxalic acid, HCl, H,SO4 and HI) to
determine the preferred acid for further studies. All screening
experiments were conducted at 98 °C and 1 hour reaction time
using a Cymp,o of 0.1 M and acid concentrations of 1 M. The
results are shown in Fig. 4. H3PO4 and oxalic acid gave very
low HMF conversions (<25%). In addition, the LA yields
were also very low (5-9%). The application of HI resulted in
very high HMF conversion, unfortunately accompanied with
very low LA yields. Major by-products were humins and some
as yet unidentified soluble products. Of all acids screened,
HCl and H,SO, gave the best results. Conversions were
between 52-57%, and the yields between 48-53%. H,SO,
showed a slightly better performance than HCl and was used
in subsequent experiments.

3.2 Reaction products

The acid catalysed decomposition of 5-hydroxymethylfurfural
(HMF, 1) to levulinic acid (LA, 2) and formic acid (FA, 3) is
schematically presented in Scheme 1.

A typical reaction profile of the acid catalysed HMF
decomposition reaction is given in Fig. 5. In line with the
reaction stoichiometry, the LA and FA co-product were
always produced in a 1 : 1 molar ratio. This implies that both
LA and FA are stable under the reaction conditions employed
and do not decompose to other products (vide infra).

Possible by-products, other than FA, are insoluble dark-
brown substances, known as humins, and gas-phase com-
ponents due to thermal degradation of reactants/products.
Humins were formed in all experiments. The elemental
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Fig. 4 Effects of acid type on (a) HMF conversion and (b) LA yield.
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N
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1 2 3
HOH,C o CHO Humins
Scheme 1

composition of a typical humin sample was determined and
contained 61.2 wt% of carbon and 4.5 wt% of hydrogen. These
values are close to the elemental composition given in the
literature?? (C, 63.1; H, 4.2) for the humins obtained by
reacting HMF with 0.3 wt% oxalic acid at 130 °C for 3 hours.
To gain insights in the average particle size and particle
morphology, a number of humin samples were analysed using
SEM. A typical example is given in Fig. 6. The humins
appear as round, agglomerated particles with a diameter
between 5-10 um.

The gas phase composition after reaction was analysed using
GC. Only CO; could be detected. However, the amount of
CO, formed was always less than 2 wt% of the HMF intake,

0.12 : : .
—o—C,,
0.10 = Ci, J
CHMF
L 0osf J
c
S
g oos | J
T
(-]
g
€ 004} J
[8)
002 f J
OOO 2 1 " 1 " L "
0 50 100 150 200

t/ min

Fig. 5 Typical concentration profile of HMF decomposition reaction
(T= 98 O(:, CHMF.O =0.1 M, CHZSO4 =1 M)

Fig. 6 Scanning electron microscope image of the insoluble humin
product.

implying that this is only a minor reaction pathway under
these conditions.

3.3 Effects of temperature, acid concentration and initial HMF
concentration on HMF conversion and LA yield

A total of 11 batch experiments were performed in a broad
range of process conditions (7= 98-181 °C, Cymp, = 0.1-1 M)
using sulfuric acid as the catalyst (0.05-1 M). The reaction rate
is very sensitive to the temperature. For instance, essentially
quantitative HMF conversion (Xyumr) can be achieved in
10 minutes at 181 °C (Cy,s0, = 0.1 M). However, the rate
is reduced dramatically at lower temperatures, and a 10 h
reaction time was required to obtain Xypyp = 80% at 98 °C
(Cu,s0, = 0.25 M, see Fig. 7).

The effect of the Cy,s0, on HMF conversion and LA yield is
shown graphically in Fig. 8. Evidently, higher acid concentra-
tions result in higher reaction rates (Fig. 8(a)). At 181 °C, the
highest temperature in our study, only dilute solutions of
sulfuric acid could be applied. Due to the occurrence of very
fast reactions at this temperature, regular sampling to obtain
concentration—time profiles proved not possible. At similar
conversion levels, the LA yield is slightly improved when using
higher acid concentrations (Fig. 8(b)).
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Fig. 7 Effect of temperature on HMF conversion (Cympo = 0.1 M).
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Fig. 8 Effect of acid concentration on (a) Xymr and (b) Yipa, at

T = 141 °C and CHMF,O =1M.

A number of experiments were performed with variable
initial concentrations of HMF (0.1-1.7 M) at T = 98 °C, and
Cu,s0, = 1 M. The conversion of HMF is only slightly
dependent on the initial concentration of HMF (Fig. 9(a)), an
indication that the reaction order in HMF is close to 1. The
initial concentration of HMF has a dramatic effect on the LA
yield (Fig. 9(b)). The LA yield was significantly higher when
using a low initial concentration of HMF (84% vs. 50%).

3.4 Development of a kinetic model

The kinetic model is based on the equations given in Scheme 1.
It is assumed that HMF decomposes to LA and humins in a
parallel reaction mode.'®!” Tt cannot be excluded a priori
that LA and FA are also a source for humins and decompose
under the reaction conditions employed. A number of experi-
ments were conducted using pure LA and FA (at 141 °C and
Cu,s0, = 1 M). Decomposition of both compounds did not
occur under these conditions, implying that HMF is the sole
source of humins.

: . : I : : :
100% |- 4
_D_CHMF‘O = 01 M
i _A_CHMF‘O =1M
80% —0—Cpro=17M a
b ‘ 4
(s}
5 60% | 4
£
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£
L 40% .
x:
20% |- 4
0% N 1 N 1 L 1 L
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g
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Fig. 9 Influence of initial concentration of HMF on (a) Xymr and (b)
YLA7 at T =98 °C and CﬂstA =1M.
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Fig. 10 HMF decomposition using FA, LA, and sulfuric acid as
catalyst (7' =98 °C and Cympo = 0.1 M).

Both FA and LA are acidic compounds that potentially
could also catalyse the decomposition of HMF. To investigate
possible autocatalytic effects of the reaction products, a
number of experiments were performed using FA or LA as
catalysts (Cueigs = 1 M) to probe this possibility. The results
are given in Fig. 10. It may be concluded that both LA and
FA do not catalyse the decomposition of HMF, excluding
autocatalytic effects in the kinetic scheme. Apparently, the pK,
values of both acids (FA = 3.74 and LA = 4.59) are too low to
catalyse the reaction.

When applying the kinetic scheme as given in Scheme 1 and
applying a power law approach instead of first-order reactions
to express rate equations, the following relations hold:

Ry = le(CHMF)aH(CH*)xH (6)
Ry = kZH(CHMF)hH(CH*)/jH (7

The temperature dependencies of the kinetic rate constants
are defined in terms of modified Arrhenius equations:

le:klRHeXP[iE]THGiK)} (3)

kon =koruexp [jTHGiﬁ)] )

where Ty is the reference temperature, set at 140 °C.

In a batch system, the concentrations of HMF and LA as a
function of time are represented by the following differential
equations:

dCuvr
dr

(Ri+Ry) (10)

dCra

w h an

3.4.1 Modelling results. A total of 11 batch experiments gave
106 sets of experimental data, where each set consists of the

Table 2 Kinetic parameters of HMF decomposition using sulfuric
acid as catalyst

Parameter Estimate
Jyrg/M! T H gt @ 0.340 + 0.010
Ein/kJ mol ! 110.5 + 0.7
Forp/M'TPHPH in =1 @ 0.117 + 0.008
E>p/kJ mol ™! 111 + 2.0
aH 0.88 + 0.01
bH 1.23 + 0.03
«H 1.38 + 0.02
SH 1.07 + 0.04
“Tr = 140 °C

concentrations of HMF and LA at a certain reaction time. The
best estimates of the kinetic parameters and their standard
deviations were determined using a MATLAB optimization
routine, and the results are given in Table 2. A good fit
between experimental data and the kinetic model was
observed, as shown in Fig. 11. This is confirmed by a parity
plot (Fig. 12).

With the model available, it is possible to gain quantitative
information on the effects of the process conditions and input
variables on the selectivity of the reaction. For this purpose, it
is convenient to use the rate selectivity parameter (S),>* which
is defined as the ratio between the rate of the desired reaction
and the rate of undesired reaction.

= 12
rate of humin formation (12)

_ ([ rate of LA formation \ Ry
= %

Substitution of the rate expressions and kinetic constants
equations as given in eqn (6)—(9) gives:

k 7("511-1;521-1) %7%
S= klRH Cxp[ < R):| (CHMF)”H_bH(CHJr)dH_ﬁH (13)

2RH

Using eqn (13), it is possible to maximise S by selection of
the Cymr, Ch,so, and the temperature. The activation energies
of the main reaction (E;y = 110.5 kJ mol™!) and the side
reaction (E>y = 111 kJ mol™!) are similar (Table 2). This
means that the selectivity of the reaction is independent on
the temperature. Thus, to achieve high conversion rates in
combination with high selectivity, it is attractive to perform the
reaction at high temperatures.

Higher acid concentrations will speed up both the main and
side reactions. The reaction order in acid of the main reaction
(«H = 1.38) is higher than that of the side reaction (fH = 1.07),
which means that higher acid concentrations will have a
positive effect on the selectivity of the reaction. Hence,
both from a conversion and selectivity point of view, it is
advantageous to work at high acid concentrations. Eqn (13)
predicts that the selectivity will be higher when working at low
Cumr because the order in HMF is negative («H — bH =
—0.35). Here, a compromise between a high reaction rate
(high HMF concentration favoured) and a good selectivity
(low HMF concentration favoured) needs to be established
(vide infra).

3.4.2 Alternative models. We have applied the power-law
approach to define the reaction rates of the two reactions
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Fig. 11 Comparison of experimental data ([J: Cpa; A: Cymp) and kinetic model (solid lines).

(Scheme 1). With the experimental data set available, it is also
possible to test other reaction models and particularly those
models where all reactant orders are set to 1. To compare
the quality of the models, the goodness-of-fit approach was

Predicted Value

100%

80% |-

60% |-

40% |-

20% |-

0%
0%

> O
r<1><-

40%

Experimental Value

60%

80%

100%

Fig. 12 Parity plot for all experimental and model points.

applied. The goodness-of-fit for a response of a model can be
represented by fit-percentages such as:

norm <CHMF — CHMF)

YFITumr= |1— x 100%

_ 14
norm (Crmr — Cawmr) (14)

. norm (CLA — CLA)

1009
norm(CLA _CLA) x %

%FITy 5 = (15)

Table 3 shows the results for a number of possible models. It
is clear that the power law model described in this report
including humin formation shows the highest goodness-of-fit.

4. Application of the kinetic model
4.1 Comparisons with literature models

Various kinetic models for the sulfuric acid catalysed decom-
position of HMF have been reported in the literature (Table 1).
To demonstrate the broad applicability of the model
presented in this paper, the predicted HMF reaction rates
according to this model were compared to the various
literature models. For this purpose, a set of reaction conditions
(T, Cu,s0, and Cyyr) was selected within the validity range of
our model (100 °C < T'< 180 °C, 0.05 M < Cys0, < I M,
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Table 3 Goodness-of-fit of several kinetic models

Main reaction

Side reaction

9 UFITHMF

YFIT A

Ry = kiuCumrCh:
Ry = klH(CHM1~‘)0'97(CH+)1'33
Ry = kinCuameCu
Ry = le(CHMF)O'SS(CH+)1'38

R = kZHCHMFCf% 1.07
R; = kou(Cramrp) ~(Cae)

53%
58%
70%
89%

41%
48%
62%
87%

0.1 M < Cumro < 1 M). The reaction rates of HMF
(RumF. power) at various reaction conditions were calculated
using eqn (6) and eqn (7), by taking into account that
Rumr power = Ri + Ro. Similarly, the Rymp for the literature
models (Ruymr,i) were calculated using the data provided in
Table 1. The Rymp iic were compared with Rymr power and the
results are given in Fig. 13. A good fit between the Rywmr jic and
RyimE power Was observed, indicating the broad applicability of
our power law model.

4.2 Batch simulation and optimization

With the model available, it is possible to calculate the Xynp
and Ypa as a function of the batch time and process
conditions. As an example, the modelled batch time required
for Xymr = 90% at various temperatures and acid concentra-
tions is given in Fig. 14.

The kinetic model also allows determination of the optimum
reaction conditions to achieve the highest Yp,. For this
purpose, eqn (4) is differentiated to give:

(16)

Combination of eqn (10), eqn (11) and eqn (16) leads to the
following expressions:

dCumr
= — 17
Xy HMF.0 (17)
dC R
LA _ l Cumro (13)

dXumr N R+ R

10° g
E o Teunissen (1930)"
I = Heimlich & Martin (1960)"°
y o McKibbins ef al. (1962)"
T 107 F & Kuster & van der Baan (1977)"
€ F 4 Baugh & McCarthy (1988)" A
FI_I L
TS 107k
E E
8 [
g L
w
£ 10°F
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Fig. 13 Comparison between the kinetic model provided here and
previous kinetic studies.
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Fig. 14 Batch time for Xymr = 90% as a function of temperature and
acid concentration (Cympeo = 0.1 M).

Eqn (17) and eqn (18) were solved using the numerical
integration toolbox ode45 in MATLAB software package
from 0 to 90% HMF conversion. The LA yield was sub-
sequently calculated using eqn (5). Fig. 15 shows the LA yield
as a function of Cyygo and Cy- at T'= 180 °C and 90% HMF
conversion. It is evident that the LA yield is highest at high
acid concentrations and low initial HMF concentrations, in
line with the experimental results (vide supra).

0.8 Ju===

0.6

A
Yul / mol mol
=}
'
i

0.24

cC iM 0.01 0.1

He cuur,n M

Fig. 15 Effects of Cympo and Cy+ on Yia (7 = 180 °C and
XHMF = 90%!)
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5. Conclusions

This study describes an in-depth experimental and modelling
study on the acid catalysed decomposition of HMF into LA
and FA and humins by-products in a batch reactor. Acid
screening studies show that H,SO, and HCl are the catalysts of
choice with respect to LA yield. The LA yield is highest at high
acid concentrations and low initial HMF concentrations and
essentially independent of the temperature.

A broadly applicable kinetic model for the acid catalysed
HMF decomposition at sulfuric acid concentrations between
0.05 and 1 M, initial concentrations of HMF between 0.1 and
1 M and a temperature window of 98-181 °C using a power
law approach has been developed. The reaction rates for the
main reaction to LA and FA and the side reaction to humins
were modelled as a function of Cymp, Cy+ and 7. A maximum
likelihood approach has been applied to estimate the kinetic
parameters. A good fit between experimental data and
modelling results was obtained. The highest LA yield at short
batch times is obtained at high temperature, a low initial HMF
concentration and a high acid concentration.

6. Nomenclature

aH Reaction order of HMF in the main reaction to LA
and FA

oH Reaction order of H" in the main reaction to LA and FA

Ay Heat transfer area (m?)

bH Reaction order of HMF in the side reaction to humins

SH Reaction order of H* in the side reaction to humins

Cu- Concentration of H (M)

Cumr Concentration of HMF (M)

Cumpo  Initial concentration of HMF (M)

G, Heat capacity of reaction mixture (J g~! K1)

Cia Concentration of levulinic acid (M)

Crao Initial concentration of levulinic acid (M)

En Activation energy of the main reaction to LA and
FA (kJ mol ™)

Ey Activation energy of the side reaction to humins
(kJ mol ™1

h Heat transfer coefficient from the oven to the reaction
mixture (min ')

ki Reaction rate constant of HMF for the main reaction
(Ml-uH-ocH min*l)

kiru Reaction rate constant ky at reference temperature
(Ml*aH*xH min*l)

kou Reaction rate constant of HMF for the side reaction to
humins (M' 171 min 1)

koru Reaction rate constant k,y at reference temperature
(M —PH-pH min ')

M Mass of the reaction mixture (g)

R Universal gas constant, 8.3144 J mol ' K™!

Ry Reaction rate of HMF to LA and FA (mol L™ min™")

R, Reaction rate of HMF to humins (mol L™! min~!)

N Rate selectivity parameter

t Time (min)

T Reaction temperature (K)

T; Temperature of reaction mixture at ¢ = 0 (K)
Toven Temperature of oven (K)

Tr Reference temperature (K)

U Overall heat transfer coefficient (W m™ > K™')
Xume Conversion of HMF (mol molfl)

Yia Yield of levulinic acid (mol mol ™)

Special symbols

Ci Estimated value of matrix C; (i = HMF, LA)
(o Average value of matrix C; (i = HMF, LA)

norm(C) Norm. of matrix C
%FIT;  Fit percentage of the ith compound (i = HMF, LA)
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P1 phosphazene is a strong non-ionic base able to catalyze the esterification of various glycerol
derivatives with fatty methyl esters at room temperature — properties responsible for the selectivity
observed in this study. Indeed, when the reaction was conducted at room temperature in an
organic solvent, and especially in acetonitrile, we showed that the different fatty glycerides
produced could be trapped during the catalytic process as a pure product by simple precipitation.
Using these experimental conditions, it was therefore possible to perfectly and selectively control
the successive esterification steps of various glycerol derivatives and the regioselectivity of this
reaction, affording a very competitive alternative to the enzymatic pathway. Moreover, the
precipitation of the reaction products during the catalytic process affords a very facile purification
work up, and allows the recycling of both the organic solvent and the organocatalyst, therefore

limiting the environmental impact of the presented process.

Introduction

In the last thirty years, intense research has been devoted to
the chemical potential of glycerol. Indeed, glycerol is the co-
product of the biodiesel industry, and its chemical valorisation
is one of the main keys for the industrial development of
vegetable oils.! Its biocompatibility and its large availability
make of this biomolecule an attractive and cheap organic
building block. However, due to the presence of three hydroxyl
groups, the chemical transformation of glycerol requires the
development of selective catalytic routes in order to avoid
many protection and deprotection steps, which increase the
cost and the environmental impact of the resulting process.”
The mono-, di- or polyesterification of glycerol and its
derivatives such as diglycerol and triglycerol with fatty methyl
esters is a very important industrial reaction for the synthesis
of safer emulsifiers® or “bio” organic building blocks for the
production of polymers* and pharmaceuticals.’ The control of
the regioselectivity and the different esterification steps is the
main key of the process, in order to selectively stop the
reaction at one of the desired esters. Up to now, only methods
involving enzymes were able to selectively stop this reaction to
the mono- or diesterification step6 and even, in some cases, to
control the regioselectivity of the reaction.” However, the
enzymatic chemical pathway still suffers from a complex
purification work up. For this reason, studies were also
directed towards the development of selective heterogeneous
catalysts such as metal oxides,® zeolites,’ basic or acid
functionalized mesoporous silica!® or anion exchange
resins.!! However, although this approach allowed an easier

“Laboratoire de Catalyse en Chimie Organique, UMR 6503, CNRS-
Université de Poitiers, ESIP, 40 Avenue du Recteur Pineau, Poitiers
Cedex, 86022, France. E-mail: francois.jerome@univ-poitiers.fr,

Fax: +33 5 49 45 40 52; Tel: +33 5 49 45 33 49

YINRAIBIAJ/ISD, Rue de la Géraudiére, Nantes Cedex, 44316, France
+ Electronic supplementary information (ESI) available: '*C NMR
spectra and selected GC chromatograms. See DOI: 10.1039/b603091b

purification of the reaction products, this method was
unfortunately much less selective than using enzymes. Many
other examples of selective and catalytic acylation of primary
alcohols were also reported in the literature.'> However, in
most cases, these chemical approaches involved transition
metals which are air sensitive and transposable with difficulties
to the acylation of glycerol with fatty methyl esters due to
important hydrophilic-lipophilic interactions.

In this paper, we now report the first example of a recyclable
metal-free catalytic process able to totally control, under air,
the esterification degree of various glycerol derivatives, and the
regioselectivity of this reaction without the assistance of
protective groups. P1 phosphazene'® is a strong non-ionic
base with a pK, value higher than 27, and we show here that
this strongly basic derivative is a very promising organo-
catalyst for the selective transesterification of fatty methyl
esters with glycerol derivatives.

Catalysis in acetonitrile

In the first experiments, all of the following catalytic tests
were carried out starting from glycerol. In a typical
procedure, glycerol 1 (25 mmol) and various fatty methyl
esters Sa—f (5 mmol) were mixed in the presence of 10 mol%
of 2-terbutylamino-2-diethylamino-1,3-dimethylperhyhydro-
1,3,2-diazaphosphorine (P1 phosphazene) and stirred in
20 mL of acetonitrile. Thanks to the high basicity of the P1
phosphazene and its great stability, all catalytic reactions were
performed under air and at room temperature, except for 5d—f
for which a minimum temperature of 35 °C was necessary
in order to ensure their complete dissolution. In this work,
we deliberately focussed our study towards fatty methyl
esters Sa—f since these are widely used to tune the lipophilic
properties of the resulting esters (Scheme 1).

In the case of methyl dodecanoate Sa, monoglycerides M1a
were produced in low yield, since at room temperature it was
impossible to remove methanol (produced in situ) from the
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* M 1-4: product resulting from the monoesterification of polyols 1-4

** D 1-4: product resulting from the diesterification of polyols 1-4

Scheme 1 Catalytic and regioselective esterification of glycerol
derivatives with functional fatty methyl esters.

reaction mixture. Consequently, a statistical thermodynamic
equilibrium was reached, and only 45% of monoglycerides
Mila were produced, as a mixture of two regioisomers o and f
in a typical molar ratio of 85 : 15 (Table 1, entry 1).

In contrast, starting from methyl tetra-, hexa- and
octadecanoate (5b, Sc, 5d, respectively), very high yields of
Milb-d were obtained. Indeed, as reported in Table 1
(entries 2-4), monoglycerides M1b—d were produced in greater
than 78% isolated yield, and remarkably no trace of di- and
triesters were detected by GC or NMR spectroscopy, affording
a process very highly selective towards monoesters. This very
high selectivity observed at room temperature was the result of
the poor solubility of the monoacylglycerol Ml1b—d in the
reaction mixture. Indeed, at room temperature, the produced
monoesters M1b—d precipitated as a white powder during the
organocatalytic process, thus shifting the equilibrium towards
the selective formation of monoesters. At the end of the
reaction, the highly pure monoacylglycerols M1b—d were easily
recovered by filtration and just washed with water, in order to

Table 1 Esterification of glycerol derivatives 1-4 over Pl phos-
phazene organocatalyst after 24 hours at room temperature

% Isolated yield”

Fatty Polyol/ester Product: % Product: %
Entry ester Polyol molar ratio monoester (% 0)” diester (% o,0)”
1 Sa 1 5 Mia: 45 (85)° 0
2 Sb 1 5 Mi1b: 79 (100) 0
3 5S¢ 1 5 Milc: 78 (100) 0
4 547 1 2 M1d: 86 (100) 0
5 52° 1 5 Mla: 76 (100) 0
6 5 1 1.5 0 D1d: 81 (100)
7 5¢ 1 0.5 0 D1c: 80 (99)
8 54 1 0.5 0 D1d: 78 (100)
9 ¢! 1 2 0 6: 65 (100)
10 57 1 2 MIf: 46 (88)° 0
1 s 1 5 7: 65 (99)¢ 0
12 54 2 st 0 D2d: 65 (100)
13 s5a¢ 3 st M3d: 50 (100) 0
14 sa¢ 4 1 Md4d: 90 (100) 0

“Isolated yields of diesters were determined with respect to the
starting fatty methyl esters: % diester = [(2 X Ngiester) ratty ester] X
100. ® The regioselectivity of the reaction was determined by 'H
NMR and GC analyses. 100% regioselectivity means that the second
regioisomer was not observed by NMR or GC. ¢ Yield and regio-
selectivity were determined by GC. 4 Reaction carried out at 35 °C.
¢ Reaction carried out at 15 °C. / In this case two successive fatty
chains are branched on one hydroxyl group of the glycerol moiety
(see Scheme 2). ¢ The structure of derivative 7 corresponds to two
glycerol moieties branched to the two terminal ester groups of 5f
(see Scheme 2). " Mixture of acetonitrile-DMSO (19 : 1) was used
as solvent.

get rid of traces of glycerol, affording a very facile purification
work up.

Regioselectivity of the process

Remarkably, whereas all reported transesterification catalytic
processes produced monoglycerides as a mixture of two
regioisomers o and B in a typical molar ratio of 85 : 15,
NMR investigations clearly showed that, in our case, M1b-d
derivatives were formed as a unique o regioisomer ie. with
the ester moiety branched on the primary hydroxyl group
(Scheme 1). Indeed, *C NMR spectra of M1b—-d exhibited
only one single peak for the carbonyl group located at
174 ppm, and no split of any peak was observed in the 'H
NMR spectra, contrary to what was usually observed. As
supplementary evidence, whereas the two regioisomers o and 3
of Mla appeared as a double peak in GC, only one single
peak was detected for Mlb-d confirming the great regio-
selectivity of the process (see Electronic Supplementary
Informationt). This unprecedented finding on the regioselec-
tivity is directly linked to the precipitation of the monoester
Mi1b-d during the catalytic process. Indeed, in basic solution,
it is well known that the ester moiety can migrate from the
primary to the secondary hydroxyl group explaining the
presence of the two regioisomers o and . However, in our
case, as only the o regioisomer precipitates, the thermody-
namic equilibrium between the o and P form was totally
shifted toward the o regioisomers.

In the case of 5a, it is interesting to note that when the
reaction mixture was cooled down to 15 °C, monoester Mla

This journal is © The Royal Society of Chemistry 2006

Green Chem.,, 2006, 8, 710-716 | 711


http://dx.doi.org/10.1039/B603091B

Downloaded on 07 November 2010
Published on 22 June 2006 on http://pubs.rsc.org | doi:10.1039/B603091B

View Online

becomes insoluble in acetonitrile, and can also be obtained
as a pure o-regioisomer with a yield higher than 76% (Table 1,
entry 5).

The possibility to fully control the regioselectivity of the
reaction is a very important parameter, since reported work
showed that differences in surfactant properties can be
observed depending on the position of the fatty chain on the
polyol moiety.'*

Influence of the glycerol/fatty methyl ester molar ratio

Whereas starting from 5a—c it was necessary to use a glycerol/
fatty methyl ester molar ratio of 5, we found that in the case of
5d, it was possible to decrease this molar ratio to 2 without
affecting the reaction selectivity (Table 1, entry 4). This
particular behaviour of 5c¢ is closely related to its higher lipo-
philicity which makes the precipitation of the monoglyceride
M1d from the reaction mixture easier.

Surprisingly, when the glycerol/fatty methyl ester 5d molar
ratio was dropped from 2 to 1.5 a total change of the selectivity
was observed; diester D1d was now produced in greater than
81% yield, and curiously, in this case, no trace of monoester
Mi1d was detected (Table 1, entry 6). We assume that this total
change of selectivity was closely related to the solubility of
glycerol in the reaction mixture. Indeed, GC analysis indicated
that below 0.5 mol L' of glycerol, the monoester M1d
produced in situ can be dissolved in the reaction mixture
and esterified a second time, leading to a small quantity of
diester D1d. However, as DI1d diester was insoluble in
acetonitrile, this later precipitated, now shifting the thermo-
dynamic equilibrium towards the formation of diester D1d. It
is noteworthy that when the glycerol/fatty methyl ester molar
ratio was dropped to 0.5, diesters D1d but also Dlc were
remarkably produced as pure white solids in greater than 80%
yield (Table 1, entries 7,8). Moreover, as previously described
for the synthesis of monoesters M1b-d, GC, 'H and '*C NMR
analyses showed that diesters Dl1c¢,d were also obtained with
greater than 99% selectivity as o,o regioisomer whereas a
statistic regioisomer distribution of o,a/a,f of 65 : 35 was
usually obtained in all reported catalytic processes.®'°

According to experimental conditions, it clearly appears
from the above that, in acetonitrile, the catalytic process
can be selectively driven either towards the production of
a-monoglycerides or a,a-diglycerides affording a very versatile
process.

Influence of polyfunctional fatty methyl esters on the reaction
selectivity

Starting from polyfunctional fatty methyl ester Se,f, this
organocatalytic pathway remains very selective. Indeed, using
a glycerol/Se molar ratio of 2, diester 6 was selectively obtained
in greater than 65% yield (Table 1, entry 9). Interestingly,
in this case, thanks to lipophilic interactions, the second
esterification only took place on the hydroxyl group of the
fatty chain (Scheme 2). Indeed, *C NMR clearly showed
the disymmetry of the molecule and the structure of the
o-regioisomer. The structure of 6 was finally confirmed by
electrospray mass spectrometry which indicated only one
single peak located at 624 uma [MH™, Na*]. It is worth noting

OH 0
OH
|/|\| o i | 65% |/J\|
e]

OH OM o o

1370 OH 65% 46% OH O

& <T 1 —|> i3 OMe
(0]
7
OH Mt

i) glycerol/5f = 2; ii) glycerol/5f = 5; iii) glycerol/e = 2

Scheme 2 Regioselective esterification of glycerol with Se,f.

that an increase of the molar ratio from 2 to 5 did not affect
the selectivity of the reaction.

In the case of 5f, with a glycerol/5f molar ratio of 2, the
catalytic process unfortunately stopped after 46% conversion,
since, as observed for monoester Mla, monoester M1f was
soluble in acetonitrile at 35 °C. Consequently, monoester M1f
was produced with only 46% yield as two regioisomers, o and
B, in a molar ratio of 88 : 12 (Table 1, entry 10). However,
when the glycerol/5f molar ratio was raised to 5, a total
change of selectivity was observed since 1,16-diglycerol-
hexadodecanedioate, 7, was now obtained as a pure o,o
regioisomer in greater than 65% yield (Scheme 2; Table 1,
entry 11). The -catalytic transformation of the soluble
monoester M1f into the insoluble derivative 7 require a lot
of time explaining the non formation of 7 after 24 h when
starting from a glycerol/5f molar ratio of 2.

To our knowledge, this reported chemical pathway is the
only example of an organocatalytic route able to selectively
control the esterification degree and the reaction regioselec-
tivity of glycerol with polyfunctional fatty methyl esters,
making this route a very competitive alternative to the
enzymatic chemical pathway.

Transposition to glycerol derivatives

Based on these promising results, our organocatalytic process
was extended to diglycerol 2 and triglycerol 3 in order to
obtain a wider range of biosurfactants with different hydro-
philic-lipophilic balance. However, as 2 and 3 were sparingly
miscible in pure acetonitrile, their catalytic esterification with
5d was carried out in a mixture of acetonitrile-DMSO (19 : 1).
Due to the presence of DMSO, the monoester of diglycerol
M2d was soluble in the reaction mixture and consequently the
organocatalytic process afforded pure diester of diglycerol
D2d, in greater than 65% yield (Table 1, entry 12). When
diglycerol 2 was replaced by triglycerol 3, the hydrophilicity of
the polyol moiety was considerably increased, and the resulting
monoesters M3d became insoluble in the reaction mixture and,
in this case, were selectively produced as a pure white solid in
greater than 50% yield (Table 1, entry 13). Remarkably, as
previously obtained in the case of glycerol, GC and NMR
investigations clearly showed that the diester of diglycerol
D2d and monoesters of triglycerol M3d were also produced
as only o,o and o regiosiomers, respectively (see Electronic
Supplementary Informationt).

When an amino group replaced one hydroxyl group of
glycerol, the selectivity of the catalytic process still remains
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very high. Indeed, starting from an equimolar mixture of
I-amino-2,3-propandiol, 4, and fatty methyl ester 5d, only the
amidation reaction occurred and the resulting fatty amide M4d
was obtained in greater than 90% isolated yield (Table 1,
entry 14). Interestingly, contrary to what was generally
observed in the literature,'® in our case, no trace of esteramide
was detected as secondary products, affording a new interest-
ing pathway for the synthesis of p-blockers.>

Influence of the solvent

Even though satisfactory results were obtained in acetonitrile,
the catalytic activity of Pl phosphazene was also explored
in dimethylsulfoxide, which is a definitely more acceptable
aprotic solvent than acetonitrile in terms of toxicity.

As shown in Table 2, starting from glycerol 1, but with
dimethylsulfoxide instead of acetonitrile, the catalytic process
was selectively driven towards the production of diesters
D1b-d. Indeed, at room temperature, monoacylglycerol
M1b-d were soluble in DMSO, whereas it was not the case
for diesters D1b-d. Consequently, in DMSO and at room
temperature, diesters D1b—d precipitated from the reaction
mixture, and despite the use of five times excess of glycerol,
were always produced as only o,0 regioisomers, with yields
ranging from 72% to 95% (Table 2). However, as expected, the
yield of diesters D1b—d closely depended on the lipophilicity of
the starting fatty methyl ester. Indeed, starting from 5b and Sc,
24% and 9% of monoglyceride Ml1b,c were detected in the
recovered DMSO, respectively (Table 2, entries 1-2), whereas
starting from 5d complete conversion into diester D1d was
observed after 24 hours of reaction (Table 2, entry 3).

Other solvents such as diglyme, acetone, tetrahydrofuran,
dichloromethane, diethyl ether and heptane were also tested,
but they did not give satisfactory results at room temperature,
mainly because of the poor miscibility of glycerol in these
solvents (data not shown).

From this study, it clearly appears that acetonitrile is the
most versatile organic solvent for the regioselective mono- or
diesterification of glycerol with fatty derivatives. DMSO, less
toxic than acetonitrile, unfortunately allows only the produc-
tion of a,a-diglycerides.

Recyling experiments
In order to limit the environmental impact of the solvent,

recycling experiments were carried out starting from glycerol

Table 2 Catalytic process in dimethylsulfoxide”
Isolated yield (%)?

Fatty Product: % Product: %
Entry  Ester  Time/h  monoester (% o)  diester (% o,0)¢
1 5h 24 Mib: 247 (85) D1b: 72 (100)
2 5¢ 24 Mic: 99 (85) Dic: 80 (100)
3 5d 24 0 D1d: 95 (100)

“ Glycerol 25 mmol, fatty methyl ester 5 mmol, 10 mol% PI
phophazene, 35 °C. ® Isolated yields of diesters were determined with
respect to the starting fatty methyl ester: % diester = [(2 X Hgjester)/
Naty ester] X 100. € The regioselectivity of the reaction was deter-
mined by "H NMR and GC analyses. ¢ Quantity of monoglyceride
detected in the recovered DMSO, yield was determined by GC.

100 -

catalytic run

Fig. 1 Recycling experiments in acetonitrile carried out in the
presence of 10 mol% of P1 phosphazene, at 35°C and for 24 hours.
As the excess of glycerol was recycled, after each catalytic run 5 mmol
of glycerol and 5 mmol of 5S¢ were added in order to obtain a constant
glycerol/5¢ molar ratio of 5

(25 mmol) and 5¢ (5 mmol) in acetonitrile. After the first
run, acetonitrile was collected at the end of the reaction by
filtration. The recovered monoglyceride a-Mlc was washed
with 3 mL of acetonitrile in order to remove traces of glycerol.
GC analysis revealed that the recovered acetonitrile contains
more than 90% of the excess of glycerol (i.e. 18 mmol instead
of the 20 mmol expected), and only traces of soluble M1¢ and
unreacted fatty methyl ester 5¢. It is worth noting that no
secondary products such as soap, polyglycerol or acrolein were
detected in the filtrate confirming the great selectivity of the
process. Moreover, titration of acetonitrile with an aqueous
solution of chlorhydric acid (0.1 M), in the presence of
phenolphthalein as indicator, revealed that 100% of the
initial amount of catalyst remained dissolved in acetonitrile.
Therefore, at the end of the reaction, after filtration of
acetonitrile and addition of leq. of glycerol and leq. of fatty
methyl ester 5S¢, it was possible to reuse the reaction mixture
for at least five more catalytic runs without any impact on the
reaction selectivity (Fig. 1). Indeed, starting from Sc, five
successive catalytic runs were successfully performed affording
pure a-monoglycerides Mle, with yields higher than 76%.

The high selectivity obtained in this study, combined with
the possibility of recycling the organic solvent, the excess
of glycerol and the organocatalyst, considerably limits the
environmental impact of the process.

Conclusion

The above results show a novel and recyclable metal-free
organocatalytic route able to closely control, under mild
conditions, the esterification degree of various glycerol deriva-
tives with functional fatty methyl esters and the regioselectivity
of the reaction without assistance of protecting groups. The
precipitation of the mono- or diglycerides in organic solvents is
the main key to the selectivity obtained in this study.

The organocatalytic process presented here involves a strong
non-ionic P1 phosphazene base able to catalyse the trans-
esterification reaction at room temperature — properties
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responsible for the selectivity observed. Among various
organic solvents, we found that the association of the Pl
phosphazene catalyst with acetonitrile was the best solution to
perfectly control the selectivity of the transesterification
reaction. Moreover, thanks to the precipitation of the different
targeted fatty glycerides during the catalytic process, the
purification work up was very facile, and we found that it was
possible to recycle acetonitrile, the excess of glycerol and the
organocatalyst, therefore limiting the environmental impact of
the process.

This highly selective and recyclable process opens a new
alternative to the enzymatic procedure for the mild and
regioselective synthesis of various fatty derivatives with
different hydrophilic-lipophilic balances, which are of great
interest in many research fields.

Experimental section
Chemicals

Industrial glycerol (97%) 1 and fatty methyl esters Sa—d (99%)
were kindly provided by Stearinerie Dubois. Diglycerol 2
(95%) and triglycerol 3 (80%) were provided by Solvay.
Acetonitrile, 1-amino-2,3-propandiol 4, 2-tert-Butylimino-
2-diethylamino-1,3-dimethyl-perhydro-1,3,2-diazaphosphorine
(P1-phosphazene) were purchased from Sigma—Aldrich and
used as received without further purification. 16-Methyl-
hydroxyhexadecanoate 5e and 1,16-methylhexadecanedioate
5f were synthesized from 16-hydroxyhexadecanoic acid and
1,16-hexadecanedioic, respectively (purchased from Sigma—
Aldrich), by reaction with 10 mol% of H,SO, in methanol. The
reaction mixture was stirred under reflux overnight before
being diluted in water. The precipitated fatty methyl esters
were recovered by filtration and washed with water until
pH = 7. Fatty methyl esters Se and 5f were obtained with 80%
and 95% yield, respectively.

Physical methods

IR spectra were recorded on a FT-IR Perkin Elmer (spectrum
one) using ATR technology over a diamond crystal. 'H and
13C NMR spectra were recorded on a Bruker Avance 300 DPX
300. Chemical shifts are expressed in ppm relative to MeySi.
Mass spectrometry was carried out on a thermo DK XP + ion
max (electrospray) and on a GC/MS Varian 1200 Triple
quadripole equipped with a Factor Four VFSMS 30 m x
0.25 mm x 0.25 pm column (in this case, products were
silylated before analysis). Microanalyses were measured on a
NA 2100 instrument.

Chromatographic analyses

The reaction progress was monitored and quantified by
external calibration on a Varian 3300 GPC equipped with
a BPX5 column (12 m x 0.22 mm) supplied by SGE. Prior
to analysis, products were silylated according to the
Sahasrabuhde method described in ref. 16. This analytical
technique allowed the quantification of glycerol derivatives
1-4, fatty methyl esters Sa—f, o and B-monoesters M1-4a—f,
a,0- and o, B-diglycerides D1-4a—f, and triglycerides.

General catalytic procedure

Glycerol derivatives 1-4 (25 mmol) were mixed with fatty
methyl esters 5a—f (5 mmol) in 20 mL of acetonitrile or
dimethylsulfoxide. 135 mg (10 mol% with respect to the fatty
methyl ester) of P1 phosphazene was then added, and the
reaction mixture was stirred under air for 24 hours at room
temperature (or 35 °C for 5d—f). During the catalytic process,
all the different glycerides precipitated as a white powder. At
the end of the reaction, all the precipitated glycerides were
collected by filtration, and the reaction mixture containing the
acetonitrile, the excess of glycerol and the organocatalyst
was isolated for recycling experiments. The collected fatty
glycerides were washed with pure water in order to remove
traces of glycerol. All recovered fatty glycerides were dried
under vacuum (10”2 mmHg) overnight before analysis.

Reactions carried out with a molar ratio of 2, 1.5 and 0.5
were always performed starting from 5 mmol of fatty methyl
esters, 135 mg (10 mol%) of P1 phosphazene and 20 mL of
acetonitrile. In all experiments, only the initial quantity of
glycerol derivatives was tuned in order to obtain the desired
molar ratio.

1-Monododecanoyl-rac-glycerol (M1a)

'"H NMR (300 MHz, CDCl;) 6 0.88 (t, 3H, *Juy = 6.5Hz,
CHa,), 1.26 (m, 16H, CH, ), 1.62 (m, 2H, CH, ), 2.34 (t, 2H,
CH,, *Jyn = 7.5 Hz ), 3.13 (s, 2H, OH ), 3.58 (dd, 1H, *Jyyy =
11.5 Hz, *Jyy = 6.0 Hz, CH,H,), 3.69 (dd, 1H, *Jyyy = 11.5 Hz,
3Jun = 6.4 Hz, CH,Hy), 3.92 (m, 1H, CH), 4.13 (dd, 1H,
2Jau = 11.6Hz, *Juy 5.8Hz, CHHy), 4.18 (dd, 1H, *Jyy =
11.6Hz, *Juy 5.3 Hz CH.Hy); '*C NMR (75 MHz, CDCls) 6
14.1 (CH;), 22.7 (CH,), 24.9 (CH,), 29.2-29.6 (6 CH,), 31.9
(CH,), 34.2 (CH,), 63.4 (CH,0), 65.1 (CH,0), 70.3 (CHOH),
174.4 (C=0); IR (neat) v 719 (w), 1046 (m), 1176 (m), 1469 (m),
1729 (s), 2850 (m), 2916 (s), 2957 (w), 3232 (large) cm
Electrospray mass spectrometry: m/z = 275 [MH"]; Elemental
analyses calcd for C;sH3004: %C 65.66, %H 11.02, found: %C
66.17, %H 10.98

1-Monotetradecanoyl-rac-glycerol (M1b)

'"H NMR (300 MHz, CDCls) 6 0.88 (t, 3H, *Jyy = 6.5Hz,
CHs;,), 1.26 (m, 20H, CH> ), 1.60 (m, 2H, CH, ), 2.35 (t, 2H,
CH,, *Jyn = 7.5 Hz), 2.88 (s, 2H, OH ), 3.58 (dd, 1H, *Jyyyy =
12.0 Hz, 3Jyyy = 6.0 Hz, CH,Hy), 3.69 (dd, 1H, *Jyyy; = 12.0 Hz,
3Jun = 6.0 Hz, CH,Hy), 3.91 (m, 1H, CH), 4.15 (m, 2H,
CH.Hy); >*C NMR (75 MHz, CDCl;) § 14.1 (CHj), 22.7
(CHb,), 24.9 (CH,), 29.1-29.7 (8 CH>), 31.9 (CH,), 34.2 (CH,),
63.4 (CH,0), 65.1 (CH,0), 70.3 (CHOH), 174.4 (C=0); IR
(neat) v 719 (w), 1046 (m), 1176 (m), 1469 (m), 1729 (s), 2850
(m), 2915 (s), 2957 (w), 3231 (large) cm ™ '; Impact electronic
mass spectrometry (silylated adduct): m/z = 431 [M*, —CH;];
Elemental analyses calcd for C;H3404: %C 67.51, %H 11.33,
found: %C 67.44, %H 11.38.

1-Monohexadecanoyl-rac-glycerol (Ml1c)

'H NMR (300 MHz, CDCls) § 0.88 (t, 3H, *Jyuu = 6.5Hz,
CH,,), 1.26 (m, 24H, CH, ), 1.63 (m, 2H, CH, ), 2.17 (s, 1H,
OH), 2.35 (t, 2H, CH>, *Jyi = 7.5 Hz ), 2.60 (s, 1H, OH ), 3.71
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(m, 2H, CH,Hy), 3.93 (m, 1H, CH), 4.16 (m, 2H, CH.Hy); '*C
NMR (75 MHz, CDCl;) 6 14.1 (CH3), 22.7 (CH»), 24.9 (CH>),
29.1-29.7 (10 CH,), 31.9 (CH,), 34.2 (CH,), 63.3 (CH,0), 65.2
(CH,0), 70.3 (CHOH), 174.4 (C=0); IR (neat) v 719 (w), 1046
(m), 1176 (m), 1469 (m), 1729 (s), 2850 (m), 2915 (s), 2957 (w),
3231 (large) cm '; Impact electronic mass spectrometry
(silylated adduct): m/z = 459 [M*, —CHj;]; Elemental analyses
calcd for C9H3304: %C 69.05, %H 11.59, found: %C 68.79,
%H 11.42.

1-Monooctadecanoyl-rac-glycerol (M1d)

'"H NMR (300 MHz, CDCl3) 6 0.87 (t, 3H, CH3,), 1.26 (m,
28H, CH, ), 1.62 (m, 2H, CH, ), 2.36 (t, 2H, CH,, *Jyy =
7.5Hz),2.61 (s, 2H, OH ), 3.60 (dd, 1H, *J;3 = 9.0 Hz, 3Ty =
6.0 Hz, CH,Hy), 3.69 (dd, 1H, *Jyy = 12.0 Hz, *Jyy; = 6.0 Hz,
CH,Hy), 3.93 (m, 1H, CH), 4.19 (m, 2H, CH.H,); '*C NMR
(75 MHz, CDCls) 6 14.1 (CHs3), 22.7 (CH,), 24.9 (CH,), 29.1—
29.7 (12 CH,), 31.9 (CH>), 34.2 (CH,), 63.4 (CH,0), 65.2
(CH,0), 70.3 (CHOH), 174.4 (C=0); IR (neat) v 719 (w), 1047
(m), 1177 (m), 1469 (m), 1729 (s), 2849 (s), 2915 (s), 2957 (W),
3298 (large) cm ™ '; Electrospray mass spectrometry: m/z = 382
[MNa*]; Elemental analyses caled for C,;H404: %C 70.35,
%H 11.81, found: %C 70.32, %H 11.81

1-Monooctadecanoyl-rac-glycerol-16-methylacetate (M1f)

mixture of regioisomer o and p: "H NMR (300 MHz, CDCl) 6
1.25 (m, 20H, CH,), 1.62 (m, 4H, CH,), 2.32 (m, 4H, CH,CO),
3.00 (broad peak, 2H, OH), 3.66 (s, 3H, OCH3), 3.90 (m, 2H,
CH,0), 3.94 (m, 1H, CH-0), 4.17 (m, 2H, CH,0); '3C NMR
(75 MHz, CDCl3) 6 25.0 (CH,), 29.2-29.6 (12 CH,), 34.1
(CH,), 51.5 (CH;0), 63.3 (CH,0), 65.2 (CH,0), 70.3 (CH-0),
174.38 (C=0, P regioisomer), 174.45 (C=0, o regioisomer); IR
(neat) v 719 (w), 1114 (w), 1168 (m), 1737 (s), 2849 (s), 2916 (s),
2949 (w), 3373(large) cm '; Impact electronic mass spectro-
metry (silylated adduct): m/z = 488 [M" — 2 CHj3]; Elemental
analyses calcd for C,yH330¢: %C 64.14, %H 10.23, found: %C
63.92, %H 10.22

N-Octadecanoyl-rac-amidopropan-2,3-diol (M4d)

"H NMR (300 MHz, pyridine d5) 6 0.89 (t, 3H, *Jyy = 6.9 Hz),
1.22 (m, 28H, CH, ), 1.82 (p, 2H, *Juy = 7.5 Hz, CH,), 2.45 (t,
2H, 3Juyn = 7.4 Hz), 3.90 (dd, 1H, *Jyy = 11.8 Hz, *Jyy =
5.8 Hz, CHO), 3.92 (m, 1H, CHO) 3.96 (m, 3H, CH>O and
CH-0), 4.35 (s, 1H, OH), 6.67 (s, 1H, OH), 6.94(s, 1H, NH);
13C NMR (75 MHz, pyridine d5) ¢ 14.3 (CH3) , 22.9 (CH,),
26.4 (CH,), 29.6-30.0 (12 CH,), 32.1 (CH,), 36.7 (CH,), 43.5
(CH,N), 65.0 (CH,0), 72.2(CH-0), 174.5 (C=0); IR (neat) v
724 (m), 1038 (m), 1550 (s), 1637 (s), 2849 (s), 2918 (s), 2954
(w), 3321 (large) em” Electrospray mass spectrometry: m/z =
381 [MNa™].

1,3-Dihexadecanoyl-rac-glycerol (D1c)

'"H NMR (300 MHz, CDCls) & 0.88 (t, 6H, CHs, *Jyy =
6.5 Hz), 1.26 (m, 48H, CH,)1.65 (m, 4H, CH.,), 2.35 (t, 4H,
CH,, 3Jun =7.5 Hz), 2.46 (s, 1H, OH), 4.15 (m, 5H, CH); 1*C
NMR (75 MHz, CDCls) 6 14.1 (CH3), 22.7 (CH,), 24.9 (CH>),
29.1-29.7 (10 CHs), 31.9 (CH>), 34.1 (CH,), 65.1 (CH,0), 68.4

(CHOH), 173.9 (C=0); IR (neat) v 719 (w), 1047 (m), 1178
(m), 1470 (m), 1729 (s), 2849 (s), 2915 (s), 2957 (w), 3302
(large) cm ™ '; Elemental analyses calcd for C3sHggOs: %C
73.89, %H 12.05, found: %C 73.43, %H 11.76

1,3-Dioctadecanoyl-rac-glycerol (D1d)

'"H NMR (300 MHz, CDCls) & 0.88 (t, 6H, CH;, *Jyy =
6.5 Hz), 1.25 (m, 56H, CH, )1.61 (m, 4H, CH, ), 2.32 (t, 4H,
CH,, *Jun = 7.5 Hz ), 2.46 (s, 1H, OH), 4.16 (m, 5H, CH).

13C NMR (75 MHz, CDCls) é 14.1 (CH3), 22.7 (CH,), 24.9
(CHy), 29.1-29.7 (12 CH,), 31.9 (CH,), 34.1 (CH,), 65.1
(CH,0), 68.4 (CHOH), 173.9 (C=0); IR (neat) v 716 (w), 1047
(m), 1179 (m), 1470 (m), 1730 (s), 2849 (s), 2913 (s), 2956 (w),
3299 (large) cm ™ '; Electrospray mass spectrometry: m/z = 644
[MH", H»O]; Elemental analyses calcd for Cs;oH;605: %C
74.95, %H 12.26, found: %C 74.87, %H 12.28

1,7-Dioctadecanoyl-rac-diglycerol (D2d)

'"H NMR (300 MHz, CDCl;) é 0.88 ( t, 6H, CH;, *Jypy =
6.6 Hz), 1.25 (m, 52H, CH, ), 1.62 (m, 4H, CH, ), 1.72 (m, 4H,
CHa), 2.34 (t, 4H, CH,, *Jyu = 7.5 Hz), 2.99 (s, 2H, OH), 3.58
(m, 4H, CH,0), 4.01 (m, 2H, CHOH), 4.13 (m, 4H, CH,0);
13C NMR (75 MHz, CDCl3) 6 14.1 (CH3), 22.7 (CH,), 24.9
(CHy), 29.1-29.7 (11 CH,), 31.9 (CH,), 34.2 (CH,), 40.9
(CH,), 65.2 (CH,0), 68.9 (CHOH), 72.5 (CH,0), 174.0 (C=0);
IR (neat) v 716 (m), 1147 (m), 1472 (m), 1736 (s), 2849 (s), 2916
(s), 2954 (w), 3420 (large) cm ™ '; Electrospray mass spectro-
metry: m/z = 722 [MNa']; Elemental analyses calcd for
CyoHg,07: %C 72.16, %H 11.82, found: %C 71.95, %H 11.92

1-Monooctadeanoyl-rac-triglycerol (M3d)

"H NMR (300 MHz, pyridine d5) 6 0.87 (t, 3H, CHj, Ty =
6.0 Hz ), 1.29 (m, 282H, CH, ), 1.65 (m, 2H, CH, ), 2.39 (t, 2H,
CH,, *Jyn = 7.5 Hz ), 3.64 (m, 9H), 4.08 (m, 2H), 4.55 (m,
2H), 5.16 (m, 2H), 6.43 (s, IH, OH), 6.62 (s, 2H, OH), 6.78 (s,
1H, OH); "*C NMR (75 MHz, , pyridine d5) 6 14.3 (CH3), 22.9
(CH,), 25.3 (CH,), 29.4-30.0 (12 CH,), 32.2 (CH,), 34.4
(CH,), 64.7 (CH,0), 66.7 (CH,0), 68.8 (CH-0), 70.0 (CH-O),
72.0 (CH-0), 73.9 (CH»0), 74.2 (CH,0), 74.4 (2 CH,0), 173.7
(C=0); IR (neat) v 717 (m), 1119 (m), 1472 (m), 1736 (s), 2849
(s), 2914 (s), 2954 (w), 3321 (large) cm™'; Electrospray mass
spectrometry: m/z = 530 [MNa*]; Elemental analyses calcd for
C,7H540g: %C 64.00, %H 10.74, found: %C 63.88, %H 10.68

1-Monoctadecanoyl-rac-glycerol-16-hydroxyoctadecanoyle (6)

"H NMR (300 MHz, pyridine d5) ¢ 1.26 (m, 46H, CH, ), 1.52
(m, 4H, CH>), 1.65 (m, 4H, CH,), 1.75 (m, 4H, CH,), 2.39 (m,
4H, CH>), 3.90 (t, 2H, *Jyy = 6.2 Hz, CH,0), 4.16 (m, 2H,
CH,0), 4.20 (t, 2H, CH,0), 4.47 (m, 1H, CH-0O), 4.67 (m, 2H,
CH,0), 5.91 (broad s, OH), 6.58 (broad s, OH) 6.95 (broad s,
OH); '*C NMR (75 MHz, pyridine d5) ¢ 25.3 (CH,), 25.4
(CH»), 26.3 (CH»), 26.6 (CH,), 29.1-30.0 (22 CH,), 33.8
(CH»), 34.5, (CH,), 62.2 (CH,0), 64.3 (CH,0), 64.4 (CH,0),
66.8 (CH,0), 70.9 (CH-0O), 173.6 (C=0), 173.9 (C=0); IR
(neat) v 719 (w), 1045 (m), 1177 (m), 1458 (m), 1174 (m), 1462
(W), 1733 (s), 2849 (s), 2916 (s), 3322 (large) cm ™ '; Electrospray
mass spectrometry: m/z = 624 [MNa*]

This journal is © The Royal Society of Chemistry 2006
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1,16-Di-rac-glycerolhexadodecanedioate (7)

"H NMR (300 MHz, pyridine d5) ¢ 1.21 (m, 20H, CH, ), 1.67
(m, 4H, CH,), 2.37 (t, 4H, *Jyy = 7.3 Hz, CH,CO), 4.15 (m,
2H, CH,0), 4.47 (m, 1H, CH-0), 4.67 (dd, 1H, *Jyy =
10.9 Hz, 3Jyy = 6.2 Hz, CH.0), 4.74 (dd, 1H, *Jy = 10.9 Hz,
3JHH = 4.4 Hz, CH4O) 5.09 (broad s, 2H, OH), 6.7 (broad s,
2H, OH); '*C NMR (75 MHz, pyridine d5) 6 25.3 (CHj), 29.4—
29.9 (12 CH,), 34.4 (CH,), 64.3 (CH,0), 66.8 (CH,0), 70.9
(CH-0), 173.8 (C=0); IR (neat) v 718 (w), 1046 (m), 1171 (m),
1730 (s), 2849 (s), 2915 (s), 3229 (large) cm'; Electrospray
mass spectrometry: m/z = 458 [MNa*]; Elemental analyses
caled for C,,H4,Og: %C 60.81, %H 9.74, found: %C 60.40,
%H 9.54
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Polymeric monoliths containing TADDOL subunits have been prepared by polymerization of the
corresponding functional monomers. Treatment with TiXy species affords Ti-TADDOLates,

which can be used sequentially for two different reactions, namely the Diels—Alder reaction
and the ZnEt, addition to benzaldehyde. These monolithic materials allow working either in
batch or under flow conditions. The Diels—Alder reaction is carried out more efficiently in
batch that under flow conditions, but the opposite is found for the ZnEt, addition.
Enantioselectivities obtained compare well with those for other related supported systems.

In some cases ee values found for the polymer-bound system are higher than those for the
homogeneous analogue. The supported Ti-catalysts show an extraordinary long-term stability,

being active for at least one year.

Introduction

Catalysis is a key tool for green and sustainable chemistry,’
and many examples of its successful application, in particular
for bulk chemicals production are well known.? The practical
application of enantioselective catalysis continues to be,
however, an important challenge nowadays, and examples of
its use at an industrial level are more limited.? This is despite
the very high efficiency with which stereoselective syntheses
can be carried out at the laboratory scale.® The development of
enantioselective heterogeneous catalysts represents one of the
main approaches to this challenge. Immobilized catalysts are
best suited, in principle, for practical applications, as they can
be easily recycled and reused.*> Different kinds of supports
have been used for the immobilization process, but poly-
styrene-divinylbenzene (PS-DVB) resins continue to be one
the most popular supporting materials for this purpose.*®
Nevertheless, this kind of catalyst still faces important barriers
to its general use.

Supported systems very often show properties that greatly
differ from those of the soluble analogues. The immobilization
of a chiral auxiliary onto a polymeric matrix can be achieved
by two alternative methodologies: grafting and copolymeriza-
tion.* 7 The resulting functional polymers can have different
physical and chemical properties.®*¢ Although the polymeric
backbone has been considered for years as a truly inert
component of the system, it is very important to realize that it
plays an essential role in determining the overall performance
of the supported species.*>? Thus, the catalytic activity and
the selectivity of a given supported species can be very much
affected when the nature and the morphological characteristics

Department of Inorganic and Organic Chemistryl Associated Unit for
Advanced Organic Materials, University Jaume I/CSIC, E-12071
Castellon, Spain. E-mail: luiss@qio.uji.es; Fax: 34 964 728214;

Tel: 34 964 728239

of the support are changed.”'® Another important limitation
of enantioselective heterogeneous catalysts, in terms of
practical applications, is the need for developing a new catalyst
for each individual process. In general, a single catalyst is
prepared and used for a single reaction for one or several
runs. An important goal, in this regard, should be the
preparation of catalysts capable of being used, sequentially,
for more than one single reaction. For this purpose, the
development of heterogeneous systems with a capacity for
scaling, with an outstanding long-term stability, being able to
adapt to different solvents and reaction conditions and to
automatic or simplified work-ups, is required.

The preparation of supported reagents and catalysts in
the form of polymeric monoliths presents several distinct
advantages that could overcome some of those limitations.'!
The corresponding monolithic materials, if properly designed,
do not present the diffusional limitations that can be found in
gel-type resins in the presence of non-swelling solvents, are
very stable from a mechanical point of view and can be
used advantageously under flow conditions.'> Additionally,
enantioselective polymer-bound catalysts prepared by poly-
merization in highly crosslinked networks have been reported
to produce, in some cases, better asymmetric inductions
than systems prepared by grafting.” Accordingly, catalysts
supported on polymeric monolithic materials have a great
potential for developing catalytic minireactors.

Here we present data that reveal how monolithic catalysts
functionalized with Ti-TADDOLate moieties can be active
for different alternative reactions and present a very remark-
able long-term stability so as to preserve the initial activity and
selectivity for at least one year. The results obtained clearly
highlight both the large influence of the polymeric matrix on
the properties of these supported systems, including selectivity
and stability, and the great potential of monolithic catalysts
for practical applications.

This journal is © The Royal Society of Chemistry 2006
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Ar  Ar
o, oH
° OH
O\ A’ Ar
R a, Ar=3,5'(CH3)206H3'
1 R=H b, Ar=5-Naphthyl
2 R=CH,Ph ¢, Ar=4-Naphthyl
3 R=p-CH,-CgH4-CHCH,
4 R=P§, grafting
5 R=PS, polymerisation

Chart 1 TADDOLSs used in this work.

Results and discussion
Preparation of TADDOL derivatives

Since the seminal work by Seebach, Narasaka and others,
Ti-TADDOLates have become an important and versatile
class of chiral catalysts that have been used for a broad range
of enantioselective organic transformations.'>'* In this regard,
our group has been involved in the last years in the preparation
of different resin-bound Ti-TADDOLates and related analo-
gues, and in their study as Lewis acid catalysts for Diels—Alder
reactions.! %132

Homogeneous and supported TADDOL derivatives with
the general structures 2, 4 and 5 (Chart 1) were prepared and
characterized according to the general procedure developed by
our group.'®!>!® Compounds 2, having the same structural
features than functional moieties in polymers 4 and 5 are
needed as reference compounds in solution. Comparisons
made between homogeneous and supported species cannot rely

on species not having strictly the same structures, as even
minor structural modifications can have significant effects on
the performance of enantioselective catalysts.”

Monolithic polymers 5 were prepared by thermally induced
radical solution polymerization of a monomeric mixture
containing the corresponding vinylic derivative, styrene (ST)
and divinylbenzene (DVB), using toluene/l1-dodecanol as the
precipitating porogenic mixture and AIBN as the radical
initiator."" In order to take full advantage of the potential of
those monolithic systems, polymerization was carried out
within a stainless steel columnar mold, so that a simple
connection through both end caps could allow us to use those
columns as stable minireactors either in batch or under flow
conditions. The resulting monolithic columns obtained are
similar to those that have been used for chromatographic
applications.! 117

Several experiments were designed to evaluate the influence
of the different polymerization parameters on the appropriate
mechanical and morphological properties. For the case of
TADDOL 3a (Ar = -3,5-(CH3),CgH3-), the results of an
initial set of experiments are shown in Table 1. In all cases, the
amount and composition of the porogenic mixture was kept
constant (ca. 60% of the total mixture: 20% of toluene, 40% of
1-dodecanol) and the effect of the variation in the composition
of the monomeric mixture was analyzed. As can be seen in the
table, very high backpressures were obtained in all cases. This
can be ascribed to the formation of monolithic polymers with
very low pore sizes as was evidenced by mercury intrusion
porosimetry data. In the case for which a mixture of 3b/ST/
DVB was used as the monomeric mixture (entry 2 in Table 2) a

Table 1 Properties of monolithic columns prepared from 5b using different monomeric compositions

Monomeric composition (Wt%)

1

Entry 3a DVB ST Toluene®(wt%) Back pressure’/psi Flow/mL min~ Dpmed” nm
1 20 80 — 20 435 (435) 1 73

2 20 40 40 20 — — —

3 30 70 — 20 617 (£12) 0.5 0

4 40 60 — 20 812 (£12) 1 61

“ The porogenic mixture was always toluene/l-dodecanol (1 : 2, w :

w) and was used in a ratio 60 : 40 (w : w) porogens :

monomers.

Measured on a pressure gauge. ¢ Median pore diameter as determined by mercury intrusion porosimetry. ¢ The polymer did not adhere to

the walls of the columnar mold.

Table 2 Results obtained for the Diels—Alder reaction (Scheme 2) catalysed by Ti-TADDOLates considered in this work

Entry Ligand” R® Ar T/°C Conv. (%)“? endo : exo® ee (%)’

1 2b Bn 2-Naphthyl 0 96 74 : 26 61 (2S,3R)
2 4b PS-g 2-Naphthyl 0 50 83:17 40 (2S,3R)
3 5b PS-m 2-Naphthyl 0 90 83:17 37 (28.3R)
4 2a Bn 3,5-(CH;),CsH3 0 99 71:29 38 (2R,39)
5 5a PS-m 3,5-(CH3),C¢Hj; 0 79 80 : 20 20 (2S,3R)
6 4a PS-g 3,5-(CH3),CsHs, 25 98 70 : 30 17 2R3S)
7 5a PS-m 3,5-(CH;),CsH3 25 99 80 : 20 18 (2S5,3R)
8 2c Bn 1-Naphthyl 0 99 83:17 20 (2R,3S)
9 4c PS-g 1-Naphthyl 0 35 80 : 20 13 (2R,35)
10 5¢ PS-m 1-Naphthyl 0 55 85:15 43 (2R ,3S)
11 5¢ PS-m 1-Naphthyl -20 30 76 : 24 38 (2R,35)
12 5¢ PS-m 1-Naphthyl 25 99 84:16 19 (2R,35)

“10% of catalyst was used in all cases relative to the amount of dienophile. Cyclopentadiene was always added 2.5 times in excess over
dienophile. ? PS-g: Polystyrene-divinylbenzene, attachment by grafting. PS-m: Polystyrene-divinylbenzene in monolithic form, attachment by
polymerization. ¢ Conversion of dienophile. ¢ Determined by '"H NMR. ¢ Determined by '"H NMR. / Determined by '"H NMR using Eu(hfc)g

on the major endo isomers.

718 | Green Chem., 2006, 8, 717-726

This journal is © The Royal Society of Chemistry 2006


http://dx.doi.org/10.1039/B603494B

Downloaded on 07 November 2010
Published on 23 June 2006 on http://pubs.rsc.org | doi:10.1039/B603494B

View Online

10000
Dpmg000 4 * Optimal range
nm)
6000 * /
+ Dpm,max
4000 - o (nm)
2000 -
0 * e o
0 10 20 30
% Toluene
Fig. 1 Morphological properties for monolithic columns.

Dy meq: median pore diameter as calculated from mercury intrusion
porosimetry.

complete lack of adherence to the mold was observed for the
resulting polymer. For all the monolithic columns in Table 2,
the presence of a significant “wall effect” was observed,
indicating that the eluent is mainly flowing through cracks in
the monolith or between the wall of the mold and the polymer.

Taking into account the former results, a new series of
experiments were carried out by using a fixed monomeric
composition (the one shown in entry 4 of Table 1: 40% of 3a
and 60% of DVB) and studying the effect of the changes in the
composition of the porogenic mixture on the morphological
properties of the resulting monolithic polymers (5a). The
results are gathered in Fig. 1 that show the variation in the
Dpmea (median pore diameter) calculated from mercury
intrusion porosimetry, as a function of the amount of toluene
used as porogen (the ratio monomers/porogens was kept
always constant at a value of 40/60 w/w). In general, Dy mneq
values considered appropriate for this kind of materials
range from 1000 to 2000 nm. This roughly corresponds with
the shadowed region in the graph. Accordingly, polymeric
monoliths with the expected porosity and without “wall
effects” were obtained using porogenic mixtures, for which
toluene was about 10% in weight of the initial mixture."'

The other monolithic polymers 5 were prepared using the
same conditions optimized for resin 5a. In all instances,
yields were quantitative, with a complete incorporation of
monomers into the polymeric monolith. Loadings ranged
from 0.53 mmol g ! (5a) to 0.46 mmol g~ ' (5¢). Both
porosimetry data and the values of back pressures obtained
for those resins indicated that a very similar porosity was
present in all of them.

Study of resin-bound Ti-TADDOLates as Lewis acid catalysts
for the Diels—Alder reaction

The corresponding monolithic Ti-TADDOLates were pre-
pared, under an inert atmosphere, by treatment of 5 with an

6
*
o]

/\)LNJZO
S

_

excess of a solution of Ti(OPr’),Cl, previously prepared by
mixing equimolecular amounts of TiCl, and Ti(OPr), in
toluene.'® The corresponding solution was passed through the
column using a syringe pump at a low flow rate. The Ti
content in the resins was analyzed indirectly by titration of the
solution resulting after the loading of the polymers. In all cases
the uptake of Ti(OPr'),Cl, was in the range expected for a
quantitative transformation of the TADDOL fragment pre-
sent. A semiquantitative analysis of Ti by electron microscopy
(energy-disperse analysis by X-ray, EDAX) showed a uniform
distribution of the metal, and the loadings calculated were in
good agreement with those obtained by titration.'®

The resulting Ti-TADDOLates were assayed as catalysts for
the Diels—Alder reaction of cyclopentadiene 6 and 3-crotonoyl-
1,3-oxazolidin-2-one 7 (see Scheme 1). Monolithic Ti-
TADDOLates were used as the corresponding homogeneous
analogues. Initial experiments were carried out in batch mode,
loading the monolithic reactors with the reaction mixture in
toluene, sealing both end-caps of the column and maintaining
the appropriate temperature for the corresponding reaction
time. Some results are gathered in Table 2.

In general, lower yields were obtained for heterogeneous
systems 4 or 5 than for the homogeneous analogues 2.
The decrease in activity for supported reagents and catalysts
has been often associated with limitations in the diffusion
of reactants within the polymeric matrix.'® Monolithic
systems were clearly superior to gel-type resins. Monolithic
polymers are macroporous with good diffusion properties.
Thus, higher conversions were always found for monolithic
catalysts (compare, in particular, entries 2 and 3). Very similar
endo : exo selectivities were observed for the different catalysts,
homogeneous and heterogeneous, ranging from 71 : 29
(entry 4) to 85 : 15 (entry 10).

Regarding enantioselectivity, ee values obtained were, in
general, below 60%. This is far from the excellent enantio-
selectivities reported earlier in solution for this reaction using
simple TADDOL derivatives such as those derived from
acetone.'> This is related with the structural modifications
needed to provide the linkage to the polymeric matrix. The
presence of the benzyloxyphenyl substituent on the C-2 of the
dioxolane ring, either for the homogeneous or for the related
heterogencous TADDOL analogues, has very large effects
on the selectivities as has been demonstrated by different
groups.'>'*? However, the results achieved in this work
clearly show the importance of the immobilization strategy to
develop efficient supported catalysts.

At a first sight, the homogeneous catalysts seem to present
higher enantioselectivities than the supported ones. This kind

3R 2R
Ai ‘b% &
28
y N;j, + a8 zr

fo) 8b

Endo isomers
+ Exoisomers: 9a (28, 3S), 9b (2R, 3R)

Scheme 1
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of behavior has been reported for different heterogenized
systems, so that it has become usual to consider that
heterogenization of enantioselective catalysts is normally
accompanied by a significant decrease in selectivity (“‘negative
polymeric effect”). Fortunately, this is not true and positive
polymeric effects can be found in many cases, including effects
on enantioselectivity.?'

A comparison between the results obtained with gel-type
resins and with monolithic polymers under the same experi-
mental conditions (compare, for instance, entries 9 and 10)
confirms that catalysts prepared by polymerization in a highly
crosslinked matrix can provide better enantioselectivities
than the ones prepared via grafting methodologies. Similar
trends have been reported by us and other workers in different
systems.g""”9 It is noteworthy, however, that, as shown in
entries 8-10 of Table 2, the enantioselectivity obtained at 0 °C
for the monolithic Ti-TADDOLate from 5S¢ (43% ece) is
significantly higher than that for the homogeneous (from 2c,
20% ee) and grafted (from 4c¢, 13% ee) analogues, under the
same conditions. This represents an additional example of the
existence of “positive polymeric effects” of the matrix on selec-
tivity, and clearly demonstrate how the nature of the active sites
prepared by polymerization and grafting can be different.3%%1

As could be expected, also for supported catalysts the
activity increases with the temperature, whilst the enantio-
selectivity is higher at lower temperatures. Nevertheless,
the effect was only significant for 5¢ (entries 10 and 12) for
which ee values experienced a two-fold increase from 25 °C
to 0 °C. At the same time, a maximum in ee values seems to
be reached at temperatures close to 0 °C, with no additional
increase in enantioselectivity when the temperature is lowered
up to —20 °C (entry 11).

In any case, it is important to note that enantioselectivities
found with monolithic catalysts from 5b and 5¢ are within the
higher reported for the use of supported Ti-TADDOLates as
catalysts for the Diels—Alder reaction of 3-crotonoyl-1,3-
oxazolidin-2-one and cyclopentadiene. A maximum value
of 42% has been reported by Seebach et al. using polymeric
Ti-TADDOLates obtained by suspension polymerization,
having 1-naphtyl substituents.'>? Accordingly, the results here
reported seem to represent the upper limit up to now achieved,
in terms of enantioselectivity, for supported Ti-TADDOLates
in this reaction. Other families of enantioselective polymer-
supported catalysts have been, however, more successful for
this reaction.*

One of the more remarkable observations derived from data
in Table 2 is that the major endo enantiomer obtained with the
endo adducts in the case of monolithic catalyst from 5a

(Ar = -3,5-(CH3),-C¢Hs-) was the 2S,3R isomer instead of
the 2R,3S isomer obtained with the homogeneous analogue
from 2a or with the catalyst from 4a prepared by grafting
(compare entries 5 and 7 with 6 in Table 3).%

Clearly, this reversal of topicity must be attributed to the
polymeric matrix. This result represents a first example of a
polymer-bound enantioselective catalyst for which the topicity
of the resulting products can be controlled through the
appropriate design of the morphology of the matrix.®? The
role of the matrix could be ascribed to the generation of
main-chain chirality/chiral cavities derived from the poly-
merization of a vinylic monomer containing chiral frag-
ments.>* Alternatively, it could be associated to the function
of aromatic subunits at the groups bound to the C-2 position
of the dioxolane ring. When those aromatic rings are present,
n-n interactions with the o-substituent play a key role to
determine both the nature of the most stable conformer and
the relative stability of the possible transition states.'>*?° We
have demonstrated that inhibiting the formation of such n—n
interactions, introducing aliphatic spacers between C-2 and
the aromatic unit, provides a way for decreasing the relative
amount of the endo-2R,3S isomer formed.”° Thus, poly-
merization of the corresponding vinylic TADDOL (3a) in a
very rigid, highly crosslinked matrix might preclude the
formation of those m—m interactions between the aromatic
group at C-2 and one of the 3,5-dimethylpenyl substituents
at the o-positions, precluding the formation of some of the
expected conformers and modifying the relative energies of
the participating transition states, favoring in this way the
formation of the endo-2S,3R adduct.

Study of polymer-supported Ti-TADDOLates as catalysts under
flow conditions

One of the most important practical advantages of the
preparation of polymer-supported catalysts in the form of
monolithic columns is the possibility of their use either in
batch or under flow conditions.'”> Accordingly different
experiments were carried out under flow conditions using the
monolithic column Sa with Ti-TADDOLate functionalities
having 3,5-dimethylphenyl groups at the o-positions. Some
results are shown in Table 3.

Two different kinds of experiments were carried out under
flow conditions. For entry 2, the solution was continuously
recirculated through the column, using an experimental set-up
similar to the one formerly described for other monolithic
systems (see Fig. 2).!2* For entries 3-5 no recirculation took place
and the solution eluted from the column was analyzed directly.

Table 3 Results obtained for the Diels—Alder reaction of 6 and 7 under flow conditions, using monolithic Ti-TADDOLate from 5a

Entry dienophile/mol ! dienophile/catalyst? Flow/mL min ! Yield (%) endolexo ee’ (%)
1 2 10 — 99 4.0 18

2 0.06 6.1 0.25 55¢ 3.1 23

3 0.18 2.0 0.04 207 3.3 6.5

4 0.11 34 0.04 254 2.8 19

5 0.11 34 0.1 254 2.3 25

“ Nominal ratio considering the total amount of catalyst in the column and the total amount of dienophile in the solution. ” Reaction in batch,
not under flow conditions. ¢ Continuous recirculation of the solution through the column for 24 h. ¢ No recirculation of the solution eluted
from the column. ¢ Determined by '"H NMR using Eu(hfc)s on the major endo isomers, major endo isomer (2S,3R).
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D-02

Fig. 2 Use of monolithic columns containing Ti-TADDOLates as
catalytic minireactors under batch and flow conditions: (i) Batch
reaction: the reaction mixture is pumped into the monolithic reactor
(set-up a) the pump is stopped and the valves V-01 and V-02 closed
during the reaction time. Products are washed out of the reactor by
pumping dry solvent through. (ii) Continuous flow reaction (set-up a):
the reaction mixture is pumped through the reactor and the products
collected on reservoir D-02. (iii) Recirculation (set-up b). D-01, reagent
feed vessel; P-01, reagent feed pump (HPLC Gilson Model 304,
flow rate = 0.01-5 mL min~'. Monolithic minireactors (1/4 in AISI
316 tubing 15 cm).

The data in Table 3 suggest that no significant advantages
are found for this system with the use of flow conditions,
in contrast to results obtained in other cases.'”> Under both
conditions, the flow rate clearly affects the enantioselectivity of
the reaction, the best ee values always being obtained for higher
flow rates. The differences found between batch and flow
systems have been often associated with the changes in the
actual concentration of substrates at the active sites.'>*¢ This
should be particularly important for this reaction, for which
this parameter has been demonstrated to be critical for the
performance of Ti-TADDOLates in solution.'**** The
presence of two different kinds of catalytic active site with a
different degree of accessibility, sites located at the surface and
sites located at the crosslinked regions, could also be important
if they present a different selectivity pattern. Access to the
more hindered sites is likely to be diffusion controlled so that
their participation is highly increased at lower flow rates.
Similar experiments were carried out under flow conditions
with Ti-TADDOLate from 5b as the catalyst and the general
patterns are similar to those shown in Table 3 for 5a. Also in
this case, best ee values (23%) were obtained for the higher
flow rates studied.

Overall, a slight increase in enantioselectivity can be
achieved, under flow conditions, with an appropriate design
of the experiment, but this takes place at the expense of a
significant reduction in yields.

Long-term stability studies

The very simple work-up needed in using the monolithic
columns greatly facilitates their reuse and recycling. Simply by

connecting one end of the column to a pump and flushing the
column with the appropriate anhydrous solvent the catalyst is
ready for a new run. In this way, all the catalytic minireactors
prepared were used for several runs without any appreciable
loss of performance. This is now not unusual and many
examples can be found in the literature in which the
corresponding polymer-supported catalyst can be efficiently
reused for 10-20 runs or even more.* An important parameter,
however, that needs to be analyzed for correctly assessing the
potential practical applications of this kind of minireactor is
the long-term stability.

Initial studies were carried out with the monolithic
Ti-TADDOLate from 5a, in order to analyze simultaneously
its stability and to detect any modification in the reversal of
topicity observed in the first runs. Some of the results obtained
are shown in Fig. 3a. As can be seen, both the activity and the
selectivity of this supported catalyst remain unchanged for a
period of up to six months. No special care or work-up is
needed to maintain the activity of the corresponding column,
except to close both ends of the column after each run. Only
when the column was left open to the air for a few days,
after the sixth month of use, were some changes observed:
the activity remained almost unchanged, but a decrease in the
enantioselectivity was observed.

This behavior is indicative of an extraordinarily long-term
stability for this kind of material and is common to other
monolithic Ti-TADDOLates. Fig. 3b—¢ shows data corre-
sponding to catalysts from 5b (Ar = 2-naphthyl) and from 5¢
(Ar = l-naphthyl). The results confirm that no decrease in
activity or selectivity can be detected after 6 or § months. Only
when, after one year, the column is open to the air, was a
significant decrease in activity and selectivity observed. In
both cases, regeneration of the catalyst was attempted by a
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Fig. 3 Time-dependent activity and enantioselectivity of Ti—
TADDOLates from 5 as catalysts for the Diels—Alder reaction
between 6 and 7. (a) Ar = 3,5-(CH;),CgHs, (b) Ar = 2-naphthyl, (c)
Ar = I-naphthyl. The month for which regeneration of the catalyst was
carried out is indicated by an asterisk.
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thorough washing of the column, followed by drying and
reloading with additional amounts of Ti(OPr’),Cl,. The
catalysts prepared in this way were assayed again for the same
Diels—Alder reaction between 6 and 7. As shown in Fig. 3, the
activity was essentially recovered for the first run but not the
enantioselectivity. On the other hand, the characteristic long-
term stability of these columns is lost after regeneration and
both activity and selectivity decrease sharply with use.

Monolithic Ti-TADDOLates as the basis of versatile catalysts

The lack of efficiency for the regeneration process of polymer-
supported Ti-TADDOLates was, initially, rather surprising
since very effective regeneration processes have been described
by other authors for related resin-bound catalysts.'® In
particular, regeneration is a critical step in the use of
Ti-TADDOLates as catalysts in the addition of ZnEt, to
benzaldehyde. In this case, Seebach and co-workers, for
instance, have reported that the regenerated catalyst provides
the same performance in terms of activity and selectivity
and that regeneration can be performed for a large number
of cycles.'?

Nevertheless, this discrepancy in recyclability seems to be
associated with the different reactions considered. Monolithic
catalysts from 5 provided the same outputs, in this regard, as
those reported by Seebach when the addition reaction using
ZnEt, was studied as opposed to the Diels—Alder reaction.
Thus, the Diels—Alder reaction seems to require a much more
strict control of reaction parameters to be carried out
successfully. In the case of supported Ti-TADDOIate catalysts
we can consider that the presence of even minor amounts of
residual Ti species not covalently bound to the ligand can
interfere in catalysing the reaction in a non-selective way. The
situation is different for the Et,Zn addition, since it is known
to be a ligand accelerated reaction, so that, in this case,
the interference by non-ligand-bound Ti species should be
much lower.

Those preliminary experiments are of great interest.
However, a severe limitation for industrial applications of
enantioselective catalysts is the need of a specific catalyst
for each given reaction. The possibility of having a reusable
catalyst capable of being applied efficiently for several
reactions would greatly increase the potential for exploitation
of these materials. Accordingly, different experiments were
carried out using monolithic columns Sb, having 2-naphthyl
groups at the a-positions, for the addition reaction of ZnEt, to
benzaldehyde. Some results are shown in Table 4.

The data in Table 4 show that monolithic Ti-TADDOLates
do form versatile catalysts. The monolithic columns previously
used in the study of the Diels—Alder reaction proved to be
efficient catalysts for the ZnEt, addition to benzaldehyde
(see entry 1), once the catalytic sites were regenerated by a
thorough washing and further treatment with Ti(‘PrO)s."
As a matter of fact, the performance of this catalyst was
comparable to that of a new column prepared, under the same
conditions, but not used for any previous reaction (entry 2). In
both cases, using a stoichiometric TiXy/ligand ratio, good
conversions and selectivities were observed, but only moderate
enantioselectivities. Even with the use of lower temperatures

CHO Et,Zn

B

Q— Cat

OH OH
H
Scheme 2

Table 4 Results obtained for the reaction between benzaldehyde and
ZnEt, using monolithic catalyst from 5b

ZnEt, Yield Selectivity
Entry Time/h 7/°C (eq.) % cat.” (%) (%) ee” (%)
1 24 5 14 40 88 78 33(18)%¢
2 19 5 14 40 84 88 39(18)?
3 20 -50 14 40 12 60 33(18)?
4 21 5 1.4 40 34 72 48(18)"
5 25 =30 18 20 60 100 99(15)*

“ Percentage of catalyst considering the total amount of catalyst in
the column and the total amount of benzaldehyde in the solution.
b Determined by chiral HPLC, using Chiralcel OD column.
¢ Monolithic Ti-TADDOLate regenerated after its activity study in
the Diels-Alder reaction. ¢ Reaction in batch. ¢ Using 1 eq. of
Ti(PrO),.  Reaction under continuous flow (0.06 mL min ).

(entry 3) the enantioselectivity was no further improved. It has
been reported that a stoichiometric TiXy/substrate ratio is
convenient for the “in situ” regeneration of the catalytic
species.'> Our results support this hypothesis and strongly
suggest that only one single molecule of substrate is
transformed, in a very selective way, by the catalytic site in
agreement with the proposed mechanism.'® Taking this into
consideration, and using a stoichometric Ti('PrO)./substrate
ratio, a clear improvement was obtained. Even at 5 °C, a
48% ee could be obtained (entry 4). Finally, an optimum
outcome was achieved (entry 5) by carrying out the reaction,
under those conditions, at —30 °C and using a continuous
flow system (0.06 mL min~'). A 60% conversion was obtained
along with a quantitative selectivity and enantioselectivity. It is
noteworthy that the use of flow conditions allows one to work
efficiently with lower catalyst/substrate ratios that in the case
of batch experiments.

Conclusions

In summary, chiral functional monoliths prepared by poly-
merization of the corresponding chiral functional vinylic
monomers have a great potential interest for the development
of practical enantioselective catalysts and, accordingly, more
environmentally friendly processes. These materials present
some distinct advantages in this regard: (i) Optimization of
the results obtained can be modulated by the appropriate
adjustment of material preparation conditions such as
composition of the monomeric mixture or amount and nature
of the porogens. (ii) The corresponding catalytic reactions
can be carried out either in batch or under flow (continuous
or recirculation). (iii) Diffusional limitations inherent to
many supported systems are avoided or severely reduced.
(iv) Monoliths can be synthesized in different forms and
shapes, including columnar molds as the ones here presented,
which allows a significant simplification of the work up. (v)
An oustanding long-term stability is observed. (vi) This
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remarkable, chemical, mechanical and morphological stability
allows their use as multipurpose catalysts, so that after a first
reaction the monolith can be recovered and reused efficiently
for a second, different reaction.

In the present work the same columnar polymeric monoliths
containing Ti-TADDOLate funcionalities have been used
for two different reactions, namely the Diels—Alder reaction
and the ZnEt, addition to benzaldehyde. The last reaction
is clearly improved when the reaction is carried out under
flow conditions but no significant advantages were found
for the Diels—Alder reaction. In both cases, the optimized
results obtained, either in batch or under flow, compare
well with the best results reported for other supported
Ti-TADDOLates. In the case of the Diels—Alder reaction,
only moderate enantioselectivities can be obtained, but
essentially quantitative enantioselectivities were achieved for
the ZnEt, addition.

The results here presented highlight that heterogenization
does not necessarily involve a decrease in the efficiency of the
catalyst with regards to that of the corresponding homo-
geneous analogue. As a matter of fact, significant positive
polymeric effects have been found in the present study. As an
example, the ee values obtained for both of the studied
reactions with TADDOLSs containing naphthyl substituents at
the o-position not only are comparable with the best values for
related heterogeneous systems, but they are clearly superior to
those obtained, under similar conditions, for the analogous
soluble systems.

Experimental
General considerations

'H and 'C NMR spectra were recorded on a Varian Mercury
300 spectrometer; chemical shifts are measured in ppm and
coupling constants, J, in hertz. IR spectra were recorded on a
Perkin-Elmer 2000 spectrometer, FT-IR spectra (cm™ ') were
obtained from KBr pellets. Mass spectra were recorded on a
Quattro LC (quadrupole-hexapole-quadrupole) mass spectro-
meter with an orthogonal Z-spray electrospray interface
(Micromass). Elemental analysis were performed on an
Elemental Carlo Erba 1108 apparatus. Optical rotations were
measured on a JASCO DIP-1000 polarimeter; [o] values are
given in units of 10" deg cm?® g~ '. HPLC analysis were carried
out on a Merck liquid chromatograph with a Merck L-7400
detector and a Merck L-7200 autosampler. Toluene and
tetrahydrofuran were distilled from sodium under an argon
atmosphere. Acetone reagent grade, 99.5%, was used without
further purification.
For the syntheses of 1a, 1b and 2a, see ref. 15.

General procedure for the preparation of a,0,0’,0/-tetraaryl-1,3-
dioxolane-4(R),5(R)-dimethanols (TADDOLs). Synthesis of 1¢

To a THF solution (30 mL) of 1-napthylmagnesiumbromide
(70 mmol), obtained from 1-bromonaphthalene (14.3 g,
70 mmol) and Mg (1.5 g, 70 mmol), was added carefully a
solution of the ketal derived from L-diethyl tartrate and
3-hydroxybenzaldehyde (1.5 g, 5.3 mmol) in THF (20 mL).
When addition was complete, the mixture was refluxed for

16 h. After cooling, a saturated solution of NH,Cl was added
to obtain a complete solubilization of the salts formed. The
resulting solution was extracted with EtOAc, and the organic
phase was dried (anhyd. MgSO,) and vacuum evaporated. The
crude product was purified by column chromatography (SiO,,
hexanes : AcOEt9:1,4: 1, 3:2) to give TADDOL 1c (72%)
mp 165-173 °C; [o]p>? +45.9 (¢ = 0.032 in CHCI5); found:
C 77.72, H 5.44; Cs5;H3305-3H,0 requires C 78.04; H 5.65%;
Vmax/em ' 3391, 1178 and 1103; 6y (300 MHz; CDCls, 50 °C,
Me,Si): 3.7 (2H, s), 3.9 (2H, s), 5.6 (1H, s), 6.5-8.5 (32H, m);
dc (300 MHz, CDCl;, 25 °C, MeySi): 79.4, 80.4, 81.4, 81.6,
105.6, 113.3, 135.1, 141.9, 142.2, 156.2; EM (EI): m/z:
730 (M™).

General procedure for the preparation of o,0,0’,0/-tetraaryl-1,3-
dioxolane-2-(m-benzyloxyphenyl)-4(R),5(R)-dimethanols.
Synthesis of 2b

A mixture of TADDOL 1b (0.45 mmol), ButyNI (0.045 mmol),
K>CO3 (0.84 mmol) and a small amount of 18C6 and KI in dry
acetone (10 mL) were stirred at rt for 30 min. After that
period, benzyl bromide (0.45 mmol) was added, and the
reaction was refluxed for 18 h. After cooling, a saturated
solution of NH4Cl was added until neutralization. The
resulting solution was extracted with AcOEt, and the organic
phase was dried (anhyd. MgSO,) and vacuum evaporated. The
crude product was purified by column chromatography (SiO,,
hexanes : AcOEt 10 : 1) to give 2b (72%); mp 121-125 °C;
[o1p>° +132.1 (¢ = 0.007 in CHCl3); found: C 84.23, H 5.42;
CsgH4405 requires C, 84.85, H 5.40%; Vmax/em 1 3391, 1178
and 1103; oy (300 MHz, CDCl;, 25 °C, Me,Si): 4.6 (2H, d,
JH,H) = 4.3 Hz), 5.5 (2H, d, J(H,H) = 4.6 Hz), 5.6 (2H, d,
JH,H) = 4.3 Hz), 6.5-8.5 (37H, m); oc (300 MHz, CDCl;):
76.9, 81.3, 105.5, 112.2, 1159, 118. 8, 124.5, 125.8-132.6
(6 peaks), 136.5, 139.1, 140.3, 141.3, 141.9, 158.6; EM (EI) m/z:
820 (M™).

Synthesis of 2¢

Prepared from TADDOL 1¢ (0.45 mmol). Purified by column
chromatography (SiO,, hexanes : AcOEt 10 : 1) to give 2¢
(79%); mp 165-173 °C; [o]p>" +65.4 (¢ = 0.032 in CHCls);
found: C 84.70, H 5.31; CsgHy405 requires C, 84.85, H 5.40.
Vmax/em ™11 3391, 1178 and 1103. 8y (300 MHz, CDCl;, 50 °C,
Me,Si): 3.7 (2H, s), 3.9 (2H, s), 5.6 (1H, s), 6.5-8.5 (37H, m);
oc (300 MHz, CDCl3): 79.4, 80.4, 81.4, 81.6, 105.6, 113.3,
116.5, 118.6, 121-130 (7 peaks), 131.0, 132.0, 135.1, 141.9,
142.2, 156.2; EM (EI) m/z: 820 (M™).

General procedure for the preparation of a,0,0’,0/-tetraaryl-1,3-
dioxolane-2-(m-(p-vinylbenzyl)oxyphenyl)-4(R),5(R)-
dimethanols. Synthesis of 3a

A mixture of 4-vinylbenzene chloride (0.42 g, 2.5 mol), K,CO;
(0.53 g, 3.7 mmol), 18C6 (0.13 g, 0.5 mmol) and a catalytic
ammount of KI in dry acetone (50 mL) were stirred at rt
30 min. After that period, TADDOL 1a (1.6 g, 2.5 mmol) and
acetone (15 mL) were added, and the reaction was refluxed for
45 h. After cooling, a saturated solution of NH,Cl was added
until neutralization. The resulting solution was extracted with
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CH,Cl,, and the organic phase was dried (anhyd. MgSO,)
and vacuum evaporated. The crude was purified by column
chromatography (SiO,, hexanes : AcOEt 1:0,10:0.25,10:0.5,
10 : 1) to give 3a (80.2%); mp 99-101 °C; [¢]p>> +59.2
(¢ =0.032 in THF); found: C 82.11, H 7.30; Cs,Hs405 requires
C, 82.29, H 7.17; vmax/em ' 3545, 3100, 3050, 3010, 2920,
1629, 1602, 1510, 1480, 1379, 989, 900, 799 and 710; dy
(300 MHz, CDCl3, 50 °C, Me,4Si): 2.2-2.6 (24H, m), 4.6 (2H,
m), 4.9-54 (4H, s + s + d + s), 5.7-5.75 (1H, dd, "2J(H,H) =
2.58 Hz, 2*J(H,H) = 17.58 Hz), 6.6-7.4 (21H, m); 6¢ (300 MHz,
CDCl;, 50 °C): 21.7, 21.9, 22.0, 22.1, 73.0, 80.1, 81.6, 82.0,
105.1, 106.3, 112.1, 113.8, 114.5, 115.9, 117.0, 119.7, 120.1,
124.2, 124.3, 124.6, 124.8, 124.9, 129.9, 126.7, 128.1, 129.0,
129.2, 129.4, 129.5, 129.7, 136.8, 137.0, 137.2, 137.7, 138.0,
138.1. EM (TOF) m/z: 781.74 (M + Na®).

Synthesis of 3b

Prepared from TADDOL 1b (2.5 mmol). The crude product
was purified by crystallization from ether—hexanes to give 3b.
(70.2%); mp 115 °C; [a]p>? +139.94 (¢ = 0.055 in CHCIy);
found C, 84.92, H 5.40; CsH4605 requires C, 85.08, H 5.47;
Vmax/em ' 3545, 3100, 3047, 1699, 1596, 1508, 1485, 1460,
1395, 1352, 1266, 1230, 1174, 1093, 999 and 730; dy (300 MHz,
CDCls, 25 °C, Me,Si): 4.8 (2H, d, J(H,H) = 3 Hz), 5.3 (2H, d,
J(H,H) = 6.7 Hz), 5.6 (1H, d, J(H,H) = 3 Hz), 5.7-5.8 (3H,
s +d, JOH,H) = 6.7 Hz), 59 (1H, s), 6.5-8.5 (36H, m); dc
(300 MHz, CDCl3): 70, 81.3, 81.5, 105.0, 112.9, 114.2, 116.1,
119.8, 124.7, 125.8, 126.2, 127.5, 128.2, 128.4, 129.6, 132.6,
139.1, 140.5, 141.1, 141.4, 141.8, 155.4. EM (TOF) m/z: 870
(M + Na*).

Synthesis of 3¢

Prepared from TADDOL 1c¢ (2.5 mmol). The crude product
was purified by crystallization from ether—hexanes (79.2%);
mp 103-107 °C; [«]p>> +61.7 (¢ = 0.032 in THF); found: C
84.83, H 5.14; CqoHy460s5 requires C, 85.08, H 5.47; Vma/em
3545, 3100, 3047, 1699, 1178, 1103; 6y (300 MHz, CDCl;,
25 °C, Me,Si): 3.9 (1H, sa), 4.7 (2H, d, J(H,H) = 3.1 Hz), 5.2
(2H, d, J(H,H) = 6.3 Hz), 5.6 (2H, s + d, J(H,H) = 3.1 Hz), 5.8
(2H, d, J(H,H) = 6.3 Hz), 6.1 (1H, s), 6.9-8.6 (36H, m); Jc
(300 MHz, CDCl;): 70, 81.3, 81.5, 105.0, 112.9, 114.2, 116.1,
119.8, 124.7, 125.8, 126.2, 127.5, 128.2, 128.4, 129.6, 132.6,
139.1, 140.5, 141.1, 141.4, 141.8, 155.4; EM (TOF) m/z: 870
(M + Na™);

General procedure for the preparation of polymer-supported
TADDOLS 4. Synthesis of 4¢

A mixture of TADDOL 1c¢ (0.314 g, 0.6 mmol), NaH (24 mg,
0.6 mmol), BuyNI (23 mg, 0.06 mmol), and a small amount
of 18C6 in dry THF (30 mL) were stirred at rt for 30 min.
After that period, a chloromethylated resin (I mmol Cl g,
1% DVB, 200 mg, 0.2 mmol) was added, and the suspension
was refluxed for 48 h. The polymer was filtered and washed
with THF (3 x), THF/H,O (1 : 1) (3x), THF/MeOH (1 : 1)
(3x), MeOH (3x), CH,Cl, (3x), and acetone (3x) to
give resin 4¢ containing 0.59 mmol of functional groups g
(DF = 0.11, 100% conversion); found: C 88.32, H 6.34.

[(Ci0H10)0.01(CsHg)o.83(Cs2H4905)0.11] requires C, 88.71, H
6,63; Vmax/cm ™' 3550, 1099, 1026.

Preparation of the monolithic polymer rods. Synthesis of 5

Chiral TADDOL derivative 3 (0.400 g) was dissolved in
toluene (0.487 g, 20 wt% with respect to the polymerization
mixture). Then DVB (0.600 g) and 1-dodecanol (1.012 g)
together with AIBN (1 wt% with respect to the monomers) was
added to obtain an homogeneous solution. The polymerization
mixture was stirred and purged with nitrogen for 3 min and
poured into a mold. The stainless steel tubular molds were
sealed on the two ends, and placed in a vertical position into a
water bath. The polymerization was allowed to proceed for
24 h at 70 °C. The seals were then removed, the tube was
provided with fittings, attached to a high pressure pump,
and THF was pumped through the column at a flow rate of
1 mL min~! to remove the porogenic solvents and any other
soluble compounds.

General procedure for the Diels—Alder reactions with polymeric
catalysts derived from 5, obtained by polymerization

A solution of TiCl,(O'Pr), (0.25 M in toluene) was inserted in a
syringe pump and passed with a continuous flow (0.6 mL h™ ",
V' =9 mL) through the monolithic column previously washed
with dry toluene for 1 h at 20 mL h™'. Then the column was
washed with dry toluene (3 h, 20 mL h™ ') to remove the excess
of titanium.

A solution of 3-crotonoyl-1,3-oxazolidin-2-one (220 mg,
1.4 mmol) and cyclopentadiene (2.8 mol, 1.4 mL) in dry
toluene (0.9 mL) was loaded into the monolithic column and
the reaction mixture was maintained inside the column for 24 h.
Then, the column was washed with dry toluene to remove the
products obtained. The solvent was eliminated under reduced
pressure, and the conversion and selectivities were determined
by 'H NMR spectroscopy (for methylene groups: 7 1.94, 8
1.10 ppm, 9 0.83 ppm) and the enantioselectivities by '"H NMR
using Eu(hfc)s (lanthanide/adduct = 0.3; for vinyl protons: 8a
6.32 ppm and 6.25 ppm, 8b 6.5 ppm and 6.23 ppm) and chiral
HPLC using Chiralcel OD column (hexanes—Pr'OH: 99 : 1,
flow 1 mL min~!, temperature 30 °C, 4 = 210 nm, 8a 46.1 min;
8b 50.8 min)

General procedure for the Diels—Alder reaction between 6 and 7
with polymeric catalyst derived from 5, obtained by
polymerization, under continuous flow conditions

A 0.3 M solution of TiCl,('PrO), in toluene was pumped in
continuos flow (20 mL h™', 5 mL) through the monolithic
column, then the column was washed with dry toluene
(20 mL h™', 3 h) to remove the excess of titanium. A solution
of 3-crotonoyl-1,3-oxazolidin-2-one (543 mg, 3.5 mmol) and
cyclopentadiene (6.2 mL, 95 mmol) in dry toluene (50 mL) was
pumped through the monolithic column. The solvent fractions
obtained from recirculated and no recirculated systems were
vacuum evaporated to obtain the product. The conversion and
selectivities were determined by '"H NMR spectroscopy and
the enantioselectivity by "H NMR and chiral HPLC using the
Chiralcel OD column.
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General procedure for the addition of diethylzinc to
benzaldehyde using the polymeric catalysts derived from Sb

A 0.3 M solution of Ti(PrO), in toluene was pumped in
continuos flow (0.2 mL min~', 5 mL) through the monolithic
column, then the column was washed with dry toluene
(0.2 mL min~!, 10 mL) to remove the excess of titanium. An
1.1M solution of ZnEt, in toluene (4.1 mL, 4.5 mmol) was
poured in a flask and cooled to ca. —30 °C, benzaldehyde
(328 ul, 3.2 mmol) and Ti(PrO), (1.1 mL, 3.2 mmol) were
added to the flask and the resulting solution was pumped
through the monolithic column (0.8 mL, 0.3 mL min~'). The
reaction was maintained within the column at 5 °C. After this,
toluene and 0.1 M HCI/THF were allowed to pass through the
system in order to remove and wash the product remaining in
the reactor. The mixture was quenched with 2 M HCI and
extracted with ether. The organic phase was washed with a
solution of NaHCO; and brine, dried and vacuum evaporated
to give the reaction crude that was analyzed by '"H NMR
to determine the yield and the selectivity: 10.15 ppm, (s, 1H)
benzaldehyde; 1-phenymethanol 4.77 ppm (s, 2H), 1-phenyl-1-
ethanol 4.65 ppm, (t, 1H). The enantioselectivity was
determined by chiral HPLC using a Chiralcel OD column
(hexanesfPriOH: 95 : 5, temperature 25 °C, flow 1 mL min !,
A = 210 nm, R-enantiomer: 10.48 min; S-enantiomer:
12.64 min).

General procedure for the addition of diethylzinc to
benzaldehyde using the polymeric catalysts derived from 5b,
under flow conditions

A 0.15 M solution of Ti(PrO), in toluene was pumped in
continuos flow (0.2 mL min~!, 8 mL) through the monolithic
column, then the column was washed with dry toluene
(0.2 mL min~ ', 8 mL) to remove the excess of titanium. A
1.1 M solution of ZnEt, in toluene (2 mL, 2.2 mmol) and
15 mL of dry toluene were poured in a flask. This solution was
cooled to ca. —30 °C and Ti(*OPr)s (0.4 mL, 1.2 mmol) and
benzaldehyde (122 pl, 1.2 mmol) were added to the flask. All
the system was mantained at —30 °C. The resulting solution
was pumped through the column, with the help of a HPLC
pump (0.06 mL min ') and collected in a flask. After 2.5 h
pumping, toluene (3 mL) and HCl (2M)/THF (8 mL) were
pumped through the column. The solution obtained was
extracted with Et,O (20 mL). The organic phase was washed
with a solution of NaHCO; and brine, dried and vacuum
evaporated to give the reaction crude that was analyzed by
'"H NMR to determine the yield and the selectivity. The
enantioselectivity was determined by chiral HPLC using a
Chiralcel OD column.
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Direct, efficient, solvent and catalyst-free synthesis of a series of polyphosphates was
accomplished. The reaction involved a gas-liquid interfacial polycondensation between

alkyl(aryl)phosphoric dichlorides and aromatic diols. The polyphosphates were characterized by

IR, 'H NMR, inherent viscosity, thermal analysis, X-ray diffractions and molar mass. Yields in
the range 75-90% and inherent viscosities in the range 0.24-0.45 dl g~ ! were obtained.
Polyphosphates were stable up to 170-250 °C, depending on phosphoric dichloride type. The
X-ray diffraction patterns revealed that almost all the polymers were amorphous.

Introduction

Polymer chemistry has contributed in various ways to the
present progress in industry, biology, biochemistry and
medicine, providing new methods for preparing and studying
macromolecules as well as providing new, highly specified
materials. Phosphorus-containing polymers, respectively poly-
phosphonates and polyphosphates are of interest because they
confer low flammability, plasticity, thermal stability and
lubrication properties on polymers.! Much attention has been
drawn in recent years towards a new class of biodegradable
polymers belonging to polyphosphates. These polymers have
been investigated as biomaterials in drug delivery, gene
delivery, tissue engineering and agriculture.” ® For this reason,
research workers have developed several methods for indus-
trial uses. The most important method which generates
polyphosphates and polyphosphonates is polycondensation
of phosphonic (phosphoric) dichlorides with diols. This
procedure includes melt,” solution,® ultrasound solid-phase’
and interfacial polycondensation.'® The disadvantages of
classical methods (corrosion, many noxious secondary pro-
ducts) are avoided using multiphase reaction systems. The
phase transfer catalysis technologies are the most convenient
due to the facts that the reaction conditions are mild, i.e. low
temperature, one of the solvents is usually water, and there few
secondary reactions.

In the previous paper we presented the synthesis of poly-
phosphonates by liquid-liquid interfacial polycondensation.'!
More attention has been recently paid on both environmental
protection and ecological balance. Green chemistry plays an
important role in reducing and eventually eliminating the
impact of chemical industries on the environment.

This paper will offer new knowledge in environmental
technologies for the reduction of ecological risks in the
production of the new compounds with major impact on the
environment. It is know that the best solvent is no solvent but
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1 Electronic supplementary information (ESI) available: IR spectra of
polymers P,, P and Ps (Fig. S1); Representative '"H NMR spectra of
P, and Ps (Fig. S2); and X-ray diffraction patterns of Ps, Ps and P
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if a solvent is needed then water has a lot to recommend it
and catalysis in aqueous biphasic systems is an industrially
attractive methodology which has found broad application.'?
Therefore, we developed a new and efficient solvent and
catalyst-free synthesis method, namely the gas-liquid reaction
of phosphorus compounds.'*'* Organic reactions in aqueous
media is a significant branch of green chemistry.

We are particularly interested in synthesis of new phos-
phorus polymers, structurally related to the biopolymers with
polyphosphates in main chains. The purpose of this work was
to continue the solvent catalyst-free synthesis of biodegradable
polyphosphates, by a green synthetic methodology, namely the
gas-liquid technique.

Experimental
Chemicals

The following phosphoric dichlorides (PD) were used as
received from Aldrich Chemical Company: methylphosphoric
dichloride (MPD), ethylphosphoric dichloride (EPD)
propylphosphoric dichloride (PrPD), cyclohexylphosphoric
dichloride (CDP), phenylphosphoric dichloride (PPD). The
diols (D): bisphenol A (BA), 4,4'-biphenol (BP), tetrachlorobi-
sphenol A (CIBA) were recrystallized before use.

Instruments

The IR spectra were recorded on a SPECORD MS80 spectro-
photometer and 'H NMR spectra on a JEOL C-60 MHz
spectrometer, respectively (CDCl;, 50 °C, 60 MHz). The
polymers were characterized by viscosity, on an Ubbelohde
suspended level viscometer, at 30 °C and by gel permeation
chromatography, on an evaporative light scattering detector,
PL-EMD 950" (2 x PL gel MIXEDC 300 x 7.5 mm columns;
T = 25 °C; DMF as solvent; flow rate marker: PS 580).
Thermogravimetrical analyses were carried out on a TGA/
SDTA 851-LF1100 Mettler apparatus, by heating in air
(5 mg) from initial temperature of 20 to 1100 °C with a
rate of 10 °C min '. Wide-angle X-ray diffractions were
obtained using the powder method on a TUR M62 diffract-
ometer apparatus with nickel-filtered Cu Ko radiation (30 kV,
20 mA).
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General procedure

Gas-liquid polycondensation utilizes pairs of highly reactive
monomers with one of the monomers in the gaseous state and
the other in solution. A typical gas-liquid polycondensation
procedure is presented in previous papers.'>!* Since phos-
phoric dichlorides are more volatile than diols they are
preferentially employed in the gas phase. The appropriate
phosphoric dichloride was heated (80-90 °C) and carried by a
stream of nitrogen into a flask which contained aqueous 1M
sodium hydroxide solution and the diol. The solvent used for
the diols is water since it readily dissolves the phenolate
formed. The nitrogen stream acts as a carrier gas for the
phosphoric dichloride, protects the reaction mixture from
atmospheric oxygen and agitates the reaction mixture. The
reaction rate can be controlled by the nitrogen flow rate. In
order to prevent the possibility of condensation of the vapor
on the apparatus walls, the vapor mixture is overheated or
diluted so that the partial pressure of the vapor reagent in
the gas mixture is lower than its saturation vapor pressure.
The carrier gas flow, which produced bubbles in the formed
product that expanded and burst at the top of the reaction
flask, was continued 15 min after the entire quantity of
phosphoric dichloride is used. Polymer separates after 30 min
from solution as a tacky, coherent mass, adhering to the
container surface. The solid polymer was washed with distilled
water until free of chloride ion and dried at 50 °C in vacuum.
The obtained polymer shows wide ranges of consistency and
softening.

The infrared (IR) spectrum (film) exhibited absorptions at:

Py: 1280 cm ' (P=0), 1190, 920 cm™ ' (P-O-Cyrom).
980 cm ™! (P-O-Cyyip), 3010, 1600, 1430, 740 cm™ ' (Ph). Py
1250 cm™ ! (P=0), 1200, 980 cm ™' (P-O-Crom), 1050 cm ™!
(P—O-Cyyp), 2950, 1670, 1520, 810 cm™! (Ph). P5: 1230 cm ™!
(P=0), 1190, 980 cm ! (P-O-Cprom), 1010 cm ™! (P-O-Cy0),
2900, 1600, 1510, 820 cm ™" (Ph). P4: 1290 cm ™' (P=0), 1150,
930 cm ™! (P-O-Cyrom), 1120 cm™"' (P-O—Cyyp), 3030, 1640,
1400, 750 cm ™' (Ph). Ps: 1220 cm™ ' (P=0), 1190, 970 cm
(P-O-Cayrom), 3000, 1650, 1550, 750 cm ™" (Ph). Pg: 1280 cm ™!
(P=0), 1180, 930 ecm ™' (P-O—Cyrom), 2960, 1670, 1560,
800 cm~! (Ph), 510 (P-Cl). P;: 1260 cm™' (P=0), 1170,
965 cm ™! (P-O—Cjrom), 3020, 1680, 1500, 700 cm ™" (Ph).

The nuclear magnetic resonance ('"H NMR) spectrum in
CDCl;, showed signals (9) at:

P;: 1.6 ppm (s, C(CH3),), 7.1 ppm (s, aromatic hydrogen in
main chain), 3.7 ppm (d, hydrogen in side chain (P-O-R)),
6.5-7.0 ppm (m, phenol end group). P,: 1.6 ppm (s, C(CHs3),),
7.1 ppm (s, aromatic hydrogen in main chain), 4.2 ppm (m)
and 1.4 ppm (t), hydrogen in side chain (P-O-R), 6.5-7.0 ppm
(m, phenol end group). P5: 1.6 ppm (s, C(CH3),), 7.1 ppm
(s, aromatic hydrogen in main chain), 3.8 ppm (m) and
1-2 ppm (m), hydrogen in side chain (P-O-R), 6.5-7.0 ppm
(m, phenol end group). P4: 1.5 ppm (s, C(CHz),), 7.1 ppm (s,
aromatic hydrogen in main chain), 1.1-2.4 ppm (m, hydrogen
in side chain (P-O-R)), 6.5-7.0 ppm (m, phenol end group).
Ps: 1.6 ppm (s, C(CH3),), 6.2-7.5 ppm (m, aromatic hydrogen
in main chain, hydrogen in side chain (P-O-R) and phenol
end group). Ps: 1.6 ppm (s, C(CHz),), 7.4 ppm (m, hydrogen
in side chain (P-O-R)), 6.5-7.0 ppm (m, phenol end group).

P;: 7.0-7.8 ppm (m, aromatic hydrogen in main chain,
hydrogen in side chain (P-O-R) and phenol end group).

Results and discussion

The aim of this work was to apply the gas-liquid methodology
as an eco-friendly and economical procedure for green
chemistry. In this paper we report the synthesis of polyphos-
phate by the gas-liquid polycondensation of alkylphosphoric
dichlorides: methylphosphoric dichloride (MPD), ethylphos-
phoric dichloride (EPD), propylphosphoric dichloride (PrPD)
and cyclohexylphosphoric dichloride (CDP); arylphosphoric
dichlorides: phenylphosphoric dichloride (PPD); and with
diols: bisphenol A (BA), 4,4’-biphenol (BP) and tetrachlorobi-
sphenol A (CIBA).

Polyphosphates were synthesized by reacting phosphoric
dichloride (vapor) with sodium salts of the diphenol com-
pounds in a gas-liquid system (reaction 1)

0 0
basc ”
C]—I"—Cl # HO—Ry—0ll —5 = |
OR OR n
R= CH3,CyHs, C3Hy, CgHyp, CoHls
R= CgHly-C(CH3); -Cglly, CeCly-C(CHs)y -CoCly, Celly -Colly

(1)

The method does not require an organic solvent or catalyst,
and the reaction takes place in water. For these reasons the
auxiliary procedures in gas-liquid interfacial polycondensation
are simplified considerably. The possible environmental
benefits are obvious with no concerns over solvent emissions
or any byproducts derived from the solvent. Therefore, only
ionic impurities (i.e. NaCl) need to be washed from the poly-
mer. After a definite time of reaction (usually 30 min) the
polymers were filtered from the liquid phase and washed. The
products obtained by the gas-liquid technique contain strongly
adsorbed water which should be removed prior to further
polymer characterization or processing. This can be achieved
by means of effective drying, for example, under vacuum.

The yields, inherent viscosities, molecular weights and
phosphorus content for the obtained polyphosphates are
presented in Table 1.

The most appropriate conditions for the synthesis of these
polymers by this method are as follows: reaction temperature
40 °C, molar ratio PD : D = 2.5 : 1; IM NaOH,q. Yields in the
range 75-90% were obtained. Inherent viscosities measure-
ments varied between 0.24-0.40 dl g~ '.

The high molecular weights of these polyphosphates might
be explained by the hydrolytic stability of the monomers used.

The polyphosphates obtained from arylphosphoric
dichlorides present higher molecular weights than the poly-
phosphates obtained from alkylphosphoric dichlorides. The
aromatic character of the phosphate bond in arylphosphoric
dichloride rendered it more stable than the alkylphosphoric
dichloride in an alkaline environment.

The structure of the polyphosphates synthesized was
elucidated by IR and "H NMR spectroscopy. The IR spectra
of all these polymers were similar and confirm the structure of
the obtained polyphosphates.
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Table 1 Results of gas-liquid interfacial polycondensation of phosphoric dichlorides (PD) with diphenols (D)*

Polymer PD D Yield (%) Ninn 1dl g 7! Mn* Mw* Mw/Mn %P calc. Exp.
P, MPD BA 80 0.22 10500 18375 1.75 10.19 9.85
P, EPD BA 82 0.23 11250 21150 1.88 9.74 9.60
P, PrPD BA 85 0.24 11480 22041 1.92 9.33 9.28
P, CPD BA 88 0.28 25480 50960 2.00 8.33 8.12
Ps PPD BA 92 0.38 42570 76626 1.8 8.45 8.34
Pe PPD CIBA 75 0.31 34580 65702 1.9 4.82 4.30
P, PPD BP 90 0.45 57606 117808 2.045 9.56 9.43

“ Reaction conditions: 0.10 mol PD, 0.040 mol D, 0.090 mol IM NaOH, 50 min, reaction temperature 40 °C. Temperature of phosphoric
dichloride was maintained by an oil bath at 80-90 °C. * The inherent viscosities 1., were determined for solutions of 0.5 g per 100 mL in
tetrachlorethane, at 30 °C. ¢ Mn—number average molecular weight, Mw-weight average molecular weight; molecular weights (for example, the
molecular weight distribution for the polyphosphate P is presented in Fig. 1) measured by GPC in chloroform, with polystyrene used as the

standard. ¢ Determined by the Schéniger method.

For all polyphosphates the disappearance of the broad O-H
stretch of diol was observed. Because the P(O)-OH and
P(O)-Cl bands were missing, it was believed that the end
groups of the polyphosphates chains consisted of phenol end
groups. The vip o) band at 2700-2500 cm ™' which indicates
the presence of a phosphonate linkage and the band at
2400 cm ™! for vp-n) are both absent and this confirms the
existence of the polyphosphate.

The '"H NMR spectra for all polyphosphates showed no
signals at values higher than 12 ppm which indicate the pre-
sence of phosphate [P(O)-OH] and no peaks for phosphonates
(P-H). So, this suggests that there was no significant cleavage
of the ester bond of the polyphosphates during reaction.

The thermal behavior of the polyphoshates was evaluated
by means of TGA. Fig. 2 shows an example of polyphosphates
Ps, Pg and P; with a heating rate 10 °C min~ ' in nitrogen.
The TGA results of all the polyphosphates are summarized
in Table 2.

The polyphosphates obtained from alkylphosphoric
dichlorides, P, P,, P; and P4, respectively, are stable up to

61 - -
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N
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I
=
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Fig. 1 Molecular weight averages for polyphosphate P;. Mp = 44 243;

Mz = 227 369; Mn = 57 606; Mz+1 = 323 200; Mw = 117 808; Mv =
99 972; Polydispersity = 2.045; peak area = 213 797 mV min.

170-190 °C and start degrading between 170-220 °C, and
exhibit residual masses of 12-20% at 700 °C in nitrogen.

The polyphosphates obtained from arylphosphoric dichlor-
ides, Ps, Ps and P;, respectively, start to degrade between

Table 2 Thermal properties of polyphosphates

Inception of fast Residue at
Polym.  T7,°%/°C  degradation/°C T2%°C 700 °C (%)
P, 170 210 300 12
P, 170 220 290 13
P, 180 220 310 15
P, 190 230 330 20
Ps 250 340 480 40
Ps 230 300 420 22
P, 260 450 700 48

“ Where T4'%” is the temperature at which 10% mass loss was
observed and 74.°°” is the temperature at which 10% mass loss was
observed.

Weight loss (%)

100 L 1 1 | L 1
0 200 400 600

Temperature (° C)

1 .
800 1000

Fig. 2 Thermogravimetric data for polyphosphates Ps—P5.
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230-290 °C. The polyphosphate Pg, having chlorine atoms,
had a lower temperature of thermal degradation than Ps and
P;. This result may be explained by the fact that hydrogen
chloride is easily evolved from chloride-containing polymers
during the thermal degradation process.

Polyphosphates were analyzed by X-ray diffraction in terms
of intensity versus 26, where 0 is the angle of diffraction (Bragg
angle). The percent crystallinity of the polyphosphates was
determined from ratio between the area of the crystalline
region and the area of the crystalline region + area of the
amorphous region. The percent crystallinity is found to be:
37.7% for P; and 16.2% for Ps. All other polyphosphates
(Py, P,, P3, P, and Pg) are amorphous.

Conclusions

This paper provides a simple and green synthetic methodology
for the reaction of alkyl(aryl)phosphoric dichlorides with
aromatic diols in an aqueous medium, without the use of
other solvents or a catalyst. This method requires no reagent
purification and affords the desired polymers in high yields
and acceptable molecular weights, without the formation
of unwanted side products. The simplification of reaction
protocols is an important concept in designing new clean
methodologies.

A series of seven polyphosphates were synthesized by gas—
liquid interfacial polycondensation. Optimum conditions for
this process included a reaction temperature of 40 °C, 1M

NaOH solution, and an excess of phosphoric dichloride.
The reactions did not require a long reaction time (approx.
30 min). The structures of these polymers were confirmed by
IR and '"H NMR.

Due to the advantages of this method, such as the use of an
aqueous medium in organic synthesis and the absence of the
solvent and catalyst, it is expected to be developed further.
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Three kinds of reactions, (i) aerobic oxidation of alcohols, (ii) aerobic oxidation of amines,
and (iii) reduction of carbonyl compounds to alcohols using 2-propanol as a hydrogen

donor, could efficiently be promoted by an easily prepared ruthenium hydroxide catalyst

on magnetite (Ru(OH),/Fe;0,). A wide variety of substrates including aromatic, aliphatic,
and heterocyclic ones could be converted to the desired products in high to excellent

yields without any additives such as bases and electron transfer mediators. After the

reaction, the catalyst/product(s) separation could be easily achieved with a permanent

magnet and more than 99% of Ru(OH),/Fe;0, catalyst could usually be recovered for each
reaction. The catalysis for these reactions was intrinsically heterogeneous, and Ru(OH),/Fe;04
recovered after these reactions could be reused without appreciable loss of the catalytic

performance.

Introduction

Oxidation of alcohols and amines is of paramount importance
in organic synthesis as well as in industry because of the wide
use of the products as important intermediates for medicines,
agricultural chemicals, and fragrances.! Traditionally, they
have been oxidized in non-catalytic ways with stoichiometric
oxidants such as chromium(vi) and manganese compounds in
the presence of strong mineral acids, which produce enormous
amounts of toxic metal salts as waste. Due to the increasing
environmental concerns, many efforts have been made to
develop the oxidation systems using environmentally-benign
molecular oxygen as a sole oxidant. However, most systems
can be applicable for the oxidations of only activated sub-
strates or large quantities of additives such as bases and
electron transfer mediators are needed.? Therefore, little is
known of widely usable oxidations of alcohols and amines
with molecular oxygen alone.’

The reduction of carbonyl compounds to the corresponding
alcohols is also a fundamental functional transformation. The
transition-metal-catalyzed =~ Meerwein—Ponndorf-Verley-type
reduction is convenient for the larger-scale production because
it is not necessary to use high-pressure molecular hydrogen
or hazardous reduction reagents such as LiAlH; and
NaBH,. Enantioselective reductions have also been achieved
in extremely high enantiomeric excesses using transition metal
catalysts with chiral ligands.*

“Core Research for Evolutional Science and Technology (CREST),
Japan Science and Technology Agency (JST), 4-1-8 Honcho,
Kawaguchi, Saitama, 332-0012, Japan
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1 Electronic supplementary information (ESI) available: Fig. SI and
S2. See DOI: 10.1039/b603204d

Until now, many soluble transition metal-based homo-
geneous catalysts have been developed for the above-
mentioned reactions. They are usually dissolved in reaction
solutions making all catalytic sites accessible to substrates
and show high catalytic activity and selectivity. Despite these
advantages, homogeneous catalysts have a share of only
ca. 20% in industrial processes™® because catalyst/product(s)
separation (problem of product contamination) and reuse
of (expensive) catalysts are very difficult. Therefore, the
development of easily recoverable and recyclable hetero-
geneous catalysts with filtration or centrifugation have
received a particular research interest especially for fine
chemicals syntheses.® The immobilization of catalytically
active species on insoluble materials such as metal oxides
and polymers is a solution. Separation and recovery of the
immobilized catalysts are usually performed by filtration (or
centrifugation), of which the efficiency of recovery of the
catalysts is somewhat reduced during repeated use in some
cases due to the catalyst pulverization and/or degradation.’

Recently, magnetic materials have attracted much attention
because of their wide applications® to supports of catalysts
and enzymes, drug delivery, and biosensors. Especially, the
magnetic properties make possible the complete recovery of
the catalyst by means of an external magnetic field, which is an
important advantage of the use of a magnetically separable
catalyst. In this paper, we demonstrated the immobilization of
ruthenium hydroxide, which is an active catalyst for selective
oxidation with molecular oxygen in the liquid phase,” on
magnetic particles (Ru(OH),/Fe;04). The Ru(OH)./Fe;04
could act as an efficient heterogeneous catalyst for the
aerobic oxidations of alcohols and amines [eqn (1) and (2)],
and reductions of carbonyl compounds to alcohols with
2-propanol [eqn (3)]. The catalyst/product(s) separation could
be easily achieved with a permanent magnet and more than
99% of Ru(OH),/Fe304 catalyst could usually be recovered
for each reaction. The catalyst was easily separated with an
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external magnet and the recovered catalyst was reusable
without significant loss of the catalytic performance.

HO><H Ru(OH)y/Fe;0, )OJ\ 0
R "R 02 R” "R
HoN. h
RU(OH)foG304

R—CN (2)
R H O,
j\ Ru(OH), /Fe;0, HO><H 4
R R’ 2-propanol R R'

Results and discussion

The Ru(OH),/Fe;04 catalyst was prepared according to the
following procedures.” An aqueous solution containing RuCls
(8.3 x 107 M, 120 mL) and Fe;O4 (4 g) was vigorously
stirred at room temperature for a few minutes. Then, the pH of
the solution was quickly adjusted to 13 by the addition of an
aqueous solution of NaOH (1 M) and the resulting slurry was
stirred for 24 h. The solid was then filtered off, washed with a
large amount of water, and air-dried to afford Ru(OH),/Fe;04
(Ru content; 2.6 wt%, BET surface area; 11.0 m* g_l). The
X-ray photoelectron spectrum of Ru(OH),/Fe;O4 showed the
signals of 3ds, and 3ps;, at 281.2 and 463.0 eV, respectively,
showing that ruthenium species on Ru(OH),/Fe;0, is +3.>1°
The X-ray diffraction spectrum of Ru(OH),/Fe;0,4 showed the
intense signals at d = 2.9569, 2.5198, 2.0924, 1.6117, and
1.4806 A. The signal positions and intensities almost agreed
with those of the parent Fe;0,4. The signals of ruthenium metal
and ruthenium oxide were not detected, showing that Ru
species is highly dispersed on Fe3;0,.

A typical procedure for the reaction was as follows. Into a
glass reactor were successively placed Ru(OH),/Fe;O4, a
substrate, and a solvent. The reaction mixture was shaken
(800 rev min ') at the reaction temperature under 1 atm of
molecular oxygen (for oxidation) or argon (for reduction).
The conversion and product selectivity were periodically

Fig. 1 Aerobic oxidation with Ru(OH),/Fe;O,4. The pictures (a) and
(b) show the reaction mixture and the response of Ru(OH),/Fe;0,4 to
a magnet, respectively.

determined by GC analysis. After the reaction, a permanent
magnet was attached on an outside wall of the glass reactor
in order to place the Ru(OH),/Fe;04 catalyst (Fig. 1b) and
the reaction solution was removed off. Thus, the catalyst/
product(s) separation was extremely simple. More than 99% of
Ru(OH),/Fe;04 could usually be recovered.

The use of solid catalysts can make the workup very simple;
catalysts can easily be recovered after the reaction and can be
reused without the significant loss of the catalytic activity and
selectivity. However, leaching and/or deactivation problems of
the heterogeneous catalysts are responsible for severe draw-
backs and are frequently observed in many cases. First of all,
the aerobic oxidation of 1-phenylethanol as a model substrate
was carried out with Ru(OH),/Fe;O,4 under the conditions of
Table 1 in order to verify whether the observed catalysis is
truly heterogeneous or not. The catalyst was magnetically
separated around 50% conversion at the reaction temperature
and the reaction was again carried out with the filtrate under
the same conditions. As shown in Fig. 2, the oxidation was
completely stopped by the removal of the catalyst. Further, it
was confirmed by ICP-AES analysis that no ruthenium and
iron species were found in the filtrate (Ru: <0.0019 wt%,
Fe: <0.0023 wt%). Therefore, we conclude that the nature of
the observed catalysis is truly heterogeneous.'!

The present Ru(OH)./Fe;O4 showed high catalytic activity
for liquid-phase aerobic oxidation of alcohols and amines, and
reduction of carbonyl compounds to alcohols in the presence
of 2-propanol (Tables 1-3). The reaction conditions were
optimized by changing the reaction temperature, solvent, and
scale. Under the present reaction conditions, no oxidation or
reduction proceeded in the absence of the catalyst or in the
presence of Fe30y. In the case of the reactions of alcohols with
the catalyst precursor of RuCl;-nH,O, Friedel-Crafts-type
reactions of alcohols with toluene (solvent) and dehydrative
condensations of alcohols proceeded, and no oxidation of
alcohols was observed.

Table 1 shows the results of Ru(OH),/Fe;Oy4-catalyzed
oxidation of various alcohols with 1 atm of molecular oxygen.
All primary and secondary benzylic alcohols were converted
into the corresponding aldehydes and ketones, respectively, in
almost quantitative yields (entries 1-6). The o,p-unsaturated
cinnamyl alcohol afforded the corresponding o,p-unsaturated
aldehyde without the intramolecular hydrogen transfer and
geometrical isomerization (entry 7). The present system could
also oxidize sulfur containing and secondary aliphatic alcohols
in high yields (entries 8-10). The oxidation of radical clock
substrate of cyclopropylphenyl carbinol exclusively produced
cyclopropylphenyl ketone without the ring-opened products
(entry 3).

The present Ru(OH),/Fe;0,4 was also active for the aerobic
oxidations of various amines. The results are summarized in
Table 2. Primary aromatic amines as well as aliphatic ones
were converted into the corresponding nitriles in high
yields with small amounts of N-alkylimines as byproducts
(entries 1-5). Not only primary amines but also secondary and
heterocyclic ones were selectively oxidized (entries 6 and 8).
The Ru(OH),/Fe;04 could also act as an efficient hetero-
geneous catalyst for the aerobic oxidation of alkylarenes.
For example, xanthene was quantitatively oxidized to the
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Table 1 Aerobic oxidation of various alcohols catalyzed by Ru(OH),/Fe;0,"

Entry Substrate Product Time/h Conversion (%) Selectivity (%)
1 OH O 2 >99 >99
2b 2 93 >99
3 OH O 1 >99 >99
4 ©/\OH ©AO 1 >99 >99
MeO MeO
Cl Cl
7 AN OH A o 1.5 95 >99
8 OH /\)OJ\ 5 80 >99
10 S 1.5 >99 >99

“ Reaction conditions: substrate (1 mmol), Ru(OH),/Fe;04 (Ru: 3.8 mol%), toluene (3 mL), 378 K, under 1 atm of molecular oxygen. The
conversion and selectivity were determined by GC using an internal standard (naphthalene or diphenyl). ” Reuse experiment. The initial rate

was almost the same as that for the first run with the fresh catalyst.

corresponding ketone of 9-xanthenone (>99% yield) within
1.5 h under the same conditions in Table 1 [eqn (4)].

The addition of radical scavengers such as 2,6-di-tert-butyl-
4-methylphenol did not affect the reaction rates as well as the
product selectivity for the oxidation of 1-phenylethanol.
Further, the oxidations of radical clock, e.g., cyclopropyl-
phenyl carbinol, exclusively produced cyclopropylphenyl
ketone. These results show that free-radical intermediates are

RU(OH)X/FG3O4

not involved in the present alcohol oxidation. The oxidation
of primary alcohols proceeded faster than secondary ones
for their mixture (competitive oxidations). For example, an
equimolar mixture of benzyl alcohol and 1-phenylethanol gave
a mixture of benzaldehyde and acetophenone in 95% and 12%
yields, respectively, at 378 K for 70 min. The ratio of the
oxidation rate of benzyl alcohol to that of 1-phenylethanol was
14.7. The faster oxidation of primary alcohols support the

O

O,(1 atm), 378 K, 1.5 h

280 .
0]

>99% yield
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Fig. 2 Effect of removal of Ru(OH),/Fe;0,4 on the aerobic oxidation
of 1-phenylethanol. Without removal of Ru(OH),/Fe;O, (M); the
arrow indicates the removal of Ru(OH),/Fe;04 (A).

formation of ruthenium-alkoxide via the ligand exchange
of ruthenium-hydroxide species on Ru(OH),/Fe;O, with an
alcohol. The formation of metal-alkoxide species is well known
for the selective oxidation of the primary hydroxyl group.'?
On the basis of the above results, the present alcohol
oxidation includes the formation of ruthenium-alkoxide

species, followed by the typical B-hydrogen elimination to
afford the corresponding carbonyl compound and ruthenium-
hydride species. The hydride species is then reoxidized by
molecular oxygen. Monitoring the O, uptake for the oxidation
of benzylalcohol revealed that the amount of O, consumption
was ca. half that of benzaldehyde produced (see electronic
supplementary information (ESI), Fig. S1f). The 1 : 2
(O, : product) stoichiometry shows that the simple dehydro-
genation does not proceed and support the reaction
mechanism above described. The kinetic isotope effect
(kulkp) at 378 K was 4.7 + 0.2 for the intramolecular
competitive oxidation of a-deuterio-p-methylbenzyl alcohol,
showing that the B-hydrogen elimination is the rate-determin-
ing step. Amine oxidation would proceed in a similar way as
reported for Ru(OH),/AL,05.°

Various kinds of ketones could be reduced to the corres-
ponding alcohols in high yields using 2-propanol as a
hydrogen donor (Table 3). Acetophenones were efficiently
converted to the corresponding 1-phenylethanols in excellent
yields (entries 1-3). Not only aromatic ketones but also
aliphatic ones such as 3-pentanone, 2-octanone, 3-octanone,
and cyclohexanone could be reduced to the corresponding
aliphatic secondary alcohols in high yields (entries 4 and 7-9).
When the reduction of 2-octanone was carried out using
2-deuterio-2-propanol under the conditions in Table 3 with
7.6 mol% of Ru(OH),/Fe;04, 2-octanol was obtained in 94%
yield for 24 h. The deuterium content at the o-position of

Table 2 Aerobic oxidations of various amines catalyzed by Ru(OH),/Fe;0,4¢

Entry Substrate Product Time/h Conversion (%) Selectivity (%)
1 ©ﬁwy ©/CN 7 96 82°
2 ©\ANH2 CN 4 >99 94?

OMe @EO Me
4 CH;(CH»);NH, CH;5(CH»)sCN 24 85 97°
5 CH;(CH,);;NH, CH;(CH,);o(CN 24 53 97"
6 1.5 >99 >99
7 N 15 >99 >99

N N

H H

24 85 88¢

“

e

“

e

¢ Reaction conditions: substrate (I mmol), Ru(OH),/Fe;04 (Ru: 3.8 mol%), toluene (3 mL), 378 K, under 1 atm of molecular oxygen.
The conversion and selectivity were determined by GC using an internal standard (naphthalene or diphenyl).  N-Alkylimines were formed
as byproducts (~ 18% selectivity). © Reuse experiment. The initial rate was almost the same as that for the first run with the fresh catalyst.
¢ The reaction was carried out in o-xylene (3 mL) at 423 K. ¢ Benzonitrile, benzaldehyde, and benzoic acid were formed as byproducts

(~10% selectivity).
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2-octanol was 52%, suggesting the formation of ruthenium
dihydride species during the reaction [eqn (5)].'*!*

The Ru(OH),/Fes04 could be attached on the outside wall
of the reactor after the reaction and the reaction solution
could be easily separated off. The XRD patterns of the catalyst
recovered after the oxidation and reduction were the same as
that of the fresh Ru(OH),/Fe;O, catalyst (ESI, Fig. S2),f
showing that the ruthenium species and Fe;O4 support keep
the original structure during the reaction. The catalyst could
be reused without a significant loss of the catalytic activity
and selectivity for both the oxidations and reductions (entry 2
in Table 1, entry 7 in Table 2, and entries 5 and 6 in Table 3).
Furthermore, Ru(OH),/Fe;0, has been reused for different
types of reactions sequentially (Table 4). The catalyst was first
used for the oxidation of 1-phenylethanol (alcohol oxidation,
entry 1). After the alcohol oxidation, the recovered catalyst

Ru(OH)X/F63O4
R E—
378K, 24 h

D)HO H(D O
\/\/(i)ﬁ( )+ /U\
®)
94% yield
52% D at o-position

was reused for the oxidation of 2,3-dihydroindole (amine
oxidation, entry 2), followed by the reuse for the reduction of
3-pentanone with 2-propanol (reduction, entry 3). As shown in
Table 4, the catalyst could be reused without a significant loss
of the activity and selectivity in the sequential reuse reactions.

Conclusion

In summary, we have successfully developed a magnetically
separable heterogeneous catalyst for aerobic oxidations and
reductions with 2-propanol. The catalyst/product(s) separation
could be easily achieved with a permanent magnet while the
catalytic activities of Ru(OH),/Fe;04 were comparable to or
lower than that of Ru(OH)x/A1203.9 The catalyst recovered
after the reaction was reusable without a significant loss of the
catalytic performance.

Table 3 Reduction of various ketones using 2-propanol as a hydrogen donor catalyzed by Ru(OH),/Fe;04"

Entry Substrate Product Time/h Conversion (%) Selectivity (%)
1 o) OH 1 90 97°

2 0] OH 2 98 >99

3 o} OH 2 89 >99

4 0O OH 1 95 >99

5¢ 1 96 >99

6 A A 1 95 >99

8 /\/\)OJ\/ /\/\)Oi/ 1 ” .

9 (jo O/OH 1 99 99

“ Reaction conditions: substrate (I mmol), Ru(OH),/Fe;O4 (Ru: 3.8 mol%), 2-propanol (3 mL), 378 K, under 1 atm of argon. The conversion
and selectivity were determined by GC using an internal standard (naphthalene or diphenyl). * Styrene was formed as a byproduct (~3%
selectivity). © Reuse experiments: 1st reuse (entry 5) and 2nd reuse (entry 6). Initial rates were almost the same as that for the first run with the

fresh catalyst.

This journal is © The Royal Society of Chemistry 2006
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Table 4 Reuse of Ru(OH),/Fe;0y4 for different types of the reactions sequentially”
Entry Substrate Product Time/h Conversion (%) Selectivity (%)
1 OH 0O 2 >99 >99
2 1.5 >99 >99
Cc oo
N N
H H
3 \)OJ\/ \)Oi/ 1 83 >99

“ The reaction conditions were the same as those in Tables 1 and 2. The conversion and selectivity were determined by GC using an internal

standard (naphthalene or diphenyl).

Experimental
General

GC analyses were performed on Shimadzu GC-17A with a
flame ionization detector equipped with a DB-WAX or TC-1
capillary column (internal diameter = 0.25 mm, length = 30 m).
Mass spectra were recorded on Shimadzu GCMS-QP2010
at an ionization voltage of 70 eV equipped with a DB-WAX
capillary column (internal diameter = 0.25 mm, length = 30 m).
NMR spectra were recorded on JEOL JNM-EX-270. 'H and
13C NMR spectra were measured at 270 and 67.8 MHz, respec-
tively, with TMS as an internal standard. ?H NMR spectra were
measured at 41.25 MHz using benzene-ds as an external
standard. XPS measurements were carried out on JEOL JPS-
90 using monochromated Al Ko radiation (hv = 1486.6eV). The
X-ray anode was run at 200 W and the voltage was kept at
10 kV. The pass energy was fixed at 20.0 eV to ensure sufficient
resolution to determine peak positions accurately. The XRD
patterns were measured with Rigaku Multiflex (Cu Ko
radiation, 40 kV-50 mA). Substrates and solvents (except for
2-propanol) were commercially obtained from Tokyo Kasei,
Aldrich, and Fluka (reagent grade) and used without further
purification. 2-Propanol was in particular carefully purified
(degassed). Fe;O4, was purchased from Aldrich (Cat. No.
310069, CAS 1317-61-9, BET surface area: 6.8 m> g_l).

Preparation of Ru(OH),/Fe;04

Fe;04 (4 g) was vigorously stirred with an aqueous solution of
RuCl; (120 mL, 8.3 x 1073 M) at room temperature for
10 min. Then, the pH of the solution was slowly adjusted to 13
by the addition of an aqueous solution of NaOH (1 M) and the
resulting slurry was stirred for additional 24 h. The solid was
then filtered off, washed with a large amount of water, and
air-dried to afford Ru(OH),/Fe;0,4 as a black powder (4.0 g).
The content of ruthenium was 2.6 wt%. The BET surface
area was 11.0 m? g~ '. The X-ray photoelectron spectrum of
Ru(OH),/Fe;0,4 showed the peaks of 3ds, and 3p;, at 281.2
and 463.0 eV, respectively, showing that ruthenium species on
Ru(OH),/Fe;04 is +3. The X-ray diffraction spectrum of

Ru(OH),/Fe;04 showed the intense signals at d = 2.9569,
2.5198, 2.0924, 1.6117, and 1.4806 A. The signal positions and
intensities were very close to those of the parent Fe;O,.
Diffraction signals due to ruthenium metal and ruthenium
oxide were not detected, showing that Ru species is highly
dispersed on Fe;0y,.

Procedures for Ru(OH) /Fe;O4-catalyzed reactions

Into a glass reactor were successively placed Ru(OH)./Fe;O0y,
a substrate, and toluene (o-xylene for dibenzylamine). The
reaction mixture was shaken (800 rev min~ ') at 378 K (423 K
for dibenzylamine) under 1 atm of molecular oxygen (equipped
with a balloon). The conversion and product selectivity were
periodically determined by GC analysis. All products have
been identified by comparison of their 'H and '*C NMR
signals with the literature data.

All operations were carried in the glove box under argon
for the reduction of carbonyl compounds. Into a glass reactor
were successively placed Ru(OH),/Fe;O,4, a substrate, and
2-propanol. The reaction mixture was shaken (800 rev min ')
at reaction temperature under 1 atm of argon. The conversion
and product selectivity were periodically determined by GC
analysis. All products have been identified by comparison of
their 'H and '*C NMR signals with the literature data.

Recycling of Ru(OH), /Fez04

After the reaction, a permanent magnet was externally applied
in order to place the Ru(OH),/Fe;04 catalyst on the side wall
of the reactor and the reaction solution was removed off. More
than 99% of Ru(OH),/Fe;0,4 could usually be recovered. In
the case of alcohol and amine oxidation, the catalyst was
recovered, washed with toluene and an aqueous solution of
NaOH (pH = 13), and air-dried before reuse. In the case of
reduction, the catalyst was used directly for the next run.
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Brensted acidic ionic liquid [Hmim][NOs] has been used as a cosolvent and “promoter” for
oxidative halogenation of aromatic compounds with aqueous halohydric acids. This method is

characterized by a high atom economy. Potentiality and limits are presented.

Introduction

Halogenated organic compounds constitute an important
class of intermediates as they can be converted into other
functionalities by simple chemical transformation. Aryl halides
are the starting materials for the preparation of organometallic
reagents, numerous bulk and fine chemicals, and pharmaceu-
ticals.! The classical synthetic procedure based on the use of
molecular halogens,” although generally efficient, utilizes only
50% of the starting reagent, with the other half forming HBr
or HCI waste. For deactivated compounds, this reaction also
requires stoichiometric amounts of Lewis acids (e.g. AlCl3),
increasing the volumes of waste streams. Transportation/
storage of large quantities of molecular bromine or chlorine
may be further complications. These problems enhance the
appeal of halogenation protocols based on halide salt oxida-
tion with hydrogen peroxide,® often envisaged in a manner
similar to the biohalogenations performed by haloperoxidase
enzymes. Analogously to the enzymatic processes however,
these reactions require the presence of V or Mo salts as
catalysts* and drastically depend on the presence of stoichio-
metric amounts of acid.’ The requirement for stoichiometric
acid as a reagent raises reagent prices and increases waste
by-products. Therefore, some doubts have been raised about
the possibility of applying peroxide-mediated bromide salt
oxidation for large-scale bromination. Finally, although
the use of halogenating enzymes (haloperoxidases, FADH,-
dependent halogenase, perhydrolases)® could be the most
effective from an environmental point of view, large-scale
halogenations using enzymes have not been commercialized:
one of the reasons for this is that these reactions need to be
performed in dilute solutions, rendering them less attractive
from an economic point of view.’

Recently, to at least partially overcome these problems, the
halogenation of aromatic compounds was investigated in ionic
liquids (ILs). Halogenated arenes have been obtained using
N-halosuccinimides in [bmim][PF4] and in [bmim][BE,]® or
trihalide based ILs.>'° In particular, the use of the Brensted

Dipartimento di Chimica Bioorganica e Biofarmacia, vis Bonanno 33,
Pisa, 56126, Italy. E-mail: cinziac@farm.unipi.it; Fax: +39 050 2219660;
Tel: +39 050 2219669

+ Electronic supplementary information (ESI) available: GC-MS
chromatograms of all investigated compounds. See DOI: 10.1039/
b606258]

acidic  ionic  liquid  3-methylimidazolium  tribromide
([Hmim][Br;]) as reagent and solvent avoids toxic chlorinated
solvents and gives, as the sole by-product of the reaction,
3-methylimidazolium bromohydrogenate; another IL which
can be isolated and used as reagent-solvent for other reac-
tions.!" However, in this case the atom economy of the
bromination process is again quite low (55%).

The oxidative approach is probably the sole method able to
give a higher atom economy. In contrast to other aromatic
electrophilic substitution reactions, which have been exten-
sively investigated in ionic liquids, with the exception of a
recent patent'? only one example of chlorination of benzene,
using HCI in [bmim][NOs], has been reported.’* In order to
obtain information about limits and possibilities of the
oxidative approach for halogenations of aromatic compounds
we have investigated the chlorination of some arenes using
Bronsted acidic [Hmim]" ionic liquids, bearing NO;~ or Cl™ as
the counteranion.

Results and discussion

Brensted acidic [Hmim][NO3] and [Hmim][Cl] can be obtained
simply by neutralization. The combination of 1-methylimida-
zole with HNO; (67%) in a 1 : 1 molar ratio produces, after
water removal, a white solid (mp 67 °C) identified as
3-methylimidazolium nitrate ((Hmim][NOs]), whereas the same
reaction with HCI (37%) gives 3-methylimidazolium chloride
([Hmim][Cl]), a liquid compound at room temperature.
Initially, the efficiency of the three potential chlorinating
systems, [Hmim][NOs;]-HCI (37%), [Hmim][CI]-HNO; (67%)
and [Hmim][NO;]-[Hmim][CI] was evaluated using mesitylene
(1) as substrate (Fig. 1). The experiments were carried out
at 80 °C and 100 °C. The [Hmim][NO;]-[Hmim][Cl] mixture
(1 : 2) gave only the unreacted substrate, showing that the
oxidative process required the presence of an aqueous acid.
Therefore, the optimal ratio among the reagents was evaluated
by mixing the IL ((Hmim][Cl] or [Hmim][NOs3]), the substrate
and the appropriate aqueous acid in the ratios reported in
Table 1. The reaction mixtures were heated at 80 °C in the
presence of air for 24 or 48 h, as reported in Table 1. Products
were extracted with hexane (6 x 3 mL) and analyzed by
GC-MS and NMR. The data reported in Table 1 show that,
although in all the examined conditions the species present in
solution were always water, [Hmim]*, C1~, NO;~, and H*, the
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Fig. 1 Oxidative chlorination of mesitylene 1.

Table 2 Recycle experiments for oxidative chlorination of mesityl-
ene, 1

Products (%)

Recycle Conversion (%) 2 3 4
4

1 94 96 1 3

2 90 96 1 3

3 95 96 1 3

44 98 97 1 2

“ Carried out after a week.

Table 3 Dependence of the product distribution for chlorination of 1
on the ratio substrate, [Hmim][NOs] and HCI

Products (%)

system [Hmim][NOz;]-HCIl provided the highest selectivity Conversion
.. 1/mmol IL/mmol HCl/mmol (%) 2 3 4 5 6
toward the mono-chloro derivative 2.

Moreover, the ESI-MS analysis of the ionic liquid recovered 1 10 2.00 1.00 99 % 1 3 — —
at the end of the reaction performed in the 2 : 1 [Hmim][NOs}- 2 20 2.00 2.00 100 76 3 5 16
HCI mixture (after products extraction) showed the exclusive 3030 200 300 80 68 210 173

prod _ ¢ 4 50 2.00 5.00 80 60 4 14 15 7
presence of the starting IL, [Hmim][NO;]. This result 5 50 10.0 5.0 93 97 1 2 —
suggested: (1) the involvement of another oxidant and (2) that 6 10 20 10 93 9% 1 3 — —

the halogenating system [Hmim][NO;]-HCI might be re-used,
simply by re-adding substrate and HCI after product extrac-
tion. Generally, in the recycling experiments water was
removed by evaporation before the addition of reagents to
avoid an excessive increase of the water concentration in the
reaction mixture. Recycling experiments (represented in
Table 2) show that for at least four cycles there is no
significant decrease in activity; the fourth cycle was conducted
seven days after the preceding one.

Finally, it is worth noting that, for this system, the higher
conversion, associated with the higher selectivity, was obtained
working with a substrate:Hmim][NO;]:HCl ratio of 1 : 2 : 1.
Data reported in Table 3 indeed show that the selectivity
towards 2 decreases significantly with decreasing percentage of
[Hmim][NO;] (compare runs 4 and 5). On the other hand,
selectivity and yields are unaffected by the reaction scale
(compare runs 1, 5 and 6).

The efficacy of [Hmim][NO;]-HCI as a chlorinating system
was also ascertained with other aromatic substrates (Fig. 2).
The reaction mixtures (substrate-[Hmim][NO;]-HCI1 (37%),
1:2:1)were heated at 80 °C for 48 h. Products were extracted
with hexane (6 x 3 mL) and analyzed by GC-MS and NMR.
As shown in Fig. 2, the halogenation of activated substrates
is achieved with high to excellent conversions and yields;
almost exclusively the mono-substituted adduct can be
isolated. The system is also active with sterically hindered tri-
and tetrasubstituted benzenes (1,7) and with naphthalene,

Table 1 Product distribution for oxidative chlorination of mesytilene 1¢

which is halogenated exclusively at C-1. The higher reactivity
of coumpound 1 with respect to 7 suggests that the reaction
occurs through a polar mechanism, involving an ionic
intermediate (g-complex) and an ionic transition state in the
rate determining step.'* Anisole gives preferentially, but not
exclusively, the para-derivative 26. It is worth noting that no
phenol was detected in the halogenation of this substrate. On
the other hand, chlorobenzene was completely non-reactive.
No product arising from chlorobenzene was detected in the
reaction mixture, even after longer reaction times (data not
reported in table). Moreover, in this case, the GC-MS analyses
evidenced the formation of a significant amount of the product
arising from the exhaustive halogenation of the imidazolium
ring. As the formation of this compound was observed
exclusively in the reaction of chlorobenzene, it is probable
that in the absence of a good substrate the halogenation of the
cation of the IL may become a competitive process. Finally, it
is worthy of note that the chlorination of 13 does not occur on
the aromatic ring but exclusively on the methyl group, whereas
substrates bearing the formyl group (15 and 22) give
practically only the corresponding carboxylic acids.

On the basis of all the above reported data, in particular
considering that only [Hmim][NOs] has been detected at the
end of the reactions, we propose an oxidative mechanism of
the type shown below; the compounds arising from NO;~
reduction (NOCI or NO) being oxidized in the reaction

Products (%)

IL/mmol Acid/mmol
1/mmol [Hmim][NO;] HClI Time/h Conversion (%) 2 3 4 5 6
1 2 1 24 62 96 1 3 — —
1 2 1 48 99 96 1 3 — —
[Hmim][CI] HNO;
1 2 1 24 84 85 1 3 11 —
1 1 2 24 83 71 2 3 19 5

“ Yields of the isolated products >90%.
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mixture by the atmospheric oxygen. The NO; anion is
fundamental for the oxidation of chloride, but being reformed
during the course the reaction it can be considered a
stoichiometric catalyst, defined here as a “promoter”.

16 H" + 4NO;™ + 12 CI” — 4NOCI + 4 Cl, + 8H,0

4NOCI — 4NO + 2Cl,
4NO + 20, — 4NO,
4NO; + O, +2H,0 — 4H" + 4NO;3~
I2H + 12 CI” + 30, — 6 CL, + 6H,0

Oxygen is, after all, the true oxidant of this process, which
gives water as the sole reaction by-product; H* is consumed
during the course of the reaction and [Hmim][NO3] may be
recycled.

Aromatic chlorination in [Hmim][NO;}-HCI can therefore
be considered a “‘green’ oxidative process, characterized by a
very high atom economy (99%).

Finally, attempts to perform the bromination of mesitylene
under comparable conditions (80 °C, 24 h) using the system
[Hmim][NOs;]-HBr (48%) yielded selectively the mono-bromo
derivative; however, the conversion was significantly lower
(30%) than for chlorination (62%).

Conclusions

In conclusion, [Hmim][NOs] may be considered an interesting
alternative solvent—"‘promoter” (or catalyst) for synthesis of
aryl halides starting from non-activated or sterically hindered
arenes. This IL is air stable, easy to prepare and handle and
is able to oxidize hydrohalic acids, being at the same time
re-oxidized by oxygen. The total atom economy of this process
makes it particularly attractive from an environmental point of
view. The potentiality and limits of this method applied to the
electrophilic chlorination of aromatic compounds and ketones
have been demonstrated.

Experimental

GC-MS analyses were performed with a gas-chromatograph
equipped with a DB-5 capillary column (30 m x 0.25 mm;
coating thickness 0.25um) and an ion trap mass detector.
Analytical conditions: injector and transfer line temperatures
220 and 240 °C, respectively; oven temperature programmed
from 60 °C to 240 °C at 3 °C min~'; carrier gas helium at
1 ml min~'; injection of 0.2 pl (10% hexane solution); split
ratio 1 : 30. Identification of the constituents was based on
comparison of the retention times with those of authentic
samples, and computer matching against commercial (NIST 98
and ADAMS) and home-made mass spectra library built up
from pure substances and MS literature data. The 'H and '*C
NMR spectra were obtained in CDCl; with a 200 MHz
instrument using TMS as the internal reference. ESI-MS
spectra were obtained using an electrospray (ESI-MS)
spectrometer equipped with Xcalibur software. Mesitylene,
acetophenone, imidazole, anisole, durene, o-tolylaldehyde,

conversion Cl
+
20% Cl Cl
8 9

87% 13%
cl
cl
- +
24%
100%
o) o)
CH,CI
36%
100%
o] o
ﬁj)\ oo ©)\0H + OH
16 c 17
96% 4%
c O H
cl
+ +
50%
19 20 21
66% 20% 14%
OCH, OCH;,
cl
.
“93%
CHO COOH COOH
23 24
97% 3%
OCH, OCH, OCH,
cl
+
70%
25 26 ¢ 27
72% 28%

Fig. 2 Examined aromatic substrates.

p-anisaldehyde, p-xylene, HCl (37%) and HNO; (65%)
were commercial products (>95% pure). [Hmim][Cl] and
[Hmim][NOj3] were obtained by neutralization of 1-methylimi-
dazole with HCl or HNOj;. Aqueous HCl or HNO; were
mixed with an equimolar amount of 1-methylimidazole at
0 °C, and the pure ILs (NMR, ESI-MS) were obtained by
water evaporation under reduced pressure.

General procedure for oxidative chlorination of aromatic
compounds

Oxidative chlorination of mesitylene is described as a
representative example: 1.0 mmol (120 mg) of mesitylene was
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added to a mixture containing 2 mmol (290.0 mg) of
[Hmim][NOs] and 1 mmol (36.5 mg) of HCI (37%). The
reaction was heated at 80 °C for 48 h then, after cooling at
room temperature, extracted with hexane (6 x 3 mL). The
combined extracts were analyzed by GC-MS or by NMR.

Recycling procedure

After product extraction, traces of organic solvents and water
were eliminated at reduce pressure. Substrate and HCI were
added and the mixture was heated again at the indicated
temperature.
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Renewable natural oils can be converted into potentially high value terminal oxygenates by a
single-pot, high yielding metathesis—-isomerisation—-methoxycarbonylation—transesterification

reaction sequence.

Introduction

Generation of fine chemicals from natural oils is becoming
increasingly important as the price of crude petroleum
continues to rise.' Reactions of triglycerides can be used to
prepare a wide range of useful products such as detergents,
lubricants, surface coatings and biofuels.>® However, the
range of potential applications is somewhat limited by the
length of the fatty acid chains present in natural oils which are
predominantly C;,—C,4. Recently there has been considerable
interest in the use of olefin metathesis chemistry to convert
long-chain unsaturated fatty acid esters into shorter chain
olefins and unsaturated esters.*> Towards this end, we have
reported a high yielding, highly selective method involving
the cross-metathesis of natural oils with 2-butene.®’ In this
paper we describe a one-pot metathesis-isomerisation—
methoxycarbonylation—transesterification reaction sequence
which extends this methodology to the conversion of natural
oils into commercially significant terminal oxygenates.

Results and discussion
Cross-metathesis of 2-butene with unsaturated fatty acid esters

Mixtures of unsaturated esters and alkenes were generated
from the cross-metathesis of 2-butene with methyl oleate,
high oleic sunflower oil, and linseed oil using the procedure
described previously by us in this journal.” The unsaturated
esters present in these natural products provide esters of
9-undecenoic acid (1) and a range of 2-alkenes (2-5), as shown
in Scheme 1. Thus compounds containing esters of oleic acid
give 9-undecenoate (1) and 2-undecene (2), esters of linoleic
acid give (1) plus hepta-2,5-diene (3) and 2-octene (4), and
esters of linolenic acid give (1) plus two molecules of (3) and
2-pentene (5). Pure samples of 2-undecene (2) and methyl
9-undecenoate (6) were obtained by distillation of the products
from a butenolysis reaction of high oleic sunflower seed oil.”
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Isomerisation—methoxycarbonylation

Recent papers by the Cole-Hamilton group have described the
application of a highly selective and high yielding palladium
catalysed isomerization—methoxycarbonylation sequence to a
range of internal alkenes® and unsaturated acids and esters,
some of which can be derived from natural oils.” We have
applied this reaction to the internal alkenes and unsaturated
esters obtained from the butenolysis reactions described above.
Isomerisation-methoxycarbonylation reactions of methyl
9-undecenoate (6) and 2-undecene (2) with the catalyst system
of 1,2-bis(di-tert-butylphosphinomethyl)benzene (DTBPMB),
bis(dibenzylideneacetone)palladium(0), methanesulfonic acid
(MSA) and methanol are summarised in Table 1. High yields
and selectivity were obtained under the same conditions
for both substrates to give dimethyl dodecanedioate (7) and
methyl dodecanoate (8) respectively. The conditions used were
analogous to those suggested by the Cole-Hamilton group.®?
The product from the butenolysis of high oleic sunflower
seed oil was stripped of volatile alkenes and the remaining
triglycerides, containing predominantly 9-undecenoate esters
with some saturated fatty acid esters (12%), were used to
develop reaction conditions suitable for triglyceride substrates.
In order to achieve analogous % conversion with natural oils,
it was necessary to operate at higher pressure, a higher catalyst
loading and longer reaction times (Table 1). Under these condi-
tions, high selectivity for the terminal ester was achieved with
complete ester exchange resulting in conversion to dimethyl
esters, principally dimethyl dodecanedioate (7). The products
were analysed by GC and compared with authentic samples;
GC-MS was used in instances where product standards
were not available. Complete conversion to the methyl ester
derivatives was confirmed by 'H NMR spectroscopy.

One-pot metathesis—isomerisation-methoxycarbonylation—
transesterification reactions

In order to test the potential for vegetable oils to undergo a
single pot metathesis—isomerisation—-methoxycarbonylation—
transesterification reaction sequence a simpler substrate,
methyl oleate, was first tested in a simpler metathesis—
isomerisation-methoxycarbonylation sequence using the con-
ditions designed for triglycerides. Butenolysis was carried out
in an autoclave following the conditions described previously
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using second-generation Hoveyda—Grubbs catalyst.’ The reac-
tion was terminated by the addition of a small amount of ethyl
vinyl ether once high conversion had been achieved, as indi-
cated by the trans : cis ratio of the 2-undecene (2) approaching
the equilibrium value of ca. 80 : 20.” The unreacted butene
was then evaporated and the autoclave was charged with
DTBPMB, bis(dibenzylideneacetone)palladium(o) (Pd(dba),),
MSA and methanol. The autoclave was then pressurised to
400 psi with carbon monoxide and heated at 80 °C for 20 h.
Chromatographic analysis of the product mixture showed very
high conversion of 2-undecene (2) to methyl dodecanoate (8)
and of methyl 9-undecenoate (6) to dimethyl dodecanedioate
(7). Small amounts of dimethyl nonadecanedioate (<4%)
derived from the methoxycarbonylation of unreacted methyl
oleate, and methyl nonadecanoate (<2%) derived from the
methoxycarbonylation of 9-octadecene (a self-metathesis
product of methyl oleate), were characterised by GC-MS.

Table 1 Isomerisation-methoxycarbonylation of butenolysis
products

Conversion  Selectivity for
Substrate (%) terminal esters (%0)
2-Undecene (2)° 100 97
Methyl 9-undecenoate (6)” 99 97
Triglyceride of 9-undecenoic 99 97

acid (ca. 88%) and saturated

fatty acids (ca. 12%)”
“50 psi, 80 °C, 14 h. Molar ratio of C=C in substrate : MSA :
DTBPMB : Pd(dba), =200: 10:5: 2. b 400 psi, 80 °C, 20 h. Molar
ratio of C=C in substrate : MSA : DTBPMB : Pd(dba), = 100 : 10 :
5:2.

2 N, *
3

W
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The one-pot metathesis—isomerisation-methoxycarbonylation—transesterification reaction sequence for a triglyceride molecule

Traces of methyl palmitate and methyl stearate, impurities in
the original methyl oleate, were also observed.

Two vegetable oils were chosen for study based on their
widely different unsaturated fatty acid composition. High oleic
sunflower seed oil contains a high proportion of mono-
unsaturated oleic acid esters (81%) together with the dieneic
linoleic esters (10%) and saturated esters (9%). In contrast,
linseed oil contains a much higher percentage of the
polyunsaturated fatty acid esters, linoleic esters (13%) and
linolenic esters (53%), with a smaller amount of oleic acid
esters (22%) and saturated esters (12%).

Application of the one-pot reaction sequence to high oleic
sunflower seed oil gave a product mixture very similar in
composition to that obtained from the reaction of methyl
oleate, demonstrating high conversion to the two major
products (7) and (8) with very high regioselectivity (Table 2).
The sunflower seed oil containing 10% of linoleic acid esters
could be expected to give similar proportions of the diene (3)
and consequently ca. 10% of the dimethyl azelate (9). A
significantly reduced amount of (9) was initially observed
(<5%) and it was later established that without careful
fractionation of the product mixture, the heptadiene (3) co-
distilled during the removal of the 2-butene.

The co-distillation of 2-butene and heptadiene (3) was found
to be a more significant problem when isolating the products
of the butenolysis of linseed oil. Accordingly, the total product
mixture was methoxycarbonylated without the removal of
2-butene. The resultant product mixture accurately reflected
the fatty acid composition of the parent oil showing (in order
of increasing GC retention time) methyl pentanoate (from
unreacted 2-butene), methyl hexanoate (10), methyl nonanoate
(11), methyl dodecanoate (8), dimethyl nonanedioate (9),
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Table 2 One-pot reactions

Butenolysis®

Isomerisation-methoxycarbonylation—(transesterification)”

Conversion (%)

Selectivity for terminal esters (%)

Substrate Trans : cis isomers for 2-undecene (2) to (8) (1) to (7) Methyl dodecanoate Dimethyl dodecandioate
Methyl oleate 80 : 20 99 99 96 95
Sunflower seed oil 81:19 98 98 97 97
Linseed oil® 79 : 21 98 99 96 96
Linseed oil” 81:19 99 99 95 95

¢ Molar ratio of C=C in substrate : cis-2-butene :

second-generation Hoveyda—Grubbs catalyst = 1 : 10 : 0.0001. ® Molar ratio of C=C in

butenolysis product : MSA : DTBPMB : Pd(dba), = 100 : 10 : 5 : 2. ¢ 2-Butene removed before methoxycarbonylation. ¢ 2-Butene retained for

methoxycarbonylation.

dimethyl dodecanedioate (7), methyl palmitate and methyl
stearate. Quantification using the Ackman method'® indicated
molar ratios of (11, 5%), (10, 21%), (8, 11%), (9, 21%) and
(7, 36%). The ratio of unsaturated acids in the linseed oil
would predict a distribution of (11, 4%), (10, 17%), (8, 7%),
(9, 39%) and (7, 29%) respectively. The product distribution
obtained was found to be similar to that predicted although
the amount of the diester (9) was somewhat lower than
expected. The saturated palmitate and stearate esters repre-
sented ca. 5% of the esters in agreement with the linseed oil
composition (4% expected).

Conclusion

In conclusion this paper describes the conversion of natural
oils into terminal oxygenates by a butenolysis-isomerization—
methoxycarbonylation—transesterification reaction sequence.
The method is complimentary to direct ozonolysis of these
materials.’ In contrast to ozonolysis, however, the method
described offers the potential to fractionate the olefinic pro-
ducts at the intermediate stage to facilitate selective methoxy-
carbonylation and economical production of target esters.

Experimental
General

All reactions and manipulations of organometallic compounds
were carried out under an argon atmosphere using Schlenk
techniques. Solvents were purified and dried according to
standard procedures and stored under an argon atmosphere.
Methyl 9-undecenoate and 2-undecene were prepared as
described previously,” degassed by 3 freeze—pump-thaw cycles
and stored under argon. Commercial samples of triolein and
vegetable oils were degassed and passed through a short plug
of activated alumina under argon immediately prior to use.
Similarly, liquid cis-2-butene was passed through a short
alumina plug at —5 °C under argon. The second-generation
Hoveyda—Grubbs catalyst was prepared according to a
literature procedure.!' All other reagents were purchased and
used without further purification. GC analyses were performed
on a Varian Model 3700 gas chromatograph equipped with a
30 m x 0.53 mm 30QC51-BPX5 column (1 pum film thickness,
He at 4 x 10 kPa). GC-MS analyses were performed using
a Hewlett Packard gas chromatograph equipped with an
Agilent MSD and a 30 m x 0.25 mm HP5S column (0.25 mm
film thickness) using He as a carrier gas. NMR spectra were

recorded with a Bruker 400 MHz spectrometer (‘"H NMR,
400.130 MHz).

Standard procedure for methoxycarbonylation reactions

A stainless steel autoclave equipped with a glass-liner and
stirrer bar was placed under an argon atmosphere and
charged with an alkene (or mixture of alkenes), 1,2-bis(di-
tert-butylphosphinomethyl)benzene, bis(dibenzylideneacetone)
palladium(0), methanesulfonic acid and methanol. The
autoclave was then charged to the desired pressure with
carbon monoxide then sealed and heated at 80 °C with
stirring for the desired time. After this time the autoclave
was cooled to ambient temperature and then the pressure
slowly released. The product mixture was analysed by GC
and GC-MS and in the case of triglycerides by 'H NMR
spectroscopy.

One-pot butenolysis—isomerisation—-methoxycarbonylation
reactions

A stainless steel autoclave equipped with a glass-liner and
stirrer bar was placed under an argon atmosphere and cooled
to —5 °C in a low-temperature methanol bath. The autoclave
was charged with a vegetable oil or methyl oleate (equivalent
to 3.39 mmol of C=C bonds) and cis-2-butene (1.90 g,
33.9 mmol) and stirring was started. The reaction was initiated
by the addition of a freshly prepared solution of second-
generation Hoveyda—Grubbs catalyst (0.21 mg, 0.33 pmol) in
dichloromethane (20 pL) and the autoclave was sealed. The
reaction mixture was monitored by removal of 50 pL
samples using a pre-cooled gas-tight syringe. Each sample
was quenched by addition to a solution of ethyl vinyl ether
(100 pL) in dichloromethane (1 mL). The reaction mixture was
analysed by GC and the conversion was estimated from the
ratio of the frans : cis isomers for the 2-undecene.” A trans : cis
ratio of ~80 : 20 was considered to indicate maximum
conversion. Once maximum conversion was achieved (1 h) the
reaction was quenched with ethyl vinyl ether (10 pL) and the
autoclave was either warmed to room temperature to remove
the butene or kept at —5 °C to retain the 2-butene. The
autoclave was then charged with 1,2-bis(di-fers-butylphos-
phinomethyl)benzene, bis(dibenzylideneacetone)palladium(0),
methanesulfonic acid, and methanol (10 mL). The autoclave
was pressurised to 400 psi with carbon monoxide, sealed and
heated at 80 °C with stirring for 20 h. After this time the
autoclave was cooled to ambient temperature and then the
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