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Key green chemistry research areas—a perspective from
pharmaceutical manufacturers

David J. C. Constable, Peter J. Dunn,* John D. Hayler,
Guy R. Humphrey, Johnnie L. Leazer, Jr.,

Russell J. Linderman, Kurt Lorenz, Julie Manley,
Bruce A. Pearlman, Andrew Wells, Aleksey Zaks and
Tony Y. Zhang

A consortium formed from pharmaceutical manufacturers and
the ACS Green Chemistry Institute have agreed a list of 12 key
green chemistry research areas from a pharmaceutical
perspective.
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Selective oxidation of benzyl alcohol to benzaldehyde with
hydrogen peroxide over tetra-alkylpyridinium
octamolybdate catalysts

Guo Ming-Lin* and Li Hui-Zhen

Some tetra-alkylpyridinium octamolybdate catalysts were used
to perform 82.3%-94.8% benzyl alcohol conversion and
87.9%-96.7% benzaldehyde selectivity for selective oxidation
of benzyl alcohol to benzaldehyde with 15% H,O, at reflux
temperature for a short period without any organic solvents.

CH,OH CHO

O

R=n-C4Hg, n-CgH17, n-C14H29, and n-C15H33

H,0,, reflux

[R (n-CsH5N)] 4M0gO26

424
Synthesis and catalytic applications of CMK-LDH

(layered double hydroxides) nanocomposite materials /A\ \
Amit Dubey* i ;'h\ i
= =],
Nanosized LDH were synthesized inside mesopore carbon and 5 /\i\_/\ = \k
were characterized and exploited for base catalysis in = L,\\a - \/\R*’b
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427
carbon dioxide

Phase equilibrium-driven selective hydrogenation of
limonene in high-pressure carbon dioxide

Ewa Bogel-Lukasik, Isabel Fonseca, Rafat Bogel-fukasik,
Yuriy A. Tarasenko, Manuel Nunes da Ponte,*
Alexandre Paiva and Gerd Brunner

Pressure-tuning of solubility in the hydrogenation of limonene
in carbon dioxide was found in biphasic systems, close but
below the critical conditions of the reaction mixture, where
hydrogen solubility in the liquid is highly dependent on
pressure.

mole fraction

431

Ionic liquid supported tin reagents for Stille cross coupling
reactions

Jirgen Vitz,* Dinh Hung Mac and Stéphanie Legoupy*

New ionic liquid supported tin reagents were synthesized for
use in Stille cross coupling reactions. With these reagents high
yields at low reaction temperatures and the recycling of the tin
compounds are possible.
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Preparation of a sugar catalyst and its use for highly
efficient production of biodiesel

Min-Hua Zong,* Zhang-Qun Duan, Wen-Yong Lou,
Thomas J. Smith* and Hong Wu

In this communication, a ‘sugar catalyst’ is prepared from
D-glucose and its catalytic properties and structure are
investigated in detail. This type of sugar catalyst is, for the first
time, applied for the effective production of biodiesel from
waste oils.
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Combining pot, atom and step economy (PASE) in
organic synthesis. Synthesis of tetrahydropyran-4-ones

Paul A. Clarke,* Soraia Santos and William H. C. Martin

Applications of principles 1, 2, 5 and 8 of the twelve principles
of green chemistry to the synthesis of highly functionalised
tetrahydropyran-4-ones has led to a significantly ‘greener’
synthesis of these molecules.

441

tech. (£)-trans/cis-ChA

OH

The same and not the same. Similarities and differences in
the resolution of frans-chrysanthemic acid of industrial
origin by the enantiomers of some threo-1-aryl-2-
dimethylamino-1,3-propanediols

Goffredo Rosini,* Claudia Ayoub, Valerio Borzatta,
Emanuela Marotta, Andrea Mazzanti and Paolo Righi

An effective and practical resolution of trans-chrysanthemic
acid (ChA) from technical mixtures of stereoisomers of
industrial origin has been achieved by using half an equivalent
of MTDP enantiomers in a single solvent system, i-Pr,0.

449

The large scale synthesis of pure imidazolium and
pyrrolidinium ionic liquids

Anthony K. Burrell,* Rico E. Del Sesto, Sheila N. Baker,
T. Mark McCleskey and Gary A. Baker

Tonic liquids are notoriously difficult to obtain as pure
colourless materials. In many applications coloured,
fluorescent or electrochemically active impurities are
significant problems. Here we report a simple method for
preparing large quantities of dry imidazolium and
pyrrolidinum ionic liquids which are substantiality free of
impurities.
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Gaining pH-control in water/carbon dioxide biphasic
systems

Christoph Roosen, Marion Ansorge-Schumacher,
Thomas Mang, Walter Leitner and Lasse Greiner*

Measurement and predictable control of pH in the green
biphasic system carbon dioxide/water opens up its use in
numerous applications.

459

Baeyer—Villiger oxidation of substituted cyclohexanones
via lipase-mediated perhydrolysis utilizing urea—hydrogen
peroxide in ethyl acetate

Maria Yolanda Rios, Enrique Salazar and
Horacio F. Olivo*

Clean oxidation of various cyclohexanones to e-caprolactones
was demonstrated utilizing the Novozyme-435 mediated
perhydrolysis of ethyl acetate and the urea—hydrogen peroxide
complex.

EtOH \ H,0,

H,O Candida antarctica lipase B

463

Chemoselective reactions of dimethyl carbonate catalysed
by alkali metal exchanged faujasites: the case of indolyl
carboxylic acids and indolyl-substituted alkyl carboxylic
acids

Maurizio Selva,* Pietro Tundo, Davide Brunelli and
Alvise Perosa

In the presence of recyclable solid catalysts (faujasite MY or
MX), a genuine green procedure is described by using the
non-toxic dimethyl carbonate (DMC) for highly
chemoselective esterification and N-carboxymethylation
reactions of indolyl-substituted carboxylic acids.
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469

Oxidation, friction reducing, and low temperature
properties of epoxy fatty acid methyl esters

Brajendra K. Sharma, Kenneth M. Doll* and
Sevim Z. Erhan

The suitability of epoxides, derived from oleochemicals, for
use as lubrication fluids, was determined. Physical properties
as well as oxidative stability were studied.
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OH

Ry R3
Laccase, O,
OH 0.1M Acetate Buffer pH 4.5

+ 70°C, 24 hrs Ry

R5—\\>—/<7 R,

R4

One-pot synthesis of 1,4-naphthoquinones and related
structures with laccase

Suteera Witayakran and Arthur J. Ragauskas*

This study demonstrates the application of laccase to initiate
aqueous based oxidative cascade reactions starting with
1,4-hydroquinones and dienes yielding 1,4-naphthoquinones.
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Self-aggregation of ionic liquids: micelle formation in
aqueous solution

Marijana Blesic, Maria Helena Marques,
Natalia V. Plechkova, Kenneth R. Seddon,
Luis Paulo N. Rebelo* and Antonio Lopes*

Interfacial tension, fluorescence, and'H NMR were used to
monitor the adsorption at the aqueous solution—air interface
as well as the self-aggregation behaviour (critical micelle
concentration, CMC) of room-temperature ionic liquids of the
1-alkyl-3-methylimidazolium family of cations.

491

1)

weight loss (%)

] 10 2 30 t{min)

Thermophysical and bionotox properties of
solvo-surfactants based on ethylene oxide, propylene
oxide and glycerol

Sébastien Queste, Youlia Michina, Anny Dewilde,
Roland Neueder, Werner Kunz and Jean-Marie Aubry*

TGA evaporation curves of a series of C;E;, C;P; and C/Gly;.
By increasing evaporation time: n-butyl acetate AcOBu
(reference SOlVCHt) C3P1, C4P1, C4E1, C3P2, C4E2, C4Gly1,
Cg4E,, 1CsGlyy, CsGly,. Evaporation rates were calculated
from the time corresponding to a loss of 90%, relatively to
AcOBu.

500

s wn,
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1-phenyl-3-buten-1-al
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Water-medium isomerization of homoallylic alcohol over
a Ru(11) organometallic complex immobilized on FDU-12
support

Hexing Li,*
Yunfeng Lu

A novel Ru-PPh,-FDU-12 heterogeneous catalyst exhibited
excellent activity, selectivity and durability in a water-medium
homoallylic isomerization reaction, apparently owing to the
high dispersion of Ru(1l) active sites and the large 3D pore
channels.

Fang Zhang, Hong Yin, Ying Wan and
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Simplified electrolysis route to advanced batteries

Gentlemen, pluginyour engines

The dream of environmentally
friendly electric cars is a step
closer to reality thanks to work by
scientists in the UK and China.
The favourites for the power
source in such cars are nickel
metal hydride batteries, currently
used to power MP3 players and
laptop computers. However,
until recently, the use of this
type of battery for large-scale
applications (like electric vehicles)
has been hampered, not by alack
of resources, but by inadequate
or expensive manufacturing
technologies.
The traditional method
for preparing these materials
involves a multi-step high-energy
input process, whose monetary
and environmental cost may
have outweighed any potential
benefit. Now, George Chen from
the University of Nottingham
and Dihua Wang from Wuhan
University have shown that the
same materials can be made directly
by a one-step electrolysis process
from mixtures of the metal oxides.
‘T am fascinated by the elegance

of this work, it shows that the
electrochemical approach can
be applied to the preparation of
advanced battery materials from
relatively inexpensive components,’
said Viktor Balema, product
manager in the materials science
team of Sigma-Aldrich.

‘The collaboration with Chinese

Nanodiamonds for HPLC

Physicochemical stability makes the gem perfect for columns

Sweet-toothed sensors
Blood sugar levels can be monitored with the naked eye

Interview: Inaspin

Daniella Goldfarb talks to Colin Batchelor about her dreams for

electron spin resonance

Instant insight: Nanocrystals as sensors

Rebecca Somers, Moungi Bawendi and Daniel Nocera explain

how to make quantum dots both bright and sensitive

The latest applications and technological aspects of research across the chemical sciences

©The Royal Society of Chemistry 2007

Large applications need
large batteries

Reference
Y Zhu et al, Chem. Commun.,
2007, DOI: 10.1039/b701770g

scientists is important as China has
some of the best resources of the
raw materials,” said George Chen.
“The next step in the research will
be to get the chemical engineers
involved to help transfer this
process from a laboratory scale to an
industrial process.’

Stephen Davey

ChemComm

The Analyst

Lab on a Chip

Chem. Technol., 20074, T33-T40 T33

FOTOLIA
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Chemical Technology o
Application highlights

Improved dyes aid charge recombination

Super solar cells

Supramolecular dyes could
boost efficiency in solar cells, say
scientists from the UK.

Saif Haque, from Imperial
College, London, found that
supramolecular dyes gave a 25%
improvement in performance as
compared to conventional, non-
supramolecular dyes.

Dye-sensitized solar cells
typically consist of a dye-sensitised
titania film and an organic
semiconductor that transports
positive ‘holes’. The dye absorbs
light and an excited electron is
transferred from the dye to the
conduction band of the titania.
The dye then regains an electron
from the semiconductor. The
device performance depends
on the efficiency of this charge
recombination. Haque has
found that supramolecular dyes
improve the efficiency of solar
cells by controlling the charge
recombination between photo-
injected electrons and the oxidised
semiconductor.

“The field of supramolecular
chemistry is well advanced but the

that enable rational design
of supramolecular electronic
materials,” he said.

Haque thinks that this work
may also prove useful for different
applications. ‘A key feature of the
work is the achievement of long-
lived charge separated states using
supramolecular dye structures.
Long-lived charge separation is
also important for applications

' such as light driven hydrogen

evolution from water, or new
optical data storage devices,” he

| said.

Masao Kaneko, of Ibaraki
University, Mito, Japan said that
this strategy could lead to further
advances. ‘Dye-sensitized solar
cells are attracting a great deal of
attention as the next generation

| solar cell. The research group
| has had success in significantly
. reducing charge recombination

losses. One could expect further
improvement in conversion
efficiency of dye-sensitized solar
cells using this strategy.’

Rebecca Gillan

JUPITER IMAGES

application of such materials in The supramoleculardye  Haque. ‘A key issue holding Reforonce
solar cells to yield high efficiencies absorbs light and gives this back is lack of quantitative S Handa et al, Chem. Commun., 2007, DOI:
isyet to be realized, explained off an electron structure-function relationships 10.1039/h618700e

Sampled airis used as the carrier gasin rapid analysis

A portable way to measure smoke

Researchers in the US have Markers give away the acomplete analysis every

developed portable equipment to presence of smoke 15 minutes and ambient air is
measure tobacco smoke compounds used as the GC carrier gas to avoid
in public areas. the need to transport gases to the
Environmental tobacco smoke testsite.
(ETS) is a complex mixture of Zellers’ team collected and
compounds, so surrogate measures, analysed air samples from alocal
or markers, are used to quantify bowling alley where smoking
exposure. is permitted. They then used
Edward Zellers and colleagues, the results to generate a test
from the University of Michigan, atmosphere in the laboratory to test
adapted a portable gas the portable equipment.
chromatograph (GC) to capture The tests confirmed that the
2,5-dimethylfuran and portable instrument is capable
4-ethenylpyridine and separate of detecting the two markers
them from the other main Reforence : at the levels typically found in
Q Zhong et al, J. Environ.
contaminants in ETS. Monit., 2007, DOI: 10.1039/ environmental samples.

The equipment can perform b700216e Joanna Stevens
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Physical and chemical stability makes gems perfect for column packings

Nanodiamonds for HPLC

Diamonds show potential as column
packings for high-performance
liquid chromatography (HPLC).

Pavel Nesterenko and colleagues
at Lomonosov Moscow State
University, Russian Federation, have
achieved efficient separations of
mixtures of aromatic hydrocarbons
using nano-sized diamonds as the
stationary phase in HPLC.

An ongoing challenge in
chromatography has been to
improve the properties of the
column packings to get better
separation efficiency and selectivity.
Many different materials have been
tested as stationary phases but only
a few fulfil both the mechanical and
chemical stability requirements.

Diamonds are an ideal choice
of material for column packings
because they offer excellent
stability, so they can be used at high
temperatures and pressures in the

presence of strong alkalis, acids,
and organic solvents. However,

as Nesterenko explained, natural
diamonds are too expensive and
synthetic nanodiamonds, although
they are cheap, have too small a
particle size to be of use.

To solve the problems of cost and
particle size, Nesterenko developed
a sintering technology that enabled
him to obtain nanodiamonds

Notjust agirl’s best
friend

Reference

P N Nesterenko, O N Fedyanina
and Y V Volgin, Analyst, 2007,
DOI: 10.1039/b702272g

suitable for HPLC applications. He
prepared polycrystalline porous
diamond particles of micron size
by sintering nanodiamonds at high
pressures, up to 12,000 MPa, and
temperatures of 1200°C.
Commenting on the sintered
nanodiamonds, Paul Haddad of the
Australian Centre for Research on
Separation Science in Tasmania said
‘These are an interesting new class
of stationary phase because they
show specific analyte interactions
yetretain many important diamond
properties, such as pH tolerance.’
Haddad predicts that the
challenge with these materials
will be to find ways to control the
synthesis of suitable particles so
that the chromatographic efficiency
canbe improved to levels similar
to conventional packings, such as
silica.
Janet Crombie

Blood sugar levels can be monitored with the naked eye

Sweet-toothed sensors

Medical researchers in the US

have made a sensor device that can
potentially be used to measure sugar
levels in the blood. They hope it could
help people suffering from diabetes
and similar conditions to monitor
their blood glucose levels.

Ching-Hsuan Tung and
colleagues from Massachusetts
General Hospital, Charlestown,
based their system on an aqueous
mix of a pH-sensitive dye and a
boronic acid derivative.

The sensor depends on the
change in the acid dissociation
constant (pK,) of the boronic acid
when sugar molecules bind to it.
This in effect raises the pH of the
solution and causes a clear change
in the colour of the dye. Almost
uniquely, Tung’s sensor operates in
the near infrared range, where there
is minimal background interference
from biomolecules and blood.

‘Despite the promising
responses demonstrated by similar
fluorescent probes in the past, their

©The Royal Society of Chemistry 2007

development is a complex process
and optical responses are not easily
predictable,” said Tung. ‘In addition,
those fluorophores frequently
require an organic co-solvent to
increase solubility in aqueous
media.’

The group extended their

Sugar molecules change
the pK,, of the sensor

Reference
Y Kim et al, Chem. Commun.,
2007, DOI: 10.1039/b700741h

approach to produce ‘test strips’
that were suitable for semi-
quantitative sugar detection using
the naked eye. The sensor solution
was spotted onto filter paper and
then dried. The initial colour of
each spot immediately changed
from reddish-pink at neutral pH to
blue as the pH increased following
addition of sugars. ‘We hope the
inexpensive test strip will find

use for health care in developing
countries,” said Tung. ‘Although not
as accurate as the glucose-meters
widely used in developed countries,
they could provide critical
information,” he asserted.

Duncan Graham of the Centre
for Molecular Nanometrology
atthe University of Strathclyde
commented: “This work is
interesting, and the team’s approach
is asignificant advance on what’s
already out there. This offers
promise, but there’s along way to go
before it’s an in vivo sensor.’
Michael Spencelayh
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Scientists in the US have found a
way to screen for potential drugs
using just minuscule amounts of
chemical reagents.

Brian Cunningham and Charles
Choi at the University of Illinois
at Urbana-Champaign have
designed a 96-well microplate that
reduces the volume of precious
chemicals needed to perform a drug
screening assay. The bottom surface
is anetwork of fluid channels
integrated with biosensors.

Microplates, flat plates with
multiple wells used as tiny test
tubes, are used in high-throughput
screening (HTS). In HTS scientists
screen though thousands of
chemical compounds looking for an
interaction with a target protein.

Detection of these biochemical
interactions without the use of
fluorescent labels is desirable as it
can be tricky to add these labels in
areproducible way, and sometimes
impossible to add at all. Optical

Common well

A e T——

Analyte wells .. l Analyte wells

biosensors, like the photonic crystal
ones used in this microplate, detect
these interactions through the
change in dielectric permittivity
that occurs on the surface of the
biosensor when molecules attach
to it.

The common well adds or
removes reagents

Reference
C J Choi and B T Cunningham,
Lab Chip, 2007, DOI: 10.1039/
b618584c

Microplate and biosensor integration reduces volumes for assays

Shrinking screening for drugs

Integrating biosensors with
microfluidic channels allows the
scientist to reduce the quantity of
chemicals they use. However, not
many biosensors are capable of
interfacing with a large number of
microfluidic channels in parallel,
especially when the biosensors
and fluid channels are small, said
Cunningham.

In each 12-well row within the
microplate, the fluid channels form
11 analyte wells. They are gathered
to asingle detection region, where
all 11 channels can be monitored
atonce. A central common well in
each row serves as an access point
for introduction or withdrawal of
reagents for the flow channels.

Their plan, said Cunningham, is
toincrease the level of integration
so that a single three by five inch
photonic crystal surface can support
around 2500 microfluidic channels
and assays.

Sarah Corcoran

Lightlayers

A simple process for preparing
light-emitting layers of silica with
wide colour variation has been
developed by Italian scientists.

The promise of preparing white
light emitting materials for flat
displays stimulated a team led
by Gianluca Accorsi of National
Research Council, Bologna, to
develop luminescent hybrid layers.
They combined the light emission
properties of different lanthanide-
based dyes with stable and optically
transparent glassy films.

Lanthanide luminescence has
major obstacles to overcome before
it can realise its potential for many
applications. The obstacles include
low light absorption and losing
luminescence intensity due to
interactions between the long-lived
lanthanide excited states and the
hosting matrix.

Accorsi’s team have overcome
these hurdles by employing

T36 Chem. Technol.,2007,4, T33-T40

acetophenone units to play the
role of antennae and using a
transparentsilica layer as the
host matrix, preventing excited
state deactivation. Furthermore,
these highly efficient lanthanide
complexes are covalently linked
to (rather than dispersed in) the
matrix, allowing homogeneous
loading of controlled distrubutions
of the well-known red Eu(11) and
green Tb(11r) emitters.

Accorsi said that an advantage of

Slivers of silica doped with lanthanides emit white light

Acetophenone units act
as antennae

Reference

L Armelao et al, Chem.
Commun., 2007, DOI: 10.1039/
h702238g

their synthetic strategy is that it is
based on the ‘statistical distribution
of the different photoactive
centres within the transparent
film, and not on the tedious and
time-consuming multistrata
arrangement technique often used,
as an example, in the fabrication
of white-light emitting OLED
devices’. He went on to forecast that
“The use of blue-greenish emitters
could afford white-light emitting
single layers obtained through the
easily manageable synthesis of
photoactive materials and simple
fabrication processes.’

This view was echoed by
Vincenzo Balzani, a specialist
in photochemistry and
nanotechnology at the University
of Bologna, Italy, who believes that
this ‘most interesting result may
open the way to construct colour
tunable luminescent devices’.
Ian Gray
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Inorganic semiconductor
nanocrystals (NCs), popularly
known as quantum dots, have found
application in biology mostly as
optical imaging agents. Compared
to conventional organic dyes,

NCs exhibit broad absorption
profiles, narrow tunable emission,
photostability, and high quantum
yields. Imaging applications
exploit these optical qualities, and
the NCs act as bright beacons of
light that may be followed within
the biological milieu. Although

the synthesis of quantum dots
dates back to the early 1990s, their
application to biology rocketed
with two significant advances in
recent years. One is the development
of core-shell structures formed

by coating the original quantum
dot with a thin layer of a higher
band gap inorganic material.

This ‘overcoating’ makes the NCs
extremely bright and more robust
by chemically and electronically
shielding the cadmium selenide
(CdSe) core from its surroundings.
The other advance came in 1998,
when two different methods

to water-solubilize dots were
published. The water solubility of
core-shell dots enabled their ready
application to the aqueous world of
biology.

The foregoing advances present
aparadox for the application of
NCsbeyond imaging and labeling.
Now, current research is focused
on making these small fluorescent
dots sensitive, to be ‘smart’ and
optically report on the chemical
and biological environment that
surround them. But here is the
paradox: the properties of the
NCs for imaging and labeling
applications are achieved by
making the NC impervious to its
environment. How can NCs be
sensitive to their environment if
they are encased within the cocoon

©The Royal Society of Chemistry 2007

Fluorescent quantum
dots: beacons to follow in
biological media

R C Somers, M G Bawendi and
D G Nocera, Chem. Soc. Rev.,

of a passivating overcoat?

The way out of this quandary is
to design NCs that can participate
in fluorescence resonant energy
transfer (FRET). The binding of a
second chromophore, which can
resonantly accept energy from the
NC excited state, introduces a new
pathway for the flow of energy
resulting from light absorbed by
the NC. The efficiency of FRET
between the NC donor and
energy acceptors, which is highly
dependent upon donor-acceptor
distance and the spectral overlap
between the donor emission and
acceptor absorption, can be used
to give specific information about
the NC surroundings. In this way,
chemically passivated quantum dots
canreporton their environment,
thus turning NCs into sensors.

Information on nucleic acid
processes such as telomerization,
replication, hybridization and
cleavage is usually obtained by
modifying one strand with a NC and
by conjugating the complementary
strand with an energy acceptor
dye. As the two strands begin to
interact and intertwine, the distance

Nanocrystals as sensors

Rebecca Somers, Moungi Bawendi and Daniel Nocera of MIT, US, explain how to
solve a paradox: making quantum dots both bright and sensitive

between the NC and the dye changes
to modulate the efficiency of FRET.
Several different strategies are
used to engender NC sensitivity
to small molecules and ions. First,
areceptor (such as an antibody
fragment) with affinity for the
target analyte can be tethered to
the CdSe NC surface. The receptor
is pre-loaded with a quencher dye,
effectively turning off the emission
ofthe NC. When the target is added,
the quencher is displaced and the
luminescence restored. A different
strategy involves controlling
the aggregation of differently
sized (and hence differently
colored) NCs in the presence of
an analyte. If the analyte induces
aggregation of NCs, an increase
in FRET from the smaller to
larger CdSe NCs will cause a
redshift in the overall emission.
Another emerging strategy relies
on the energy transfer between
NCs and permanently tethered,
analyte-sensitive chromophores
or fluorophores, which have
been exemplified as pH sensors.
In these sensors, a pH-sensitive
spectral overlap between the
NC and acceptor dyes affects the
efficiency of energy transfer. This
final strategy has the advantage
of reversibility in the sensing
mechanism, and in the case that
the tethered dye is a fluorophore,
aratiometric signal from the NC
and dye emission can be obtained,
allowing for self-calibration.
While current research is
expanding the repertoire of NC
sensing to other analytes and other
types of quantum dot NCs, the field
of NC sensors has been established
and is now arapidly expanding one.

Read the full tutorial review ‘CdSe
nanocrystal based
chem-/bio- sensors’inissue 4 of
Chemical Society Reviews.

Chem. Technol.,2007,4, T33-T40 T37
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Interview

Daniella Goldfarh is the Erich
Klieger chair in chemical
physics at the Weizmann
Institute of Science, Rehovot,
Israel. Her research interests
in electron paramagnetic
resonance range from
metalloproteins to zeolites.
She has been a member of the
Physical Chemistry Chemical
Physics editorial board since
the start of 2007. Daniella
Goldfarb was recently awarded
the Bruker BioSpin Lectureship
by the RSC’s electron spin
resonance group at their 40th
annual international meeting.

©The Royal Society of Chemistry 2007

Inaspin

Daniella Goldfarb talks to Colin Batchelor about her dreams for electron
paramagnetic resonance

What are you working on at the moment?

I concentrate on electron paramagnetic resonance
(EPR) - the older and smaller brother of nuclear
magnetic resonance. It deals with compounds
that are paramagnetic, with one or more unpaired
electron. We use it to learn about structure

and dynamics in different systems, but we are
involved in developing the spectroscopy and
instrumentation. We not only use commercial
instruments but we build our own spectrometers
too, so we can do things that are out of the ordinary,
but will hopefully turn into routine experiments.

What does EPR tell us that other methods can’t?
Let’s look at a metalloenzyme where the metal
centre is paramagnetic. In this case NMR

has difficulties because the lines of nuclei

near the metal are usually very broad. X-Ray
crystallography is great, but only if T have crystals.
EvenifT have crystals it tells me where the atoms
are, but it doesn’t tell me about the electronic
structure, the oxidation state, charge distribution
etc. In metalloenzymes these are very important
because these really determine the activity of

the site. Having the structure is the beginning,

so you know where the atoms are and you can
start working out what they do. For this you need
spectroscopy. And for paramagnetic centres EPR is
often the method of choice.

Alot of Israel’s GDP goes on fundamental research

- why do you think Israel does this?

We complain that it’s not enough! When Israel
was really young and the standard of living was
much lower, more money was going into education
and research than now, so although it looks alot,
it’s going down. When times were really tough
(economically) the government realized that the
only resource that Israel has is its people, and you
have to invest in education. Maybe our politicians
don’t understand that the successes we’ve had
with Nobel Prizes in the past few years were based
on work done years ago.

What started you on magnetic resonance problems?
After my B.Sc. I knew I would go into physical
chemistry. I was looking for a PhD position and
spoke to different people at several universities:
you have to think about the advisor, though you
know your general area of interest. I was lucky to
talk to the one who ‘fathered’ the field of magnetic
resonance in Israel, which has a long tradition. If
you look at the number of people who do magnetic
resonance in the Weizmann Institute you realize

the stature is relatively high for a small country. I
started with NMR and once you’re in the field of
magnetic resonance it requires a lot of expertise,
mastering both the theory and the experimental
method. Once you achieve it, you don’t move out
so easily so I guess I'd always stay doing magnetic
resonance, but I can apply it to new fields.

Are there any exciting new applications you’d like to
follow up?

So far we’ve worked on metalloprotein systems
in the resting state, characterizing the active

site and aiming at relating its structure to what
its function. What we’d like to do is follow the
metal active site during a reaction, to quench the
reaction and trap intermediates and unravel the
reaction mechanism. I'd like to see a movie of the
reaction - right now with standard freeze-quench
instrumentation you have a resolution of 5 ms,
which is enough for certain reactions. So, in
principle, you can follow the time evolution of
hyperfine coupling parameters and distances
between paramagnetic centres. This will give
amovie based on experimental results, not
molecular dynamics simulations.

What'’s the big obstacle?

You just have to feel comfortable with the more
advanced techniques. For conventional frequency
EPR there is no problem. For high-field EPR the
sample is in a very tiny capillary and to do this
freeze—quench you have to rapidly freeze the
reaction, then inject it into this tiny capillary. There
is a group that has managed to do this and we’ll find
away too. Another problem for biological samples
is that the concentrations are low. EPR is still not

as sensitive a technique as fluorescence. I believe
thatin ayear or two we’ll manage. Once the sample
is frozen in the spectrometer it doesn’t matter
whether it’s an intermediate or a stable state. This
direction will keep us busy for the next ten years.

If you could work on a scientific problem in any field,
what would it be?

Iwould like to stay in EPR spectroscopy, but

apply it to nanostructures and single molecules.
The problem is sensitivity right now. Id like to

go smaller, not to stay in the bulk, but to look at
surfaces or single nanostructures. This is more of a
dream than a new direction, but I’d like to look at a
molecular machine at work. The problem is always
resolution vs sensitivity; you have high sensitivity
and low resolution or low sensitivity and high
resolution.

Chem. Technol.,2007,4, T33-T40 T39
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The RSC enjoyed a busy and
exciting ACS spring meeting

in Chicago. The RSC stand was
so well attended that by the
end of the four days books and
puzzles had completely sold
out and all of the promotional
and informative material
representing the breadth of our
activities had been devoured by
the conference delegates!

New products and innovations
from the publishing division
that were presented and
demonstrated were very well
received, and represented
our commitment to providing
publishing solutions to aid the
communication and progress
of the chemical sciences. New
products introduced at the ACS
meeting included:

Project Prospect, an
innovative new project that
makes the science in RSC journal
articles really come alive, and
the RSC eBook Collection, the

Another successful ACS meeting

fully searchable archive giving
access to over 700 RSC book
publications. RSC Publishing
also celebrated New Journal of
Chemistry’s 30th and Organic

& Biomolecular Chemistry’s 5th
year of publication with a meet-
the-editor session at the RSC
stand. Delegates were invited to
interact with each other and the
editors of the two publications,
Denise Parent and Vikki Allen,
in an informal and friendly
environment over coffee, cookies
and cakes.

To complement the excellent
exhibition we were delighted
to be joined by so many friends
and colleagues at a splendid
RSC reception where the newly
appointed publishing director,
Robert Parker, discussed new
and future endeavours of RSC
Publishing. Year after year itis
such a pleasure to see so many
old and new friends supporting
our activities and we look
forward to strengthening those
friendships at the next ACS
meeting.

Scientists with an interest in
specific topics at the chemistry—
biology interface can easily find
relevant research articles from
across RSC journals, thanks to
the launch of Biology in Focus.
This new website will showcase
anew subjectarea each quarter,
beginning with ‘Cancer and
other disease states’. Future
topics will include microarrays,
metabolomics, quantitative
proteomics, genomics and
biomarkers.

Bringing BiologyinFocus

Many scientists focus on the
rapidly developing interface
between chemistry and biology
to achieve abetter balance
between research and real-world
applications. Exciting new
analytical and miniaturised tools
are allowing better interrogation,
improved measurement and
increased understanding of
biology and biological systems,
which in turn are leading to
major developments in these
interfacial areas.

RSC journals Molecular
BioSystems, Lab on a Chip and
The Analyst have joined forces
to encourage and promote this
interdisciplinary collaboration
and cooperation between the
disciplines. The Biology in
Focus website aims to increase
knowledge by presenting
material appearing in all three of
these journals, with additional
material from other RSC journals
as appropriate.
www.rsc.org/biologyinfocus

And finally...

The highly successful
Biomolecular Sciences Book
Series now includes seven titles
that provide an authoritative
insight to research at the
chemistry-biology interface.
Here are some of the great things
people are saying about these
topical books:

Sequence-specific DNA
Binding Agents

‘An excellent overview of the
work being done’
ChemBioChem

Biophysical and Structural
Aspects of Bioenergetics
‘A beautifully produced
research-level resource...
Chemistry World

Structural Biology of
Membrane Proteins
‘...asnapshot of the state of the
art’

ChemBioChem

Exploiting Chemical Diversity
for Drug Discovery

‘..isan excellent and
astonishingly complete
compilation on this broad and
demanding topic for current
practitioners’

Angewandte Chemie

Structure-Based Drug
Discovery

‘There are very few of us who
will invent a drug, but by using
the techniques described (in this
book), you will shorten your own
odds considerably’

Chemistry World

For more information visit
www.rsc.org/biomolecularscience
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Key green chemistry research areas—a perspective from pharmaceutical

manufacturers
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In 2005, the ACS Green Chemistry Institute (GCI) and the global pharmaceutical corporations
developed the ACS GCI Pharmaceutical Roundtable to encourage the integration of green
chemistry and green engineering into the pharmaceutical industry. The Roundtable has developed
a list of key research areas. The purpose of this perspective is to summarise how that list was
agreed, provide an assessment of the current state of the art in those areas and to highlight areas

for future improvement.

Introduction to the ACS Green Chemistry Institute
Pharmaceutical Roundtable

In 2005, the American Chemical Society (ACS), Green
Chemistry Institute (GCI)' and several leading global
pharmaceutical corporations developed the ACS GCI
Pharmaceutical Roundtable (ACS GCIPR, hereafter referred
to as the Roundtable)’ to encourage innovation while
catalysing the integration of green chemistry and green
engineering into the business of drug discovery, development
and production. The pharmaceutical industry is devoted to
inventing medicines that allow patients to live longer, healthier,
and more productive lives. In addition these pharmaceutical
companies are also committed to bringing key medicines to the
patient with minimum impact on the environment.

The Roundtable’s mission is to catalyse the implementation
of green chemistry and green engineering in the global
pharmaceutical industry. To achieve this mission, the
Roundtable identified four strategic priorities.

1. Inform and influence the research agenda

To identify and to monitor new research opportunities for
more efficient process development and production. To

“GlaxoSmithKline Pharmaceuticals, 1 Franklin Plaza, Philadelphia PA,
1 USA

bPﬁzer Global Research and Development, Sandwich, Kent, UK

CTI3 9NJ

“GlaxoSmithKline Pharmaceuticals, Old Powder Mills, nr Leigh,
Tonbridge, UK

“Merck Research Laboratories, Rahway, New Jersey, NJ 07065-0900,
[AY

¢Pfizer Global Research and Development, Groton, Connecticut, CT-
06340, USA

TLilly Research Laboratories, Eli Lilly and Company, Indianapolis,

46285, USA

SACS Green Chemistry Institute, 1155 Sixteenth Street, N.W.
Washington DC, 20036, USA

/'Schering-Plough Research Institute, 1011 Morris Ave., Union, NJ,
07083, USA

'AstraZeneca Global Process R&D Charnwood, Loughborough,
Leicestershire, UK LE1l 5RH

influence the technical agendas of federal/international fund-
ing agencies by defining needs and advocating investment in
specific areas of green chemistry and engineering innovation.
To encourage external funding support for research in
academic and government laboratories that will have direct
value to the pharmaceutical industry.

2. Tools for innovation

To identify, design, and provide tools available to member
companies to promote green chemistry and engineering
innovation within the industry. To provide a centralised
resource for accumulating alternatives, sharing tools, main-
taining the toolbox, and minimising duplication of effort.

3. Education resource

To educate and influence today’s and tomorrow’s pharma-
ceutical leaders on the business value and scientific merit of
applying green chemistry and engineering in the pharmaceu-
tical industry.

4. Global collaboration

To provide green chemistry and engineering expertise to
pharmaceutical corporations worldwide by utilising the GCI
network of international affiliates and researchers and by
sharing best practices among our members.

Membership to the Roundtable is open to all pharmaceu-
tical research, development, and manufacturing companies.
Members at the time of writing this paper were (in alphabetical
order): AstraZeneca, Eli Lilly & Company, GlaxoSmithKline,
Johnson & Johnson, Merck & Co., Inc., Pfizer, Inc., and
Schering-Plough Corporation. Each company has a green
chemistry program in various stages of development from
infancy through more mature; however, the work of the
Roundtable addresses the generally consistent underlying
needs of all programs, thereby providing value to all members.

The activities of the Roundtable reflect the joint belief that the
pursuit of green chemistry and green engineering is imperative
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for a sustainable business and environment. Collaboration
results in a strong organisation to prioritise research needs and
to influence the technical research agendas of national/interna-
tional funding agencies and to improve the cost effectiveness of
investment in the design and implementation of green chemistry
and engineering tools specific to the industry. The work
presented in this paper reflects the collaborative efforts of
member companies to identify key green chemistry research
areas of need for the industry. With this information, we seek to
influence research agendas and directly fund research through
the ACS GCI Pharmaceutical Roundtable Research Grant
Program, with the objective to provide our scientists with readily
available, proven greener alternatives to current pharmaceutical
process development methods.

Process for identifying and agreeing on the key green
chemistry research areas

The process of identifying and agreeing on the key research
areas is shown diagrammatically in Fig. 1. The process started
with gathering ideas from all the companies via a brainstorm-
ing exercise, followed by a cross company debate and
assessment of the research areas, then concluded by a voting
exercise where each Roundtable company had an equal vote.
The output of the brainstorming exercise is shown below. The
ideas were grouped into three categories: (i) reactions that
pharmaceutical companies use, but would strongly prefer better
and greener reagents, (ii) more aspirational reactions (ie.
reactions that companies would like to use, if they were
available, as they offer potentially cleaner synthetic approaches
to the current art) and (iii) ideas outside of the reaction theme
(concerned with solvent use). We felt that all the ideas on the
brainstorming list were good and worthy of research, but from a
pragmatic point of view the ideas needed to be prioritised.

Reactions we use now
but would prefer better
reagents

AZ () Frequency of use

(i) Waste assessment

GSK (i) Process hazard
assessment

Merck
Pfizer ——— Key
le:enges
n
Lty — . Manufactuing

Brainstorm N

Schering- N /
Plough Ideas N Prioritise
Aspirational by
o company
vote
list

Fig. 1 The process for identifying and agreeing on the key research areas.

Brainstorm output on key research areas

Reactions currently used but better reagents preferred

Safer and more environmentally friendly Mitsunobu
reactions

Reduction of amides avoiding LiAlH4 or B,Hg
Bromination reactions

Sulfonation reactions

Amide formation avoiding poor atom economy reagents
Nitration reactions

Demethylation reactions

Friedel-Crafts reactions on unactivated substrates
Ester hydrolysis

OH activation for nucleophilic substitution
Epoxidation

Wittig chemistry without (Ph;PO)

Radical chemistry without Bu;SnH

More aspirational reactions

Asymmetric hydrocyanation

Aldehyde or ketone + NHj; + “X” to give a chiral
amine

N-Centred chemistry avoiding azides, hydrazine etc.
Asymmetric hydrolysis of nitriles

Asymmetric hydrogentation of unfunctionalised olefins/
enamines/imines

Asymmetric hydroformylation

C-H activation of aromatics (cross-coupling reactions
avoiding the preparation of haloaromatics)

C-H activation of alkyl groups

New greener fluorination methods

Oxygen nucleophiles with high reactivity

Green sources of electrophilic nitrogen

Asymmetric hydroamination of olefins

Organocatalysis

ROH + ArClI to give ROAr

Solvent themes

Solvent-less reactor cleaning

Replacements for polar aprotic solvents, NMP, DMAc,

DMF etc.

Alternatives to chlorinated solvents

For the reactions which companies currently use but better
alternatives are needed, we decided to use a three point
assessment. We looked at how often the reactions were used in
making pharmaceutical products, taking advantage of a survey
recently published by three of the Roundtable member
companies.® Another key component was to consider how
much waste each reaction generated, and a GSK database was
used to give a qualitative assessment. The third part of the
assessment concerned process safety, for which data from the
Pfizer database of reaction assessments (Toxtherm) was used
to make the judgment. In addition, literature data and data on
reported explosion hazards was taken into consideration. For
example Barton and Nolan report* that after polymerisation,
the second and third most common causes of explosions are
nitration and sulfonation reactions.

The voting process

Each company consulted its green chemistry teams and some
of its most senior scientists in chemical development before
coming to a company vote. All companies agreed that the
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Table 1 Reactions companies use now but would strongly prefer better reagents

Research Area

Number of Roundtable companies voting for
this research area as a priority area

Amide formation avoiding poor atom economy reagents

OH activation for nucleophilic substitution

Reduction of a mides without hydride reagents

Oxidation/Epoxidation methods without the use of chlorinated solvents
Safer and more environmentally friendly Mitsunobu reactions
Friedel-Crafts reaction on unactivated systems

Nitrations

6 votes
5 votes
4 votes
4 votes
3 votes
2 votes
2 votes

solvent-less reactor cleaning and replacements for polar
aprotic solvents were critical and hence made the final list.
Next, each company identified the top five areas within the
two reaction categories.

A summary of the voting is shown in Tables 1 and 2.

One of the key messages was that there was a lot of
commonality in the company votes. For example all 6
companies voted for amide formation,’ reflecting the high
level of use (9.1%)° and the poor atom efficiency of many
current methods. All companies voted for cross couplings
without preparation of haloaromatics, showing the high use of
Suzuki’ and related reactions and a concern for the high level
of waste that these palladium cross coupling reactions
generate.

Hence the final list of the 12 key green chemistry research
areas is the following: amide formation, OH activation, amide
reduction, oxidations/epoxidation methods without the use of
chlorinated solvents, safer and more environmentally friendly
Mitsunobu reactions, C-H activation of aromatics, chiral
amine synthesis, asymmetric hydrogenation, greener fluorina-
tion methods, N-centred chemistry, greener alternatives to
polar aprotic solvents and solvent-less reactor cleaning Each
one of these key research areas is discussed in more detail.

(i) Amide formation avoiding poor atom economy reagents

An analysis of drug candidates prepared by three leading
pharmaceutical companies found that amide bond formation
was utilised in the synthesis of 84 (65%) of the 128 candidates
surveyed.® Forty four percent were based on acid chloride
intermediate, a relatively environmentally benign approach
where, for example if thionyl chloride is employed to make the
acid chloride, the by-products, SO, and HCI, can be removed
by scrubbing through a basic solution. About 36% of the 84
amide bond forming reactions were carried out by means of a
coupling reagent such as N-ethyl-N’-(3-dimethylaminopro-
pyDcarbodiimide hydrochloride [EDCI-HCI, catalysed by

Table 2 More aspirational reactions

HOBt (the triazole is a high energy molecule and potential
explosive)], 1-propylphosphonic acid cyclic anhydride or
N,N'-carbonyldiimidazole (CDI). These methods are less
“atom economical” in that they generate greater quantities
of waste as measured by their mass intensity factor (MI),
(defined as the ratio of a total mass in a process divided by
mass of product in kg).® Commercial examples of amide
formation using CDI include sildenafil’ and sunitinib,'”
however this method still generates by-products with a
combined molecular weight of 180 to accomplish a dehydra-
tion reaction, ten times more mass than if water itself were the
only by-product.

Amide bond formation using enzymatic catalysis eliminates
some of the issues associated poor atom economy as well as
the potential hazards associated with non-aqueous chemical
based approaches. Hydrolysis of nitriles catalyzed by
nitrile hydrolases and lipase-catalysed amidation of
carboxylic acids and esters with ammonia leading to the
formation of primary amides are clean, safe and efficient.!!
For example, in a process practiced by Mitsubishi Rayon
Corporation, both the %-conversion of acrylonitrile and the
%-yield of acrylamide reach 99% under standard operating
conditions of 0-5 °C, pH 7.5-8.5."2 Likewise, enzyme-
catalysed amide bond formation catalysed by peptidases and
acylases eliminates the use of highly reactive coupling reagents
and minimises the need for protection/deprotection steps, thus
improving the MI significantly.'> Moreover, mild reaction
conditions and the excellent stereo- and regioselectivity of
enzymes precludes racemisation and guarantees structural
fidelity of the product. Despite significant progress in
biocatalytic amide synthesis and some commercial success,
the narrow substrate specificity of the currently available
enzymes severely limits their practical use. The development
of new molecular biology tools has enabled the expansion
of the numerous functional properties of biocatalysts,
and is expected to increase their commercial utility in the next
3-5 years.

Research Area

Number of Roundtable companies voting
for this research area as a priority area

C-H activation of aromatics (cross coupling reactions avoiding the preparation of haloaromatics)

Aldehyde or ketone + NH3 + “X” to give chiral amine

Asymmetric hydrogenation of unfunctionalised olefins/enamines/imines
New greener fluorination methods

N-Centred chemistry avoiding azides, hydrazine etc

Asymmetric hydramination

Green sources of electophilic nitrogen (not TsN3, nitroso, or diimide)
Asymmetric hydrocyanation

6 votes
4 votes
4 votes
4 votes
3 votes
2 votes
2 votes
2 votes
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In summary, amide bond formations are one of the most
common transformations carried out in pharmaceutical
synthesis. Their efficiency, however, is hampered by wide-
spread use of reagents with poor atom economy. Therefore,
development of reagents with lower MI-factors or, ideally,
catalytic methods, such as the exciting use of boric acid to
catalyse amide formation,'* would favourably impact the
environmental profile of many processes.

(ii) Alcohol activation for nucleophilic substitution

The substitution of activated alcohols is a frequently used
approach for the preparation of active pharmaceutical
ingredients (APIs). In a recent survey, 2% of transformations
comprised conversions of alcohols to halides or sulfonate
esters (invariably for further use), and 64% of all nitrogen
substitution reactions were alkylations.® Direct nucleophilic
substitution of an alcohol is attractive as it should yield water
as the by-product, however, hydroxide is a poor leaving group
usually requiring activation. Direct substitution of some
allylic, benzylic and tertiary alcohols may be achieved via an
Sn1 reaction but this approach typically requires excess
Bronsted or stoichiometric amounts of Lewis acids and does
not afford control over stereochemistry. Secondary alcohols
can be substituted with good stereospecificity using a
Mitsunobu protocol, the issues of which are discussed below.
Activation is wasteful as it requires additional processing and
the activating group, once displaced, also has to be separated
from the product and the resulting waste must be disposed.
The consequences of activation are illustrated by the synthesis
of the dopamine agonist ropinirole 1 (Scheme 1)."* The
toluenesulfonate (2, R = OTs) is displaced with dipropylamine
affording ropinirole in 85% yield. Whilst affording a sig-
nificant improvement over an earlier route, where displace-
ment of bromide (3, R = Br) gave ropinirole in 57% yield due
to competing elimination, the net conversion of alcohol (4, R =
OH) is achieved in 74% yield. The preparation of 2 from 4 had
a mass intensity of 25 kg kg™ 1.1

There are encouraging recent advances in this area.
Catalytic activation of allylic and benzylic alcohols has been
demonstrated using indium(1ir) chloride for displacement with
acetylenic, allylic or propargylic silanes,'® and activation by
4-toluenesulfonic acid, including polymer bound acid, allows
for displacement of the alcohol with a range of carbon,
nitrogen, oxygen and sulfur nucleophiles.!” A wider range of
alcohols, including primary and secondary, have been sub-
stituted with amines by in situ oxidation and reduction

R \/\N/\/
(e} (e}
—_— HCI
N N
H H
2,R=0Ts 1
3,R=Br
4,R=0H

Scheme 1 The synthesis of ropinirole 1.

catalysed by iridium complexes.'® This approach has been
extended to the preparation of carbon-carbon bonds, for
example using a ruthenium catalyst.'”” The challenge of
achieving a method of activation for secondary alcohols that
maintains control over the stereochemistry of the reaction
remains.

(iii) Reduction of amides without hydride reagents

Essentially all medicines and current drug candidates contain
at least one basic nitrogen atom. A common approach to the
synthesis of amines is to reduce the corresponding amide with
a hydride reagent such as LiAlH4;, DIBAL, RedAl, B,Hg,
Et;SiH, or polymethylhydroxysilane (PMHS). The reaction
survey® reported that reduction of amides to amines was used
in only 0.6% of chemical transformations; this number would
surely be higher if safer methods for use on scale were
available. The survey indicated that the number of amide
reductions was equally split between diborane and hydride
reagents. Lithium aluminium hydride, having a molecular
weight of 38 and four hydrides per molecule, has the highest
hydride density and is frequently used, even though it co-
generates an inorganic by-product (lithium aluminum hydro-
xide) which is difficult to separate from the product. The
workup procedure recommended by one bulk supplier
(Chemetall) is to precipitate and filter the aluminum hydroxide
salts. However, slow filtrations and product loss through
occlusion or adsorption are typical problems that can be
encountered. Options for disposal of the cake include
dissolving in water and sending to a waste water treatment
plant or drying the cake and sending to a chemical waste dump
that accepts solids.”” Both options have an environmental
impact. Therefore, a generally applicable, safe, environmen-
tally benign and economically viable method for the reduction
of amides to amines would have an appreciable benefit to
numerous processes.

Hydrogen gas is the ideal reductant because the only by-
product is water. Thus, much research has been directed
towards discovery of a transition metal catalyst selective for
hydrogenation of amides. However, even with the best
catalysts, both high temperature (~150 °C) and pressure
(>100 bar) are required. These conditions involve expensive
high pressure hydrogenation equipment not typically available
in a common pharmaceutical manufacturing plant. The harsh
conditions also preclude the use of these catalysts with
substrates that contain other reducible or thermally labile
functional groups. Recent research has led to the discovery of
catalysts that are effective at lower temperature and pressure,
giving encouragement that the goal of finding a selective, low
pressure/temperature catalyst is realistic.?!

Another approach would be to use a biotransformation to
reduce the amide. It is notable that a number of bacteria and
fungi reduce carboxylic acids to aldehydes or ketones.?> The
usual fate of amides in biological pathways is hydrolysis.
However, an anaerobic bacteria, Clostridium sporogenes, has
been reported to reduce benzamide to benzylamine.”> A key
challenge in this technology area is gaining a detailed
understanding of these complex enzyme-catalysed processes
that require ATP/NADPH co-factor recycling, and getting the
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enzymes cloned and produced on a large scale in suitable
expression systems.

The acylation/reduction strategy for N-alkylation avoids the
need to handle alkylating agents and would be more widely
used if a safer, more atom economical or preferably catalytic
method for amide reduction were developed. The solution to
this problem could be either chemical or biochemical.

(iv) Oxidation/epoxidation methods without the use of
chlorinated solvents

The pharmaceutical industry performs more reduction reac-
tions than oxidation reactions. The reaction survey® shows
that oxidations covered 3.9% of reactions whereas reductions
were used in 14% of transformations. Oxidation reactions
encompass transformations that either remove hydrogen from
the molecule (for example, alcohol to aldehyde), or insert an
oxygen into a C-C (Baeyer—Villiger, epoxidation) or C-H
bond (aldehyde to acid).>* By definition an oxidant is involved,
and hence the reactions are generally of high energy in nature.
While much progress has been made on the development of
greener oxidation reagents (Ru/'‘BuO,H, TEMPO/NaOClI, Pd-
catalysed aerobic oxidations), and the use of stoichiometric
high valent metals (Mn, Os, Cr) have virtually been eliminated
from pharmaceutical processes, several deficiencies among
existing methods need to be addressed or supplanted with
greener technologies. First, a great majority of oxidation
reactions are conducted in inert, nonflammable chlorinated
solvents. Second, catalysts containing heavy metals must be
removed or recycled for toxicological, environmental or
economic reasons. Third, transportation and storage of
organic peracids, commonly used for epoxidation, incur
significant business costs. Last, there is much to be desired in
the choice of available oxidants. Molecular oxygen or air is the
ideal oxidant; however, aerating flammable solvents is a
significant safety concern that can only be fully addressed if
the reaction can be conducted efficiently in water. Hydrogen
peroxide is the second best choice with respect to atom
economy, but utilisation, efficiency and narrow range of scope
limit its application. Sodium hypochlorite is one of the most
economical oxidants. However, it usually comes in the form of
dilute aqueous solutions, which leads to the generation of large
volumes of aqueous waste from the process. Several alter-
natives to Cl*, most prominently TCIA (trichloroisocyanuric
acid), offer distinct advantages.”® Yet, the preferred reaction
medium still remains a chlorinated solvent. Developers of new
reactions should bear in mind that any useful and widely
adopted new reaction should offer certain advantages over
existing methods. New reactions should target green reagents
and solvents, safer and milder conditions, or improved
selectivity. One unmet need for green oxidation is allylic
oxidation. The insertion of oxygen into a C—H bond adjacent
to a double bond can only be reliably achieved using a
stoichiometric amount of SeO,.

Biocatalysis is much further advanced in the area of
oxidation than in reduction.?® A classic example of the power
of bio-oxidation is in the field of steroid synthesis. Without the
development of highly regio-and enantioselective monooxy-
genase reactions, many potent steroidal medications would not

be available on scale at an economic price. However many
challenges remain to be solved in this potentially highly
valuable field.

The oxidation of methyl groups to produce certain
functionalised aromatics and heteroaromatics has been
scaled-up into production, but is by no means yet a universal
solution. Some advances are being made into the under-
standing of how to scale-up reactions using redox enzymes
thought to be too unstable to ever use—chloroperoxidase and
Baeyer—Villiger monooxygenase being good examples.?” Other
exciting areas are the growth in the study of air oxidations
catalysed by laccases with or without organic co-catalysts®®
and the use of peroxides and lipases to prepare epoxides.®® It is
interesting to note the serendipitous discovery of ‘ozonolysis-
like reactions’ by several oxidising enzymes.*® Could this be
further developed into a useful technology to use in organic
synthesis?

(v) A ‘“‘greener” Mitsunobu reaction

The “redox” condensation reaction of alcohols with com-
pounds having an active hydrogen (NuH), mediated by
triphenylphosphine and dialkyl azodicarboxylates, has become
known as the Mitsunobu reaction (Scheme 2) in recognition of
his pioneering research during the 1960’s and 1970’s.*' This
transformation has become a powerful and widely used
reaction for organic chemists over the past 40 years due to
several key attributes, which include: (1) chiral secondary
alcohols are displaced with inversion with high stereospecifi-
city; (2) extraordinary scope, including nucleophiles derived
from oxygen, nitrogen, sulfur, and carbon, and a wide variety
of alcohols; (3) compatibility with a broad range of functional
groups; and (4) ease of operation, with most protocols
requiring only simple addition of reagents to a flask and
operating temperatures generally near room temperature.
The primary shortcoming of the Mitsunobu reaction is the
use of stoichiometric quantities of the azodicarboxylate and
triphenylphosphine, which overall function to eliminate water
from this condensation reaction. Thus, waste products totaling
more than 450 in molecular weight are generated to remove
water, a highly atom-inefficient process. In addition, removal
of these by-products requires additional processing, such as
chromatography, to purify the product, producing additional
waste. As well as the environmental considerations, diethyl
azodicarboxyle is a high energy molecule and the Pfizer data
base reports a decomposition energy of 1000 J g~ '. For these

H
|
EtO,C—N=N—CO,Et * PPh; — EtOzc—lIl—N—COZEt
NuH "'PPha NU-
+
OH H OPPh,
|
R R2+ EtOZC—IIl—N—COzEt —— > R! Rz * EtO,CNHNHCO,Et
*PPh; Nu- Nu-
+
OPPh, Nu
R? R > R‘/:\RZ + O=PPh,
Nu™

Scheme 2 The Mitsunobu reaction.
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reasons, commercial application of the Mitsunobu reaction has
been very limited, and the reaction survey’> reports that only
0.2% of chemical transformations are Mitsunobu reactions.

Some research has been directed toward reducing the high
environmental impact of the Mitsunobu reaction. Most of the
work to date has focused on the use of polymer-bound
triphenylphosphine.*® The polymer bound reagent simplifies
purification, allows for recycling and multiple use of the resin
after reactivation, and minimises solvent usage. Use of both
polymeric triphenylphosphine and polymeric azodicarboxylate
equivalents was recently described by Toy and co-workers.>
These polymer-bound reagents simplify product isolation, but
recycling still requires cumbersome protocols and harsh
reagents.

An alternate approach, that is also greener, is the use of the
reagent cyanomethylenetrimethylphosphorane, which com-
bines both redox partners in a single reagent. The by-products
of this reagent include acetonitrile and trimethylphosphine
oxide, which are improvements over the original Mitsunobu
reagents.35

The ideal Mitsunobu reaction would be catalytic in nature,
with the stoichiometric oxidant and reductant generating
innocuous by-products. A first approach to this goal has been
recently published by Toy and co-workers.>® In their work,
iodosobenzene diacetate is used as the stoichiometric oxidant,
which produces the environmentally less burdensome by-
products, acetic acid and iodobenzene, instead of the
hydrazide. Triphenylphosphine is still employed (2 equiv.), so
considerable research is still required to devise a reaction that
is catalytic in both reagents.

The Mitsunobu reaction has become a powerful and
popular transformation in the organic chemistry laboratory.
Further research towards making this transformation green is
required to realise its full potential in commercial applications.

(vi) C—H activation of aromatics

Aromatic groups are by far the most essential pharmacophores
for medicinal chemistry and drug development. A cursory
review of recent phase III and marketed pharmaceuticals
reveals that more than 75% of them contain at least one aryl or
heteroaryl group. A great number of the aryl groups, especially
phenyls, are incorporated into the API preassembled. No
aromatic ring synthesis was exercised in the process and
virtually all of them are procured from basic or specialty
chemical sources. Recent advances in metal-catalysed cross-
coupling reactions have greatly facilitated the versatility of
incorporating aryls for medicinal chemistry. However, most of
these reactions rely on the availability of aryl bromides or
iodides. Direct activation of aryl hydrogen (converting Ar-H
into Ar-Ar) will be of great potential.

Directed metallation has gained popularity for its versatility
at introducing electrophiles onto the aryl ring. A recent
example of biaryl formation via an organocuprate oxidation
without a preceding metal halogen exchange from an aryl
halide is shown in Scheme 3. This directed lithiation avoids the
separate preparation or purchase of an aryl halide, however, a
prerequisite is the presence of a directing group at the ortho
position.?”

i) n-BuLi
OMe TMEDA OMe
@ T 5%
ii) CuBr.SMe2 O OMe
iii) Oxidant

Scheme 3 C-H activation by directed metalation.

An unmet need for green chemistry is direct C-H activation
using catalytic methods. An example is the iridium-catalysed
C-H activation of aromatics (Scheme 4).*® This chemistry
provides the desired arylboronic acid directly from the C-H
activation without the use of the aryl halide. The subsequent
Pd-catalysed reaction with a second activated aryl group via
known methods (for example aryl halides in a Suzuki-Miyuara
coupling) provides efficient access to biaryls. However, new
reactions that enable chemists to form a bond between aryl
groups without having to go through any aryl halide (ArX)
would be highly useful. An encouraging sign is that there has
been a surge of exciting results in this area in the last few
years.*

(vii) Asymmetric synthesis of amines from prochiral ketones

Over the past few decades researchers in academia and
industry have explored the synthesis of o-chiral aliphatic
amines from prochiral ketones. However, reports of general
methods in high enantiomeric excess are rare.*® In most cases,
indirect reductive amination methods are used. These are
generally limited to specific cases such as enamine hydrogena-
tion,*! enantioselective alkylmetal addition to aliphatic aldi-
mines,*> enantioselective transfer hydrogenation of ketimine
derivatives,*® diastereoselective addition to chiral imines,** or
diastereoselective reduction of chiral methylbenzyl ketimine
derivatives.*’

The direct reductive amination of ketones has been shown to
be a very efficient methodology for the synthesis of racemic
amines (Scheme 5). Development of asymmetric versions of

o)
Iridium catalyst !
B<g
—  J

Iridium catalysed C-H activation of aromatics.

95-98%

»

Scheme 4

HNRER# Indirect Hl
,—V Isolated Intermediates —l
4
Rt R2 R1/I\R2
\—> [ In-situ Reduction]
3R4
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Scheme 5 Asymmetric synthesis of amines from prochiral ketones.
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this reaction, on the other hand, have been difficult to realise.*
A general methodology for the direct synthesis of a-chiral
aliphatic amines from prochiral ketones would be an extremely
valuable addition to the chemical transformation toolbox.
Apart from the elimination of extra steps to prepare and
isolate the imine substrates, the direct reductive amination of
ketones could have major advantages in terms of overall
efficiency and environmental impact.

(viii) Asymmetric hydrogentation of unfunctionalised olefins/
enamines/imines

The reaction survey® found that the predominant strategy for
the introduction of chirality was through classical chemical
resolutions as opposed to introductions through biotransfor-
mation or transition metal or organometallic catalytic means.
Asymmetric hydrogenation provides an elegant methodology
for the introduction of chirality, meeting many of the goals of
green chemistry and is finding increasing application in API
synthesis.*” The efficiency of this approach is elegantly
exemplified by the Merck second generation synthesis of
sitagliptin 5 (Scheme 6), where an unprecedented final stage
asymmetric hydrogenation of the unprotected enamide 6*'
resulted in an increase in overall yield of almost 50% and
produced 100 kg less waste per kg sitagliptin*® when compared
with the first generation approach.*

There are challenging areas remaining within the field, for
example, the hydrogenation of enamides and related substrates
in the synthesis of amino acids has numerous examples™ but
few examples exist for unsubstitued enamines*' and imines.
Some classes of alkene offer additional challenges.”' For the
pharmaceutical industry, the limited time for synthetic route
identification is an issue and access to catalyst and ligand
diversity is required to ensure the application of this
approach.>> Some pharmaceutical companies have synthesised
their own ligands and have found very effective catalysts.>
The majority of academic asymmetric hydrogenation
approaches are based on homogeneous catalysis to overcome
issues of activation and mass transfer. For pharmaceutical use,
efficient catalyst and ligand recovery, and eliminating heavy
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Scheme 6 The synthesis of sitigliptin.

metal contamination of the API are significant requirements
for the industry. These controls are often easier to achieve with
heterogeneous methodology where there are less examples.>
The demonstration of organocatalytic hydride transfer offers
the possibility of future access to metal free asymmetric
hydrogenations.>*

(ix) New greener fluorination methods

Owing to its unique stereoelectronic properties, fluorine has
increasingly been used to block metabolism sites or to
modulate electronic properties of the drug candidate without
introducing steric bulk. Fluorine containing molecules account
for 10% and 14% of launched pharmaceuticals and drug
candidates currently in phase III clinical trials, respectively.
The possibilities for fluorine incorporation only seem limited
by the chemistry of forming the F-C bond. Unfortunately,
there are only a handful of methods for introducing fluorine
into target compounds—most of them involving harsh
reaction conditions and the use of corrosive and hazardous
reagents. As a result, chemists rely heavily on purchased
starting materials with fluorine already incorporated, limiting
their ability to explore all structure—activity relationship (SAR)
spaces. Three categories for fluorination are commonly used
(Scheme 7):

1. Fluorine exchange with a leaving group (Cl, Br, I, OH,
OSO,R, etc.) using either HF, or its alkali/ammonium salt.

2. Deoxyfluorination: converting either an aldehyde or
ketone into a gemdifluromethylene (R{R,C=0 — R |R,CF,),
or an alcohol into an aliphatic fluoride (R;R,CHOH —
R R,CHF) For this purpose DAST has long ago replaced the
notorious SF,4, and in recent years a more stable and user-
friendly version (Deoxo-FluorTM) has emerged.>

3. Direct fluorination from an electrophilic (F") source (e.g.
Selectﬂuorm).55 This usually requires a carbon nucleophile,
such as the enolate of an aldehdye, ester or amide.

Fluorination is a very active area of research and new
reagents are appearing all the time, for example 2,2-difluoro-
1,3-dimethylimidazoline (DFI) which exchanges a fluorine for
a hydroxyl group.>®

Unmet needs in the realm of incorporating fluorine into
drug molecules include catalysts for increasing the nucleophi-
licity of F~, milder conditions for conducting fluorine
exchange reactions (ArCl — ArF), and safer and more
economical sources of electrophilic fluorine.

(AR-X —————

(ANR-F

(0] o}
F F E- F+
. . .
Ry~ Ay —— %R(H)
F
F+
RH ————> RF

Scheme 7 Common methods to introduce fluorine.
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(x) N-Centered chemistry avoiding azides, hydrazine, etc

The ‘“hydroxyl to amine” transformation is important in
pharmaceutical synthesis. Sodium azide is frequently used to
effect the “hydroxyl to amine” transformation. It is popular in
organic chemistry because it reliably affords high yields of
products with predictable stereochemistry (enforced by the
Sn2 mechanism) under relatively mild conditions. The “rule of
six’’ states that six carbons (or other atoms of about the same
size) per energetic functional group (azide or diazo or nitro)
provides sufficient dilution to make a compound relatively
safe.” However all Roundtable companies would consider
organic azides intrinsically hazardous and would usually
subject them to extensive safety testing using reaction
calorimetry and adiabatic calorimetry techniques before
considering scale-up of such chemistry. The preparation of
amines requires treatment of a halide or sulfonate with
aqueous sodium azide, a hazardous process due to the
formation of heavy metal azides which are contact explosives.
Sodium azide is a staple in every medicinal chemist’s shelf of
reagents: for example Sharpless’ “click chemistry”®’ relies on
alkyl azides, synthesis of beta lactams is based on azidoacetyl
chloride, and that of 1,2,3-triazoles and tetrazoles is based on
sodium azide. Tetrazoles, standard isosteres for carboxylic
acids commonly used in medicinal chemistry are synthesised
by cycloaddition of tri-n-butyltin azide to nitriles. Thus, there
is a critical need in the industry to develop a technique for the
safe handling of azides or more preferably chemistry which
does not involve azides. The principal concern in azide
chemistry is the risk of formation of heavy metal azide salts
which are shock sensitive. The cadmium plated screws
typically used to repair glass connectors in modern production
plant equipment, and waste water pipes made of lead in older
plants, present particularly high risk by potentially forming
highly explosive cadmium or lead azides.”® These realities
make the handling of sodium azide in the plant environment
hazardous. To address these issues, compounds like AZT are
made in dedicated facilities which are designed and maintained
at significant expense to handle azide compounds safely.
Pyrazoles are generally made from hydrazine or a substituted
hydrazine, examples such as sildenafil and celebrex are made
from a substituted hydrazines, which require special handling
and/or specialised facilities.

Considering the complexity of handling azides, many
process units opt to use substitute reagents. Ironically, these
substitute reagents generally have much higher MI-factors
than azide or hydrazine. For example, the classical Gabriel
synthesis involves displacing the leaving group with a bulky
potassium phthalimide,® and then removing the phthalic acid
group under harsh conditions.®® Even though a number of
equivalents of the Gabriel synthesis have been developed,®'
they all require an activating, protecting, or blocking group,
resulting in processes with elevated MI-factors. Nitrogen
nucleophiles with lower MI-factors are also known, but they
are generally insufficiently nucleophilic and tend to undergo
polyalkylation (e.g., ammonia).®> Moreover, the inability to
displace a sulfonate on a carbohydrate pyranose ring with
clean inversion of configuration (without competing elimina-
tion) limits their synthetic utility.

LT3

Interestingly, even though azide is highly nucleophilic,
sodium azide is not always the most effective reagent. For
example, in the case of diacetone glucose tosylate, sodium
azide gives no reaction, while ammonia and hydrazine displace
the tosylate with inversion of configuration.®® It is postulated
that azide fails to displace tosylate because it is charged, and
expulsion of a charged anionic leaving group into a non-polar
environment is disfavored. Ammonia and hydrazine are more
effective because the leaving group is not expelled as a charged
anion, but rather as an ammonium salt into the non-polar
environment. Therefore, even though the new azide-alterna-
tives are unlikely to replace azide’s standing as the most
nucleophilic nitrogen anion, their use in non-traditional media
might address environmental and safety issues associated with
the use of azide and its current replacements.

(xi) Replacements for dipolar aprotic solvents

This is a class of solvents of tremendous utility to chemists
given their ability to solubilise a large number of chemicals and
their support or promotion of a variety of chemistries through
their polarity. However, solvents such as N-methylpyrrolidin-
2-one  (NMP), N,N-dimethylformamide (DMF) and
N,N-dimethylacetamide (DMAc) have been found to have
human reproductive risks and are therefore becoming targets
of increasing regulatory constraint. They have also always
been problematic from an environmental perspective because
reaction work-ups usually involve large quantities of water,
and the preferred disposal method for mixed aqueous/organic
wastes has generally been incineration. Mixed aqueous/organic
wastes of this type generally require additional fuel to
incinerate, and have the added burden of NO, formation.
Given the high biological oxygen demand/chemical oxygen
demand and nitrogen loadings these types of wastes have if
they are discharged to a waste water treatment plant, there is
reluctance to discharge to biological treatment, especially
plants with tight NH;3 limits. Separation of the solvent from
mixed aqueous waste streams is difficult in the batch chemical
context, generally capital and energy intensive, and therefore
not usually undertaken.

Therefore, given the utility of these solvents from a chemical
perspective but the environmental and health risks they pose,
suitable replacements of lower risk and less impact are
required.

(xii) Solvent-less reactor cleaning

Organic solvents account for 75-80% of the waste associated
with the synthesis of APIs. In addition to serving as media for
reactions and separations, solvents are routinely used to clean
reaction vessels following a campaign. Strict limits on
cleanliness (typically 10-20 ppm) are followed by most
pharmaceutical companies. In pilot plant operation, the
volume of solvent used for cleaning is generally 2-3 times
greater than the amount of solvent used in the reaction itself.
Cleaning solvents are generally relatively green (e.g. methanol
and acetone) and are sometimes recovered for subsequent
reuse.’* In the best case scenario, waste solvent is recycled;
however distillation is frequently required, making the process
energy and time intensive. Solvent waste disposal adds cost to
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API production. Eliminating cleaning solvent would therefore
decrease the environmental footprint of most pharmaceutical
processes significantly.®’

Cleaning using solvent rinse and boil-out are generally
inefficient. Frequently, the contaminants to be removed are
structurally dissimilar from the product, and may have vastly
different solubility properties from the desired product. For
this reason, other cleaning systems have been evaluated.
Aqueous hydrogen peroxide was found to be a suitable
cleaning agent for the dissolution of certain organic residues.®®
Recent work utilising high-pressure water jet technology to
clean reactors has proven beneficial.®” The relationship
between jet properties (e.g. temperature, pressure, composi-
tion, and impingement conditions) and cleaning efficiency has
been defined. Development of efficient detergents acceptable
for API equipment and research toward making vessel
cleaning solvent less in commercial setting will have a major
impact on reducing the environmental impact of pharmaceu-
tical processes, while ensuring the integrity and quality of
pharmaceutical products.

Conclusions

The Roundtable first announced the key research areas at the
10th Annual Green Chemistry and Engineering Conference in
Washington (June 2006).°® At the meeting the Roundtable
announced that it would be launching a grant program for
research in the 12 key research areas. A call for research
proposals was made in November 2006 and the response from
the academic community was outstanding, with 32 research
proposals received within 1 month. The announcement of the
award was made in December 2006.%° The Roundtable sees the
research grant program as an ongoing commitment.”®

It should be noted that great progress has been made over
the last few years. For example, 20 years ago the industry was
still using stoichiometric oxidations with chromium(vr)
reagents whereas today bleach based oxidations catalysed by
nitroxyl radicals are commonplace. There has also been a huge
growth of large scale use of asymmetric reactions over the
same time period. The idea of identifying and supporting
research in the key research areas was to continue and to
accelerate that improvement.

Of course chemistry changes quickly and almost certainly it
will be necessary to refine and update the key research areas at
some point in the future.
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