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Green Chemistry Next: Moving from Evolutionary
to Revolutionary
A View from the Co-Author of the 12 Principles of Green Chemistry
Paul T. Anastas†
Center for Green Chemistry and Green Engineering, Yale University, 225 Prospect Street, New Haven, CT 06520-8107, USA • Email: paul.anastas@yale.edu

The Past

Green Chemistry was launched as a field of endeavor in 1991, and has since
evolved significantly while remaining true to its bedrock foundations.1
From the beginning, the field was about inventions and innovations,
rather than limitations and restrictions, and has been based on the premise
that proactive design is essential and far more desirable than reacting to
problems after they arise.2 Green Chemistry considers as its appropriate
scope the entire life cycle of a chemical or material,3 rather than simply
one aspect or stage in the life cycle—as outlined in the Twelve Principles
of Green Chemistry.4
Green Chemistry originally manifested in ways that focused on
efficiencies. Trost’s atom-economy metrics5 and Sheldon’s E factor6 were
important early contributions that enabled quantification of the inherent
material performance of a reaction or of an entire manufacturing process.
Further refinements of the metrics included Wender’s step-economy7 for
chemical syntheses. Additionally, other metrics have been developed to
include energy and water utilization.8
Much of the earliest work in Green Chemistry used these metrics as
drivers for new synthetic methodologies9 and new solvent systems10. These
new green alternatives were significant improvements in terms of quality
of the chemistry and in terms of cost-effectiveness. This was especially
pertinent in complex syntheses such as those in the pharmaceutical
industry.11 Over the past two decades, similar techniques have been
employed to discover new materials,12 new molecules, new catalysts,13 new
solvents,10,14 and new synthetic transformations15. These have proved to be
of tremendous benefit to a variety of industry sectors including agriculture,16
energy,17 chemicals,9 personal care,18 transportation,19 electronics,20 paints
and coatings, and much more.

The Future

The successes of Green Chemistry since 1991 notwithstanding, its
greatest achievements still lie in the future. To attain these achievements,
Green Chemistry needs to transform this evolution into a revolution with
significant changes in the way we conceive and design our chemistry. Some
of these revolutionary aspects are already being explored and demonstrated
by some leading thinkers in the field.

More Systematic

In order to derive the maximum benefit from the Twelve Principles of
Green Chemistry, they will need to be regarded not as twelve independent
principles, but rather as a multiparameter system to optimize. Understanding
that achieving the synergies of one principle (e.g., renewable feedstock)
can and should enable achieving the goals of other principles (e.g., ready
degradability) is important to the development of greener chemistry in the
future. It has, of course, always been antithetical to the Twelve Principles
that you would achieve the goals of one principle (e.g., waste reduction)
by violating another (e.g., by using toxic reagents). While it is often stated
that “there are always trade-offs”, it should be noted that there is no data to
suggest that there is any intrinsic conflict between any of the principles. This
means that it is simply a design challenge—albeit daunting and difficult, but
possible—to optimize the system.

More Nexus

Many Green Chemistry technologies are being developed not only to be
inherently sustainable, but also to address key sustainability challenges

such as renewable energy, sustainable food production, water purification,
and pollutant elimination. All of these challenges are important and, in the
future, Green Chemistry will need to develop approaches that accomplish
multiple goals simultaneously. Instead of merely reducing waste, for
instance, Green Chemistry technologies would convert and utilize the
“waste” material for value-added applications. Examples exist of sewerage
bio-solids waste being utilized to generate energy and provide purified
water. Other examples are emerging of how to split seawater to use in
energy storage and then reclaim the purified water.21–23 The energy–water–
etc. nexus should be an essential target for Green Chemistry in the future.24

More about Inventing than Improving

While improving existing chemical products and processes has served
Green Chemistry and the chemicals industry well, one of the great
challenges of the future will be to shift from improving to inventing. While
there are many logistical and economic impediments to introducing entirely
new molecules and production schemes,25 it is also the only way to be
truly transformative. In addition, this type of transformative innovation is
likewise the only way for Green Chemistry to bring maximum economic
value. Existing members of the chemical enterprise across many sectors
may embrace these disruptive technologies. In other cases, new small
companies with these leapfrog Green Chemistry technologies will disrupt
the less agile companies. While the question for many Green Chemistry
researchers over the past twenty years has been, “How do we supply what
industry is saying it needs?”; the question in the future will be, “How do
we supply what a future sustainable industry needs, whether or not current
industry recognizes it as necessary?”

More Focus on Function and Performance than on the
Molecule

No one has ever paid for a chemical. That provocative statement is mostly
if not absolutely true. People pay for function; for the performance that a
chemical provides. So, while we often ask how to make a flame retardant
or a solvent or a catalyst, what we need to be asking in the future is how
to provide the function of flame retardancy, solvency, or catalysis. The
difference between the two questions is that the latter opens up new degrees
of design freedom that can result in new products—such as clothes that
remain clean rather than inventing a new detergent, or polymers that are
inherently fire resistant rather than needing additives. Clark et al. have
recently proposed a new F Factor that would measure the amount of
function you get per kg of product.26 This concept leads one to want as
much function in the numerator of the ratio with minimal mass needed in
the denominator.

More Working Toward the Ideal

Pursuing function and performance leads to the logical conclusion of
wanting to get all of the function with the needed chemicals or materials to
achieve that function. In other words, how do we move toward the ideal?
If it is true that no one ever buys a chemical—they buy a function; they
buy performance—this raises great challenges that are being met every
day and some that are just beginning to be enunciated such as: (i) How
do you get color without pigments or dyes? (ii) How do you get adhesion
without adhesives? (iii) How do you get flame retardancy without flame
retardants? (iv) How do you get catalysis without catalysts? (v) How do you
get ‘transformation’ without a chemical reaction?
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Fusion with Engineering

For over two hundred years of creative chemistry, new molecules have been
invented with new functions, and then they were transferred to engineering
to make them work on a commercial scale. Often, the transfer to engineers
and other users was not only for scale-up or process manufacturing, but
rather for the engineering required for the end utilization or application
of the product. This transfer has not brought about optimal results for
chemistry nor engineering from the perspectives of cost, functionality,
or utilization. DesignBuild is a concept that is widely accepted at the
architecture/construction interface, where the critical parties are sitting at the
same design table. In order to have the highest functioning—and greenest
molecules—reach their highest performance potential and not be regarded
as unscalable, the fusion of green chemistry and green engineering27 must
become seamless wherever possible.28

Fusion with Toxicology

Chemists understand how to make molecules, and toxicologists know
which molecules are toxic and what makes them this way. Until such time
when chemists are routinely trained in the fundamentals of toxicology
and/or toxicologists are trained how to synthesize molecules, these two
disciplines need to create mechanisms and frameworks that permit them
to accomplish their synergistic goals of designing the next generation of
molecules to be inherently less capable of manifesting hazards to humans
and the environment.29–32

Fusion with Biology

As the field of synthetic biology builds upon the foundations of genetic
engineering, there will be even greater challenges of design at the molecular
level. It will be important to remember that the goal of Green Chemistry is,
to the highest level of our knowledge and foresight, not to minimize change
no matter how disruptive, but to minimize hazard and adverse consequence.
By using fundamental principles of what can ultimately cascade into
unintended consequences rather than the tools of simple current testing of
manifested hazard, Green Chemistry, as the approach of molecular design,
is just as applicable to molecular/chemical biology as it is to traditional
systems regardless of the added complexity. If the potential benefits of
synthetic biology and biological chemistry generally are to be realized,
the perspectives of Green Chemistry are essential to ensure that they are
realized safely and without the undesirable and undersigned impacts.

Conclusion

The accomplishments of the field of Green Chemistry thus far have
ranged from scientific discoveries and advances, to industrial innovations
in new products and processes, and to benefits to human health and the
environment. The ability to align environmental and economic goals
through Green Chemistry has been demonstrated.
However, the most important achievements of Green Chemistry clearly
lie in the future, where, through systems thinking and design that strive
toward the ideal, unimagined transformative innovations will take place at
the interface of numerous disciplines. While the word “green” has many
connotations, some of the most relevant for the future of Green Chemistry
are “fresh, new, emerging, and growing”.
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Taking a Measure of Green Success
A Science Journalist's Perspective on Green Chemistry

Stephen K. Ritter
Chemical & Engineering News, American Chemical Society, 1155 16th St., N.W., Washington, DC 20036, USA • Email: s_ritter@acs.org

In a guest editorial in Chemical & Engineering News (C&EN) in 2013, Dow
Chemical chairman and CEO, Andrew N. Liveris, commented that, despite
the benefits of the products and technologies the chemical industry creates,
the industry “is still misjudged, misaligned, and misrepresented….”1 That
disconnect is partially the industry’s own fault, Liveris added, because it
“has not done enough to operate with transparency and to lead on matters
such as sustainability….”
In that regard, the chemical industry has evolved through what Liveris
calls the four Ds—(i) defiance of those who call attention to problems
concerning safety and pollution; (ii) denying their claims; (iii) debating
them; and (iv) now, finally, engaging them in a dialogue. This observation
might be a shock to anyone who was expecting to read a glowing review on
the success of Green Chemistry.
Green Chemistry is a great concept, and it has been wildly successful
around the globe; but, Green Chemistry isn’t close yet to addressing all of
the health, safety, and environmental concerns that are typically associated
with the use of chemicals. Perhaps some historical perspective will help to
explain.
Green Chemistry thinking started appearing in C&EN by the mid1970s, just as protective health and environmental laws such as the Toxic
Substances Control Act were being passed. Awareness of the environmental
impacts of unfettered use of industrial and agricultural chemicals was
growing. Trevor A. Kletz of Imperial Chemical Industries, who helped
develop the idea of inherently safer design of chemical processes, was
quoted in a story from the 1975 American Institute of Chemical Engineers
conference. Kletz was reflecting on the deadly caprolactam plant explosion
at Nypro UK’s facility in Flixborough, Scotland, from the year before.2
“So often we keep a lion and build a strong cage to keep it in. Our cages
are usually very strong, and only rarely, as at Flixborough, does the lion
break loose. I am sure that by good design and operation one can make the
chance of it breaking loose acceptably low. But before we keep a lion, we
should perhaps ask if a lamb will do instead.”2
Kletz’s ideas percolated over the years, and inherently safer design is
now one of the pillars of Green Chemistry. Other events, such as the lethal
methyl isocyanate leak in Bhopal, India, in 1984, and interest in global
sustainable development, increased concerns over the adverse effects of
man-made chemicals in our daily lives. The chemical industry, however,
was doing little on its own to curb these problems.
Enter the Pollution Prevention Act of 1990. It was the first environmental
law to focus on preventing pollution during manufacturing rather than
dealing with remediation or capture of pollutants after the fact. The new law
led the Environmental Protection Agency to establish its Green Chemistry
Program in 1991 to unify chemists around a common goal of designing
chemical products and processes that reduce or eliminate the use and
generation of hazardous substances.
The first “Green Chemistry” story published in C&EN appeared in the
September 6, 1993, issue.3 The article reported on a symposium organized
by EPA’s Carol A. Farris and Paul T. Anastas on alternative synthetic
design for pollution prevention, which was held at the 206th ACS National
Meeting in Chicago (August 1993). It was Anastas, an organic chemist who
is now a chemistry professor and director of the Center for Green Chemistry
& Green Engineering at Yale University, who had coined the term “Green
Chemistry.”

Organic chemists at the time were largely trained to identify reaction
pathways that provided highest yields and best selectivity at a reasonable
cost, pointed out symposium speaker Kenneth G. Hancock, who was
director of the National Science Foundation’s Chemistry Division at the
time. Hancock said that chemists generally proceeded without regard to
potential environmental problems stemming from hazardous feedstock,
solvents, and waste. But he predicted that, through the lens of Green
Chemistry, synthesis routes of the future would be designed by making
informed choices about which reactants, solvents, and conditions to use to
reduce resource consumption and waste.4
As an incentive, EPA established the Presidential Green Chemistry
Challenge Awards in 1996. The awards were created as a competitive effort
to promote and recognize environmentally friendly chemical products and
manufacturing processes. At about the same time, ACS’s Green Chemistry
Institute® (GCI) was created as a grassroots effort to facilitate industry–
government partnerships with universities and national laboratories.
In 1998, Anastas and Polaroid’s John C. Warner, who is now head of the
Warner Babcock Institute for Green Chemistry, published a molecular-level
how-to book that included the 12 Principles of Green Chemistry.5 Their
framework of intuitive concepts included using less hazardous reagents
and solvents, simplifying reactions and making them more energy efficient,
using renewable feedstock, and designing products that can be easily
recycled or that break down into innocuous substances in the environment.
“Green Chemistry is the mechanics of doing sustainable chemistry,”
Warner once told C&EN.6 “By focusing on green chemistry, it puts us
in a different innovative space. It presents industries with an incredible
opportunity for continuous growth and competitive advantage.”
Yet, in the early years, Green Chemistry seemed only to resonate with
academic scientists and with environmentally minded advocacy groups.
Chemical companies were reluctant to speak with reporters about their
new and improved chemistry technologies. In fact, some Green Chemistry
Award winners asked C&EN not to report on their award-winning
technology. Although they coveted the award, they did not in any way want
to suggest that they had developed a better product or process because there
was something wrong with the existing one.
That mindset is changing, however, as Dow’s Liveris alluded to. One
example is GCI’s Pharmaceutical Roundtable,7 a collaborative effort by
pharmaceutical companies to work together on common research and
development issues such as solvent selection and streamlining process
chemistry. This development is natural, because pharmaceutical production
to make complex molecules with a high demand for product purity is the
least green among all chemical manufacturing sectors.
As part of the green evolution, more chemists and most companies
are now taking life-cycle thinking more seriously. Life-Cycle Analysis
(LCA) allows scientists to peel back the layers of their processes to see
how subtle changes in sourcing raw materials, selecting solvents and
catalysts, controlling water usage, making process equipment more energy
efficient, managing distribution supply chains, and designing products for
end-of-life reuse or recycling can make a difference. LCA gives executives
and marketing departments leverage with their upstream suppliers and
downstream customers, as well as with their stockholders and with
consumers. No company today can realistically expect to succeed without
life-cycle thinking.
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Taking a Measure of Green Success
Stephen K. Ritter

Nonprofit research organizations have also made a difference in
driving chemical innovation. For example, GreenBlue was one of the first
sustainable nonprofits to work in collaboration with industry. Its businessto-business database, called CleanGredients®, assists companies in selecting
alternative surfactants, solvents, fragrances, and chelating agents for their
household cleaning products.
Helping to communicate Green Chemistry research, ACS’s Organic
Process Research & Development and RSC’s Green Chemistry are both
first-class journals. They have inspired creation of other fine journals,
such as Wiley-VCH’s ChemSusChem and ACS Sustainable Chemistry &
Engineering. Nowadays, each ACS meeting has substantial Green Chemistry
research and education programming. Moreover, C&EN’s coverage of the
18th Green Chemistry & Engineering Conference held in June 2014 and
of the 2014 Presidential Green Chemistry Challenge Awards shows that
Hancock’s vision of Green Chemistry is coming true, and then some.8
For reporters, there’s still no shortage of press releases from politically
motivated think tanks, industry trade groups, and environmental advocacy
groups announcing policy positions that either support or rebut research
findings and regulatory decisions regarding chemicals and the chemical
industry. Some label Green Chemistry a conspiracy that involves alarmist
tactics to promote a ridiculous antichemicals agenda. Others take the
position that many chemicals used in commerce disrupt hormone signals
and cause cancer, and argue that the chemical industry surreptitiously
exploits loopholes in laws to duck regulations and subvert EPA efforts to
restrict the use of unsafe chemicals.
Although much of that rhetoric is stretching the truth, it does make a
point that Green Chemistry’s job is incomplete. Warner has estimated that,
of all chemical products and processes in existence, perhaps only 10% of
them are already environmentally benign, meaning that their production,
use, and end-of-life disposal have little environmental impact and little
drag on sustainability. Maybe another 25% could be made environmentally
benign relatively easily, he says. “But we still need to invent or reinvent the
other 65%,” Warner points out. “Green chemistry is how we can do it.”9
The question remains, when will it be done? A panel discussion on Green
Chemistry held during the 247th ACS National Meeting in Dallas (March
16–20, 2014) discussed the challenges for pursuing Green Chemistry and
the barriers that seem to be impeding broader adoption of green practices.10
The panelists suggested that as academics go about teaching students and
writing journal articles, and as industrial chemists help mentor their junior
colleagues, they need to take the time to explain why a certain reaction
pathway is selected and why one solvent was chosen over another. They
should also provide tangible numbers to show how beneficial a green

process can be. These explanations are necessary, even if they seem obvious
or simplified, because chemists too often assume everyone knows and
understands the nuances of Green Chemistry, when actually many still don’t.
Anastas, always the optimist, has often said that Green Chemistry “is
a direction, not a destination.” From the beginning, Green Chemistry was
intended to become so systematic that every student would know its tools
and principles, Anastas has explained, and every practitioner would know
its power for efficiency, effectiveness, and innovation. Green chemistry will
be successful, Anastas observes, “when the term fades away because it is
simply what we, as chemists, do.”11
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Moving Toward a Green Chemistry and Engineering
Design Ethic
Insight from the Head of the ACS Green Chemistry Institute® (GCI)
David J. C. Constable
Green Chemistry Institute, American Chemical Society, 1155 16th Street, N.W., Washington, DC, 20036, USA • Email: d_constable@acs.org

As someone who has been working since the mid-1990s to better understand
and promote sustainable and Green Chemistry and Engineering, it’s been
interesting to think about how the field has and hasn’t developed over nearly
20 years. It’s also interesting to consider how little, on balance, sustainable
and Green Chemistry and Engineering has penetrated everyday activities of
the rank-and-file chemists working in academic chemistry and engineering
departments and those working in industry. This lack of uptake amongst the
chemistry and chemical engineering community has been a frequent topic
amongst sustainable and Green Chemistry devotees for as long as I have
been associated with the field and generally has resulted in a considerable
amount of navel-gazing and handwringing.
I think that one reason for this dilemma is the very human tendency to
fight change of any kind; we’re very comfortable with the way things are.
Perhaps another reason is that we are very bad at addressing problems until
our backs are against the wall and we absolutely must change. And perhaps
it is just that most chemists don’t see any problem with the way they do
chemistry. It has also been my experience that the educational system,
the people who are teaching and doing research, the infrastructure which
supports it, and its rewards and benefits do not appreciate that integrating
green chemistry and engineering into the routine work of research is worthy
of academic pursuit. In fact, I could write a considerable amount outlining
a variety of reasons, barriers and potential solutions, but I would not be the
first person to do that.
To me, sustainable and Green Chemistry and Engineering is simply
a way of thinking about chemistry and engineering. It is not the end, but
the means to an end; and if one considers the endpoint to be a product
(a molecule all the way to a consumer product), service or a function,
the endpoints are not really so different than the endpoints chemists and
engineers are already working on. For example, I want to create a novel
molecule for any one of a variety of purposes. I can go to the literature and
perhaps find what I may think are several different potentially interesting
precedents for adding functionality to one of maybe 120 or so commonly
used framework molecules based on petroleum that will get me to my
target. The chemistries, the chemical process, the reagents, the solvents, the
catalysts, etc., can generally be selected in a more systematic or perhaps a
less mindful fashion to just “get it done”; or they can, with a little practice,
just as easily be selected in a manner that causes the least harm to people
and the environment, uses the least energy, and takes the least amount of
time and the least amount of non-renewable resources.

In essence, what I am referring to is a design ethic; i.e., the choices that
one makes when making something. Since it’s close to lunch as I’m writing
this, I’ll use the analogy of making something for lunch. A person may
claim that what one eats doesn’t matter as long as one’s hunger is satisfied.
So, suppose one person takes some white bread, grabs some lunchmeat,
throws on a slice of cheese, squirts a little mustard or mayonnaise on top,
eats a bag or two of potato chips, a double fudge brownie, and washes it all
down with a large diet soda. Another person may say that a meal like I’ve
just described doesn’t sound very healthy, doesn’t eat meat because it has
too great an impact on the environment, and feels it is better to eat a salad
with some beans, almonds, and a bunch of different vegetables. Both people
are likely to have satisfied their hunger, but they’ve made different choices
about what they eat for potentially a variety of reasons, or perhaps they ate
what they ate out of habit.
I think it is fair to say that the field of Green Chemistry and Engineering
got off the ground based on a concern about chemical toxicity and waste,
as well as potential harm to humans and the environment associated with
each. These concerns and others, in turn, are likely to inform and influence
a person’s design ethic. If this is true—and any given person’s choice to do
greener chemistry or engineering is values-based, and because doing greener
chemistry and engineering requires chemists and engineers to learn a few
things they are generally not taught on their way to becoming a chemist, and
because most things chemists and engineers use and do in chemistry and
chemical engineering entails some handling of toxic materials—a person’s
choice to do green chemistry and engineering will generally require a
thoughtful change in what they are doing. As chemists and chemical
engineers, most of us can’t imagine doing what we do in too many other
ways. So perhaps the problem is a failure of discipline, imagination, and
innovation, in addition to exercising a different set of values.
I would suggest to you that what the world needs from chemists and
engineers is for each of us to adopt a different design ethic. I would also
suggest that the time for resisting or ignoring design principles of green
chemistry and engineering is over; the earth is simply not able to sustain
chemistry and chemical engineering practices as we know them. Please take
the time to investigate for yourself the myriad ways in which the earth is
being adversely impacted by the global chemistry enterprise and consider
what you can do to reimagine chemistry and chemical engineering for a
sustainable future.
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Practical Aerobic Alcohol Oxidation with Cu/Nitroxyl and
Nitroxyl/NOx Catalyst Systems
An Update from a Pioneer of Greener Methods for Industrially Relevant Oxidations
Kelsey C. Miles and Shannon S. Stahl*
Department of Chemistry, University of Wisconsin-Madison, 1101 University Avenue, Madison, WI 53706, USA • Email: stahl@chem.wisc.edu

Introduction

Aldehydes and ketones are common functional groups in pharmaceutical,
agrochemical, and fine chemical products and intermediates, and they
are often prepared by oxidation of the corresponding alcohols. Classical
oxidation routes generally suffer from large amounts of toxic waste and poor
functional group compatibility. Due to the importance of these functional
groups, significant effort has been made to develop synthetically more
appealing oxidation routes, and aerobic oxidation methods have received
considerable attention in recent years.1
TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl) is a stable organic
nitroxyl that has found widespread application in alcohol oxidation reactions.
This topic is the focus of a recent comprehensive review by Bobbitt,
Brückner, and Merbouh.2,3 The use of inexpensive stoichiometric oxidants,
such as sodium hypochlorite (NaOCl), bromine, or PhI(OAc)2, often enables
TEMPO to be used in catalytic quantities, and one of the most common
protocols features stoichiometric NaOCl in combination with catalytic
TEMPO and bromide in a buffered organic–aqueous biphasic solvent
mixture (the “Anelli oxidation”).4 An important recent development in this
area is the recognition that less sterically hindered bicyclic nitroxyls, such
as ABNO (9-azabicyclo[3.3.1]nonane N-oxyl), AZADO (2-azaadamantane
N-oxyl), and related derivatives, often significantly improve the efficiency
and scope of the alcohol oxidation reactions (Figure 1).5
The development of nitroxyl-catalyzed alcohol oxidations that
employ O2 as the terminal oxidant has been achieved by using a variety
of co-catalysts, including transition-metal salts, polyoxometallates, or
metalloenzymes (laccase).6 Cu/nitroxyl catalyst systems have emerged as
the most versatile and effective among this group.The mechanism of these
reactions is believed to involve cooperative one-electron redox chemistry
at Cu and the nitroxyl (Scheme 1, Part (a)). Alternative transition-metalfree protocols have been identified that employ nitrogen oxide (NOx) cocatalysts to achieve alcohol oxidation with O2 as the terminal oxidant. The
mechanism of the latter reactions is believed to involve a NO/NO2 redox
cycle coupled to a hydroxylamine/oxoammonium cycle, which resembles
the mechanism of the NaOCl/nitroxyl-catalyzed alcohol oxidation methods
mentioned above (Scheme 1, Part (b)).6
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Whereas aerobic alcohol oxidation reactions have historically been
the focus of attention, they are rarely used in organic chemical synthesis.
Widespread adoption of aerobic alcohol oxidations will require a number of
specific issues to be addressed. For example, the methods must exhibit high
functional-group tolerance and chemoselectivity, feature simple reaction
setup, have short reaction times, and employ low-cost reagents and/
or catalysts. The present article describes the development and synthetic
scope of a series of Cu/nitroxyl- and nitroxyl/NOx-based aerobic alcohol
oxidation methods that meet all or most of these criteria.

Cu/Nitroxyl-Catalyzed Aerobic Oxidation of Alcohols

Semmelhack was the first to explore the synthetic scope of Cu/TEMPOcatalyzed aerobic alcohol oxidation.7 CuCl and TEMPO were identified
as effective cocatalysts for the aerobic oxidation of activated alcohols.
Stoichiometric quantities of copper and TEMPO were required to oxidize less
reactive aliphatic alcohols. This CuCl/TEMPO oxidation method has been
employed in a number of synthetic routes to prepare complex molecules,
especially for the oxidation of allylic alcohols.6 Knochel and co-workers
reported in 2000 the first Cu/TEMPO-based catalyst system that is effective
for the aerobic oxidation of aliphatic alcohols.8 However, the use of fluorous
biphasic reaction conditions and a perfluoroalkyl-substituted bipyridine
ligand for the Cu catalyst probably limited the widespread adoption of this
method. Subsequently, Sheldon and co-workers demonstrated that a simple
catalyst system (5 mol % of each of CuBr2/bpy/TEMPO/KOt-Bu; bpy =
2,2’-bipyridine) enabled the efficient oxidation of activated (allylic and
benzylic) alcohols in acetonitrile–water, and it could also oxidize aliphatic
alcohols at somewhat higher temperatures and for longer reaction times.9
A Cu/salen catalyst system reported by Punniyamurthy and co-workers
successfully oxidized aliphatic alcohols, but required more forcing reaction
conditions (100 °C).10 In 2009, Kumpulainen and Koskinen reported a
catalyst composed of CuII/bpy/TEMPO with DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) and/or NMI (N-methylimidazole) that exhibited excellent
reactivity towards unactivated aliphatic alcohols at room temperature.11
Hoover and Stahl developed a CuOTf/bpy/TEMPO/NMI catalyst system
that was effective in the oxidation of benzylic, allylic, propargylic, and
aliphatic alcohols under ambient air (Scheme 2).12 A significant improvement
in catalytic activity was associated with the use of a copper(I), rather than
a copper(II), source. CuI salts with non-coordinating anions (e.g., CuOTf)
were especially effective. The mild reaction conditions were compatible
with numerous functional groups, including aryl halides, anilines, nitrogen
and sulfur heterocycles, and sulfides. This method is compatible with basesensitive substrates owing to the lack of stoichiometric or strongly basic
additives. For example, (Z)-allylic alcohols were successfully oxidized to
(Z)-enals without alkene isomerization, and N-Boc-prolinol was oxidized
to the aldehyde without epimerization. As observed with other Cu/TEMPO
catalyst systems, secondary alcohols did not undergo effective oxidation.
The chemoselectivity for primary over secondary alcohols was exploited in
the oxidation of diols that contained both primary and secondary alcohols.
Reactions of 1,5-diols led to efficient lactonization in high yields (Scheme
2). A subsequent study by Root and Stahl demonstrated the feasibility of
implementing these reactions on a large scale by employing continuousflow reaction conditions.13 Short reactor residence times (≤5 min) were
demonstrated for activated alcohols, with somewhat longer times (30–45
min) required for aliphatic alcohols.
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Several recent mechanistic studies of Cu/TEMPO-catalyzed alcohol
oxidation show that the higher reactivity of allylic, benzylic, and other
activated alcohols relative to aliphatic alcohols arises from a change in
the turnover-limiting step.14 In the case of activated alcohols, the turnoverlimiting step is the oxidation of CuI by O2 (Scheme 1, Part (a)), whereas
aliphatic alcohols feature turnover-limiting cleavage of a CuII–alkoxide
C−H bond (Scheme 3, Part (a), Step 2).
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The mechanistic observations noted above prompted Steves and Stahl
to test nitroxyl derivatives other than TEMPO, with the hope of achieving
faster rates and/or broader substrate scope in the catalytic reactions.15 The
fastest reaction rates were observed with the bicyclic nitroxyls ABNO,
keto-ABNO, and AZADO; and subsequent studies were performed with
ABNO due to its commercial availability. The Cu/ABNO catalyst system
exhibited nearly identical oxidation rates with essentially all classes of
alcohols, including 1° and 2° benzylic and 1° and 2° aliphatic alcohols.
This universal scope of reactivity contrasts the Cu/TEMPO system, which
is effective only with 1° benzylic and aliphatic alcohols. A recent in-depth
experimental and computational study of the mechanism of Cu/nitroxylcatalyzed alcohol oxidations showed that both catalysts proceed via an
Oppenauer-type six-membered-ring transition state (Scheme 4, Part (b)).14c
The hydrogen-transfer transition state is much lower in energy for Cu/
ABNO relative to Cu/TEMPO as a result of the decreased steric profile of
this bicyclic nitroxyl. This observation explains the much higher reactivity
and broader substrate scope of the Cu/ABNO catalyst system.
Optimization studies showed that 4,4′-dimethoxy-2,2′-bipyridine
(MeObpy) was superior to bpy as a ligand, and the resulting Cu/ABNO
catalyst system was tested with an array of 1° and 2° aliphatic and benzylic
alcohols. A broad range of functional groups was tolerated, including
ethers, thioethers, heterocycles, amines, alkenes, and alkynes (Scheme
4). Alcohols bearing adjacent stereocenters underwent oxidation without
epimerization. Excellent yields were obtained at room temperature with
ambient air as the oxidant and reaction times of ≤ 1 h.

Iwabuchi and co-workers subsequently reported a complementary
catalyst system that employed AZADO as a bicyclic nitroxyl co-catalyst
in a study that focused on the oxidation of unprotected amino alcohols.16
Such reactions are typically challenging due to competitive oxidation of the
alcohol and amine groups and/or unfavorable interaction of the electronrich amine with the oxidant. Synthetic methods to access carbonyl products
bearing unprotected amines typically require the protection of the amino
group. The Cu/AZADO catalytic method was shown to be superior to several
conventional oxidation methods (e.g., with pyridinium chlorochromate,
Swern, Dess–Martin periodinane, and tetrapropylammonium perruthenate
oxidants). The advantage of the Cu/AZADO catalyst system relative to
traditional oxidation methods was showcased in synthetic routes to two
small alkaloid targets, (–)-mesembrine and myosmine.
Iwabuchi’s method tolerated substrates with aliphatic 1°, 2°, and 3°
amines; those with ester and cyano groups; and N-heterocyclic substrates (see
Scheme 4). Some carboxylic acid formation was observed in the oxidation
of primary aliphatic alcohols; however, the authors demonstrated that this
complication could be minimized by using the slightly more sterically
demanding bicyclic nitroxyl, 1-Me-AZADO. No desired oxidation was
observed with acyclic vicinal amino alcohols [e.g., Et2NCH2CH(OH)Me].

Nitroxyl/NOx-Catalyzed Aerobic Oxidation of Alcohols

Transition-metal-free aerobic alcohol oxidation methods developed in
recent years complement the Cu/nitroxyl methods described above. The
former methods operate under mildly acidic conditions. The utility of NOxbased co-catalysts with nitroxyl radicals in aerobic alcohol oxidation was
first demonstrated by Hu and Liang.17,18 The catalyst components included
TEMPO, NaNO2, and Br2, and the reactions were effective with ambient
air as the oxidant. A related halogen-free system that employed tert-butyl
nitrite as the NOx source required heat and higher pressures of oxygen.19
These aerobic oxidations require longer reaction times (typically 24 h),
and have a more limited substrate scope (benzylic and simple aliphatic
alcohols) relative to traditional TEMPO/NaOCl methods. Nevertheless,
these early catalyst systems established the viability of aerobic oxidative
transformations with nitroxyl/NOx.
Iwabuchi and co-workers developed the bicyclic nitroxyl F-AZADO,
and demonstrated its excellent reactivity in aerobic alcohol oxidations with
a NOx-based co-catalyst.20 They proposed that the higher redox potential
and lower steric profile of the nitroxyl underlies the improved alcohol
oxidation reactivity. Higher yields and shorter reaction times were achieved
during optimization of the oxidation of menthol. The reactivity was shown
to correlate with the steric profile of the nitroxyl, following the trend
AZADO > 1-Me-AZADO > TEMPO. Comparison of AZADO derivatives
revealed that incorporation of electron-withdrawing groups into the
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backbone of AZADO leads to higher reactivity and enables the oxidation
reactions to proceed under ambient air. Primary unactivated alcohols and 1°
and 2° benzylic and allylic alcohols were oxidized efficiently using 1 mol %
F-AZADO and 10 mol % NaNO2 in acetic acid under ambient air (Scheme
5, Method A). Nucleic acid derivatives as well as compounds bearing
alkenes, which are challenging substrates for NaOCl-based oxidations,
were also oxidized readily.
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Scheme 5. Substrate Scope for Nitroxyl/NOx-Catalyzed Aerobic Oxidation of Alcohols.
(Ref. 20,22)

The F-AZADO catalyst system represents a significant advance in
aerobic alcohol oxidation; however, F-AZADO is not commercially
available and is difficult to synthesize.21 As a result, Lauber and Stahl
pursued related alcohol methods capable of using more accessible bicyclic
nitroxyl sources.22 The less sterically encumbered bicyclic nitroxyls ABNO
(Method B) and keto-ABNO (Method C) were especially effective for
the oxidization of secondary alcohols. Method B was the more versatile
of the two methods, and provided good-to-excellent yields of the desired
carbonyl products bearing diverse functional groups, including thiophenes,
pyridines, terminal alkynes, ethers, esters, and Boc- and Cbz-protected
amines. Pyridine-containing substrates can be challenging for transitionmetal-based oxidation methods due to metal coordination, but substrates of
this type were oxidized readily with Method C. A requirement for excess
acid probably reflects the need to protonate the pyridine nitrogen. Very
sterically demanding alcohols could be oxidized in good yields. Reactions
with substrates bearing a primary aniline were not successful due to
formation of a diazonium species under the reaction conditions.

Conclusions and Outlook

The alcohol oxidation methods described above represent some of the first
practical and synthetically useful aerobic oxidation methods available to
synthetic organic chemists. The Cu/nitroxyl and nitroxyl/NOx catalyst
systems match or exceed the scope and utility of many widely used
conventional oxidation methods. Preliminary results suggest that these
laboratory-scale methods will also be amenable to large-scale industrial
application wherein the “green” features of these reactions could have a
more profound impact.
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The so-called first rule of medicine, “primum non nocere” (Latin, meaning
“first, do no harm”), contained in the Hippocratic Oath, describes an ethos
that should also stand as an aspirational goal in the conduct of research
and development activities within the pharmaceutical sector. Scientists
devoted to such endeavors for the betterment of human health have both
the major responsibility of bringing innovative products to market for the
benefit of patients suffering from disease, and to conduct such pursuits
with a respectful and constant concern for society and the environment as
a whole. The work done to help some should not come at the cost of harm
to all. Tremendous technological advances in synthetic chemistry over the
past several decades, combined with a greatly increased level of awareness
of the principles of sustainability, are contributing to our present ability
to embrace these more environmentally benign practices in the course
of our efforts to produce new medicines. In this article, we wish to raise
awareness—and enhance the social consciousness and recognition of the
impact of chemists and of pharmaceutical companies—by encouraging the
pharmaceutical and biotechnology chemistry community to evolve strategic
thinking in planning syntheses for medicinal and process chemistry. We
highlight what we believe to be our critical responsibilities as chemists
and point to future opportunities. The illustrative examples herein are not
intended to be exhaustive, but rather to provide a basis for stimulating
further interest and discussion among practitioners in this field.
Chemists play a pivotal role in delivering innovative drugs to patients—
their impact extending from the research stage, where new biologically
active compounds are identified and optimized for efficacy and safety, to the
development stage, where suitable manufacturing syntheses and processes
are developed. At each step of the way, conscious choices are made in
designing the next analogue and enabling its synthesis through an efficient
route. Increasingly, such choices are both aimed at achieving the desired
scientific results with respect to physicochemical and pharmacological
properties, and doing so in a more environmentally responsible manner, and
so come both with tremendous opportunity and responsibility. Much has
been written in the arena of sustainable chemistry practices, first epitomized
by the 12 Principles of Green Chemistry by Anastas and Warner.1 Moreover,
significant progress is being made every day in several key relevant research
areas such as catalysis; atom- and step-economy; the design and adoption of
safer chemicals, chemical routes, and environmentally benign solvents; and
the development of renewable feedstock. The incorporation of sustainable
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OMe

chemistry practices into the everyday mindset and workflow of chemists in
biomedical research is gaining significant traction as well, especially where
these very same practices also provide more efficient and technologically
improved methods to achieving key target molecules.2
There have also been tremendous strides made in the past few years
to reduce waste in the fine and specialty chemicals industry, mostly by
replacing antiquated technologies. For example, catalytic substitutes to the
use of stoichiometric reagents is being evaluated and embraced by most
companies in the quest to identify greener, more efficient alternatives.
Although there is still considerable room for further improvement, catalysis
will undoubtedly be a centerpiece for achieving the objective of providing
large quantities of complex molecules, including natural products, with
a minimum amount of labor and material expense. To some extent, the
goal of organic chemists has become to achieve degrees of regio- and
stereoselectivities that are usually observed in biochemical processes with
their inherently more atom-economical and catalytic transformations.3
Among such technologies, some of the most versatile and broadly
applicable synthetic transformations employed in the construction of
pharmaceutical agents are transition-metal-catalyzed cross-coupling
reactions. In the context of such methodologies, the efficiency of the crosscoupling step (catalyst loading, temperature, yield, and ease of purification)
is of paramount importance when it comes to overall mass efficiency, as
reduction of the stoichiometry to a 1 to 1 ratio for a coupling reaction can
have a profound effect on sustainability considerations. This is all the
more relevant where the coupling partners are complex, and increased
selectivities and efficiencies minimize post-reaction purification operations
that are both time- and material-intensive. Such a convergent synthetic
strategy is one of the most efficient and widely used within the industry
as it allows for rapid and modular elaboration of complex products. For
example, we have recently developed mild conditions for a variety of
telescoped one-pot sequences including Suzuki–Miyaura cross-couplings
of historically difficult-to-access and/or poorly stable boron species. These
tandem reaction sequences, C–N/C–C cross-couplings and cycloaddition/
C–C cross-coupling are made possible by the use of methyliminodiacetic
acid (MIDA) boronates,4 bearing one of the most efficient functional groups
for rendering even unstable 2-heteroarylboronic acids as competent crosscoupling partners. The telescoped one-pot sequences allow rapid buildup of
structural complexity while dramatically reducing solvent use for workup
and purification (Schemes 1 and 2).5
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Scheme 1. Tandem C–N/C–C Cross-Couplings. (Ref. 5a)
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Mild and Environmentally Friendly Suzuki–Miyaura Cross-Coupling
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Commonly Utilized Suzuki-Miyaura Cross-Coupling
Conditions vs Those Micelle-Mediated in Water
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The development of Green Chemistry and Engineering based
technologies requires a conscious and deliberate effort in order to radically
change our approaches and evolve beyond current practices. The accelerated
uptake and rapid implementation of such advances from the earliest stages
of research on through manufacturing will be key to continued progress
toward more sustainable and environmentally sound processes in this field.
It is incumbent upon industry to identify with a sense of urgency focus
areas to reach such objectives, and, in so doing, help define the challenges
and stimulate interest from the academic community. As in other fields of
science, the goals of developing a Green Chemistry toolbox will be best
served through a shared vision and cooperation between practitioners in
both academia and industry.12,13 The new paradigm will require a new breed
of pharma industry leaders, who can champion education and awareness
within their respective organizations, and who create opportunities to
redirect efforts towards innovative sustainability research and development
enterprises. It will also require engaged participation in consortia comprised
of thought leaders in academia, industry, and government in order to foster
sharing of best practices among members.
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eq 2 (Ref. 6)

This approach was subsequently refined to incorporate the use
of surfactants for mediating the transformation in water at very mild
temperatures (rt up to 40 °C, vs the commonly employed elevated
temperatures in polar aprotic solvents), thus permitting the routine use
of the aspirational 1:1 stoichiometry (eq 1).6 Furthermore, such reaction
conditions allow minimization or even complete avoidance of the use of
organic solvents in some cases, thus resulting in high selectivities (eq
2).6 Such methods are amenable to scaling up and to recycling of the
reaction medium and catalyst—further enhancing synthetic efficiency and
minimizing waste.
Martin Burke’s research group, pioneers in the use of MIDA boronates,
has very recently disclosed a particularly conceptually elegant example
of the application of iterative cross-couplings of MIDA boronate derived
building blocks to the realm of entire families of natural products, perhaps
presaging the ultimate potential of such catalytic sequences.7
The direct, selective functionalization of readily available C–H
bonds, inherently atom-economical, has been a topic of major interest in
the last decade, with significant advances made in particular in directed
C–H functionalization.8 However, the identification of non-directed C–H
functionalization alternatives, especially in the presence of competent
directing groups, is still lagging behind and is a requirement to unleash the
full potential of the technology. Recently, we reported preliminary progress
in enabling non-directed allylic C–H acetoxylation of various homoallylic
substrates in the presence of Lewis basic heterocycles—a feature commonly
found in pharmaceutical compounds and one which has always been a
vexing challenge in C–H functionalization (Scheme 3).9
The development of increasingly selective reactions opens up a variety
of options for combinations of chemistry and biology, especially in the field
of natural products. Modifications and/or derivatization of polypeptides
allow for modulating structure to regulate a variety of biological processes
and for the potential creation of novel drug candidates. This process is
naturally done biocatalytically with outstanding selectivity and efficiency.
Historically, examples of non-biocatalytic processes for post-modification
of peptides are very rare, and generally rather limited to sterically driven
derivatizations10—the key issue being the proper control of the chemo- and
regioselectivity. In our continuing studies of the chemistry of cyclosporins,
we identified novel, highly attractive and selective transformations that
enable rapid and significant advances in generating new derivatives of very
complex scaffolds obtained by fermentation (eq 3).11 While the results are
somewhat preliminary, one can readily imagine how such methods may
realize their potential through further development that fully unleashes the
power of readily available feedstock from Mother Nature.
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(2 equiv), AcOH (10 equiv), 1,4-dioxane (0.3 M), 45 oC, 48 h. B: Pd(OAc)2
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Scheme 3. Regiodivergent Pd(II)-Catalyzed Allylic C–H Acetoxylation. (Ref. 9)
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Aldrich® Micro Photochemical Reactor
This newly designed apparatus enables researchers to
process up to 16 samples at a time. Safe LED light is an
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Catalytic C–C Bond Formation and the Hendricksonian Ideal:
Atom- and Redox-Economy, Stereo- and Site-Selectivity
Update from a Recipient of a Presidential Green Chemistry Challenge Award
Inji Shin, T. Patrick Montgomery, and Michael J. Krische*
Department of Chemistry, University of Texas at Austin, Austin, TX 78712, USA • Email: mkrische@mail.utexas.edu

“The ideal synthesis creates a complex skeleton… in a sequence
only of successive construction reactions involving no intermediary
refunctionalizations, and leading directly to the structure of the target, not
only its skeleton but also its correctly placed functionality.”1
The Hendricksonian view of synthetic efficiency1 tacitly recognizes
the importance of merged redox-construction events (“redox-economy”);2
regio-, chemo- (site-), and stereoselectivity;3 protecting-group-free
chemical synthesis;4 and the minimization of pre-activation: the degree
of separation between reagent and feedstock.5 Guided by these principles,
it can be posited that stereo- and site-selective methods for the assembly
of organic molecules that occur with the addition, acceptorless removal
or redistribution of hydrogen are natural endpoints in the advancement of
methods for process-relevant chemical synthesis.6,7
Hydrogenation and hydroformylation represent two of the largestvolume applications of homogeneous metal catalysis. Merging the chemistry
of hydrogenation and carbonyl addition, we have developed a broad new
family of “C–C bond forming hydrogenations”—processes wherein two or
more reactants are hydrogenated to form a single, more complex product in
the absence of stoichiometric byproducts (Scheme 1).7a,b,8 Unlike classical
carbonyl additions, such transformations bypass the use of premetallated
reagents and cryogenic conditions, and are completely atom-efficient.
By folding hydrogen into the carbonyl reactant, one can exploit the
native reducing ability of alcohols in the related “C–C bond forming
transfer hydrogenations.” Here, redox-triggered carbonyl addition is
achieved upon hydrogen exchange between alcohols and π-unsaturated
reactants to generate transient aldehyde–organometal pairs that combine
to form products of alcohol C–H functionalization.7c,d Remarkably, certain
chiral iridium catalysts display a pronounced kinetic preference for primary
alcohol dehydrogenation, enabling enantio- and site-selective C–C coupling
of diols and triols (Scheme 2).9 Such site-selectivity streamlines chemical
synthesis, as it precludes protecting group installation and removal, as well
as discrete alcohol-to-aldehyde redox manipulations.
As illustrated in the total syntheses of diverse polyketide natural
products (Figure 1),7c the ability to engage polyfunctional molecules in a
redox-economic, stereo- and site-selective manner has induced a shift in
retrosynthetic paradigm and a step-function change in synthetic efficiency.
More broadly, the hydrogen-mediated C–C couplings we have developed
suggest other processes that traditionally employ premetallated reagents
can now be conducted catalytically in the absence of stoichiometric metals.
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Pharmaceutical Green Chemistry at Amgen:
Seeing with New Eyes
Co-Chair of the ACS Green Chemistry Institute® Pharmaceutical Roundtable
John L. Tucker
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An astounding level of achievement has been reached toward the goal of
greater sustainability in the pharmaceutical industry through the application
of Green Chemistry principles. These principles have served to inspire
a plenitude of chemical and engineering innovations that have delivered
superior science, reduced environmental impact, provided for greater safety,
and concomitantly improved the economics of pharmaceutical manufacture.
As demands for “right first time” and “reduced cost and time to market”
become ever more critical, Green Chemistry practices have provided a
true differentiator with regard to competitive success in the ever-evolving
pharmaceutical industry. Consequently, many pharmaceutical companies
today integrate Green Chemistry into core development activities, and the
exemplification of Green Chemistry principles by generic firms continues
to expand. Firms, such as Amgen, that have built a corporate culture of
Green Chemistry are now harvesting the fruits of their commitment and
investment.
Amgen develops human therapeutics by unlocking the potential
of biology and making use of multiple modalities to provide the best
products, including small molecules and biologics. Motivated and
talented scientists, with a strong concern for the environment and holistic
efficiency, are impassioned to deliver safe and efficacious medicines for
patients. Green Chemistry teams ensure that Amgen remains at the cutting
edge of pharmaceutical development and manufacture while minimizing
environmental impact.

Creating Awareness

The effort at Amgen began with presentations highlighting the concepts
of Green Chemistry, including examples of application to pharmaceutical
targets. SHAREPOINT® sites were created and theme articles published
in the internal Amgen News. Academic Green Chemistry experts; such as
Professors Robert Grubbs, Bruce Lipshutz, and Steven Ley; were invited
to present in a Green Chemistry lecture series. Scientists were provided
visual reminders such as magnets on fume hoods describing the principles
of Green Chemistry and the Amgen solvent guide for reference. Marcel
Proust stated that “The real voyage of discovery consists not in seeking
new landscapes but in having new eyes”.1 These efforts greatly enhanced
awareness to perceive Green Chemistry opportunities with new eyes.

Quantifying Impact

Soon, E-factor metrics were captured across the portfolio, confirming
marked reductions in environmental impact as Green Chemistry principles
were applied. It became apparent that awareness of these principles enabled
scientists to seize upon opportunities previously overlooked. Real-time
E-factor calculations were incorporated into our electronic notebooks,
enabling quick assessment of the impact of process changes, and providing
focus upon chemical steps that were large E-factor contributors. Greener
processes were proving to be scientifically and environmentally superior,
and demonstrated financial benefit for Amgen repeatedly. A consistent
reduction in the cost of manufacturing has been a result of improvements in
process E factor, substantiating that a Green Chemistry mindset and culture
can drive the innovation required for greater sustainability and lower cost.

New Technologies

Investment in new technology expanded during our Green Chemistry
efforts to become transformative, and resulted in our first large-scale
enzymatic process to synthesize a chiral small molecule and in our first

continuous-flow ozonolysis being carried out safely at the kilogram scale.
New interfaces germinated between chemistry and biology, delivering
hybrid products with the help of the combined skill sets of small- and
large-molecule experts. Innovation thrived, and each success provided
momentum for further inspiration.

Rewarding Green Chemistry

To acknowledge these innovations, an annual Green Chemistry award
program was initiated. The awards recognize and share superior science
throughout the organization, and clearly demonstrate management’s
commitment to, and appreciation of the importance of, Green Chemistry.
This serves to further encourage scientists, reaffirming that Green Chemistry
is a key deliverable within the organization.

External Education and Collaboration

Amgen is an active member of the scientific community, sponsoring
invited lectures at local universities and providing company site tours for
students. Amgen is also a member of the IQ Consortium and the ACS GCI
Pharmaceutical Roundtable (where I serve as co-Chair). Among other
benefits, pre-competitive consortia provide tools for solvent and reagent
selection as well as life-cycle analysis, help drive the research agenda
through academic grants and industrial–academic partnerships, and provide
insight into successful Green Chemistry approaches. A recent publication2a
and webinar2b highlighted the “Seven Important Elements for an Effective
Green Chemistry Program.” An additional joint IQ/FDA document describes
the “Regulatory Strategies to Enable Green Chemistry.”3 These cooperative
interactions provide opportunities to address complex areas of impedance to
Green Chemistry through greater communication, transparency, enhanced
education, support of new technologies and tools, and engagement with
academic researchers and regulators. Firms that have yet to participate in
Green Chemistry consortia should consider the multifaceted benefits of
joining in this combined effort. Gratifyingly, it is clear that a commitment
to Green Chemistry and sustainability is becoming more apparent and
recognizable by organizations outside of the pharmaceutical industry.
Amgen was recognized by the 2012 Pacific Sustainability Index as the
top-ranked pharmaceutical company in North America,4 and, in 2013,
became a member of the Dow Jones Sustainability™ Index.5 Amgen
was also recognized as a 2012 sustainability mover by Sustainable Asset
Management,6 a firm that directs investment toward companies that have a
vision for sustainability.

Looking Forward

Green Chemistry has reached a new level of adoption in the pharmaceutical
industry. The metrics collected have overwhelmingly confirmed advantages
for the environment accompanied by greater process efficiencies and lower
manufacturing costs. It embodies a differentiating approach that provides a
competitive advantage in pharmaceutical development and manufacture. To
achieve a future of greater sustainability, Amgen has invested in and built
a robust and active Green Chemistry program and culture, which has been
exciting and rewarding, and continues to drive innovation and achievement
for the organization.
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Switchable Solvents as Media for Synthesis and Separations
An Update from the Co-Creator of GreenCentre Canada

Philip G. Jessop
Department of Chemistry, Queen’s University, Kingston, ON K7L 3N6, Canada • Email: jessop@chem.queensu.ca

Introduction

The greenest solvent for any process is the solvent that makes the process
the greenest. Green chemists and chemical engineers should choose the
solvent that causes the process or product to have the lowest possible
environmental impact. Thus, a solvent that has, on its own, very little
environmental impact, but makes a process very inefficient and wasteful,
would not be a green solvent for that process. Given that the vast majority
of the environmental impact of chemical syntheses is often the post-reaction
separation, then the researcher trying to design or select a green solvent
needs to find one that will make the post-reaction separation efficient in
energy and materials.
Many of the environmental impacts of solvents and of processes using
solvents; including flammability, smog formation, and inhalation risks
to workers; happen because of the use of volatile solvents. Despite their
many disadvantages, however, volatile solvents are still widely employed.
Practitioners choose volatile solvents either because they plan to remove
the solvent from the product by distillation, or because they plan to recycle
their solvents using a distillation step. The choice of a volatile solvent is
therefore directly determined by post-reaction separation needs.
Therefore, there is a need for solvents that (i) have very low volatility,
and (ii) can be easily removed from the product without the help of volatile
organic compounds. While ionic liquids and liquid polymers address the
first need, they are difficult to separate from the product without the help of
a volatile solvent.
It was to address this need that my students and I first developed
switchable solvents. These solvents, also known as “reversible” or “smart”
solvents, change their properties as soon as a trigger is applied, and change
back again when that trigger is removed or another trigger is applied. Waste
CO2 gas, at 1 atmosphere, is a particularly inexpensive and green trigger
because it is nontoxic, nonflammable, and easily removed. A switchable
solvent, by changing its properties upon command, can facilitate postreaction separations without the solvent being volatile.
This very brief review will summarize the three classes of CO2responsive switchable solvents and their use in reactions and separations. A
more detailed review was published in 2012,1 although much work has been
done since that review was written.

Switchable-Polarity Solvents (SPS’s)

Switchable-Polarity Solvents (SPS’s) change from having a low polarity to
having a high polarity, with the result that the solubility of many solutes is
dramatically changed. Thus, precipitation of a solute from the solvent can be
effected by simply changing the solvent’s polarity.
There have been many SPS’s reported to date. The first SPS was a
low-polarity liquid mixture of 1-hexanol and an amidine called DBU
(1,8-diazabicyclo[5.4.0]undec-7-ene), which when exposed to CO2 gas became
a much more polar ionic liquid {n-HexOH + DBU (molecular liquid) +
CO2(g) = [DBU•H+][n-HexCO3–] (polar ionic liquid)}.2 Fortunately, the
reaction is easily reversed simply by removing the CO2 from the system.
Since that original paper, my group, the Eckert/Liotta group, and others have
reported many new examples of SPS’s; including other binary liquid mixtures
such as glycerol–amidine,3 alcohol–guanidine,4 or amidine–primary amine
mixtures;5–8 and single-component SPS’s such as diamines,9 hydroxyamidines,9
hydroxyguanidines,9 secondary amines {2R2NH (molecular liquid) + CO2(g)
= [R2NH2+][R2NCO2–] (polar ionic liquid)},10 and primary amines.11

SPS’s have been employed as media for many reactions, including the
polymerization of styrene (Scheme 1),4 Claisen–Schmidt condensation,
cyanosilylation, Michael addition, and the Heck reaction (Scheme 2).12–14
They have also been used as solvent for the post-reaction separation
of catalysts from products in some of those reactions and in the
copolymerization of epoxide and CO2.10 In biomass conversion, they have
been utilized in the acylation of cellulose,14 activation of microcrystalline
cellulose toward hydrolysis,15 transesterification of soybean oil and other
triacylglycerides,16–19 and in the delignification of wood.20 In some cases,
the reaction was performed in the absence of CO2 and then CO2 was
added to trigger the separation of the product. In other cases, the reverse
procedure was used.
SPS’s have been employed in other applications, including CO2
capture (reviewed in detail in 2012)1 and especially extractions. Anugwom
and co-workers21 found that DBU–n-BuOH SPS selectively extracts
hemicellulose from wood, while DBU–H2N(CH2)2OH SPS extracts
both hemicellulose and lignin.20,22 Other extractions, reported by other
researchers, include algae oil from algae23,24 and crude oil or bitumen from
oil sands or oil shale.13,25
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Switchable-Hydrophilicity Solvents (SHS’s)

Switchable-Hydrophilicity Solvents (SHS’s) are liquids that reversibly
convert between a hydrophilic state that is miscible with water and a
hydrophobic state that forms a biphasic mixture when mixed with water
{solvent (hydrophobic form) + H2O + CO2 = [solvent•H+][HCO3–]
(hydrophilic form)}.26,27 The solvent in its hydrophobic form is typically
an amidine, a tertiary amine, or a bulky secondary amine; whereas, in its
hydrophilic form, the solvent is the corresponding bicarbonate salt.
The solvent in its hydrophobic state can be employed to dissolve or
extract organic compounds or materials such as crude oil, bitumen,28 algae
oil,29–31 polystyrene,32 and lignin pyrolysis oil.33 Once the desired product
has been extracted, the solvent can then be washed away from the product
using carbonated water, into which the solvent (as its bicarbonate salt)
readily dissolves. The solvent can be recovered from the carbonated water
by removing CO2 from the solution: the solvent reverts to its hydrophobic
form and forms a second phase above the water.
This process has significant advantages over normal extractions using
conventional solvents like hexane, toluene, or acetone, because such solvents
are flammable, smog forming, and pose inhalation risks to workers. SHS’s,
because they do not require a distillation step during their use or recycling,
do not need to be volatile. In fact, some SHS’s have so little volatility that
they have no odor and have predicted flash points approaching 200 oC.34
Because several dozen SHS’s have been identified,27,34–36 and thousands are
possible, it is possible to select an SHS that is appropriate for any desired
performance, safety, or environmental criteria. For instance, low water
solubility is a desirable attribute of an SHS for the extraction of lipids from
wet algae; thus, new examples of SHS’s have been designed with that in
mind.30 Particular efforts have been dedicated to finding “green” SHS’s,
meaning those with minimized health and environmental impacts. This has
been done either (i) by screening small numbers of synthesized SHS’s34
or (ii) by employing a chemical informatics approach that uses software
to generate very large numbers of possible structures. QSAR (quantitative
structure–activity relationship) predictions are then employed to narrow
down the choices to those which are likely to be the greenest.37
Almost any amine having a pKaH (the pKa of the protonated amine) in
the range 9.5–11.0, and a logKow (Kow = octanol–water partition coefficient)
between 1.2 and 2.5, is an SHS (Figure 1).34 SHS’s are found in these
narrow ranges due to the reaction and partitioning equilibria;38 if a change
in miscibility had not been required, less basic amines would have sufficed.

So far, there have not been any reports of SHS’s being utilized as
media for chemical syntheses, but that situation will likely change in the
near future.
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Switchable Water

The expression “Switchable Water” (SW) describes a stimulus-responsive
aqueous solution, where application of a trigger causes the properties,
including especially the ionic strength, of the solution to dramatically
change. For example, in an aqueous solution containing an amine or
polyamine (the ionogen), addition of CO2 at one atmosphere causes a
large increase in the ionic strength of the solution {B + n H2O (low-ionicstrength solution) + n CO2 = [BHn]n+ + n[HCO3–] (high-ionic-strength
solution)}.40–44 The final ionic strength is ½m(n2+n), where m is the molality
of the ionogen (B) and n is the average number of protons accepted per
molecule of B when CO2 is present. This change is accompanied by other
changes such as a decrease in the ability of the solution to dissolve organic
compounds, an increase in the conductivity of the solution, and an increase
in the osmotic pressure of the solution.
While the low-ionic-strength solution is a good solvent for organic
compounds, because the ionogen is a hydrotrope, the high-ionic-strength
form of the SW is a much worse solvent for organic compounds. The
reduction in solubility of organic solutes can be as high as 95%, depending
on the choice of solute.45 Thus, low-ionic-strength SW can be used to
extract a desirable product from a matrix and then, after CO2 is added to
switch the SW to high ionic strength, the product will precipitate. The SW
can then be switched back to low ionic strength by removal of CO2 and reused. A wide range of organic solutes can be expelled from the SW solution,
including molecules as hydrophobic as capsaicin45 or as hydrophilic as ionic
liquids.46,47
Similarly, if SW is employed as a medium for chemical synthesis, then
addition of CO2 after the synthesis would trigger the separation of the
product. This technique was utilized for a hydroformylation: post-reaction
addition of CO2 triggered the separation of the aldehyde product, while the
water-soluble catalyst remained dissolved in the aqueous phase (Figure 2).48
O
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+

[Rh(COD)Cl]2
P(C6H4-m-SO3Na)3

Figure 1. The Amines () and Amidines () That Function as SHS’s All Fall Very Close to
the Theoretical Line (Shown in Blue) of Maximum Effectiveness for an SHS (Assuming a
1:1 Water:SHS Ratio by Volume, 25 °C, and a Pressure of 1 bar CO2; and Assuming That
Peralkylated Amidines Have a pKaH of 12). Other Amines Can Function as SHS’s If the
Volume Ratio or Conditions Are Changed. (Ref. 34,38)

Secondary amines are more biodegradable and have faster rates of
reaction with CO2, but most of them form carbamate salts, a reaction which
is enthalpically harder to reverse. Fortunately, secondary amines with one,
but not two, bulky substituents have the same elevated rate of reaction with
CO2 without the problematic formation of carbamate salts.34
Kohno et al.39 reported an ionic liquid SHS (Scheme 3) that is miscible
with water at 20 oC in the absence of CO2, but separates from water when
CO2 is added.

Figure 2. Use of SW as a Medium for Hydroformylation, with Post-Reaction Separation
of the Product in t-Butanol Triggered by CO2. (Ref. 48) [Reproduced by Permission of The
Royal Society of Chemistry (RSC).]

19

20

Switchable Solvents as Media for Synthesis and Separations
Philip G. Jessop

The ionogen can be a small-molecule monoamine, a small-molecule
polyamine, or a polymeric amine, depending on the application. Polyamines
in which the carbon linker between two nitrogens has only two carbons tend
to perform poorly because protonation of one nitrogen renders the other
nitrogen less basic, so that it is not protonated in the carbonated water.43
Employing a three- or four-carbon linker ensures that all of the N atoms
have a chance to be protonated. Using a very long linker (over 6 carbons)
is not recommended, because the hydrophobicity of the linker tends to
enhance the solubility of organic solutes in the solution even when CO2 is
present.43,49
SW is a very versatile technology; it can be utilized for many applications
other than simply as a medium for syntheses or extractions. For example:
• Polymeric amines, combined with CO2, are potent flocculants for
causing the settling of clay suspensions in water. However, when CO2 is
removed, the flocculants can be “switched off”, which is advantageous
if the water containing the flocculant is to be re-used.44 The amount of
ionogen required is very low, on the order of 10 ppm by mass.
• While most commercially available ionic surfactants are not CO2responsive in normal aqueous solutions, they are CO2-responsive in
switchable water.50 Thus, these surfactants can be employed to stabilize
emulsions or suspensions and then can be “switched off” by the addition
of CO2, causing the emulsions to be broken or the suspensions to settle.
For example, if styrene is polymerized in an emulsion stabilized by
sodium dodecylsulfate, then the resulting latex can be coagulated by
the addition of 1 bar of CO2 if a SW ionogen is present in the solution.
• A concentrated solution of an amine in carbonated water can be employed
as a draw solution for forward osmosis to obtain fresh water from
wastewater or seawater. The draw solution on one side of a membrane
draws water from the seawater or wastewater on the other side of the
membrane, because the draw solution has the higher osmotic pressure
(Figure 3). The seawater or wastewater is thus concentrated while the
draw solution is diluted. The remaining seawater can be discarded into
the ocean or the remaining wastewater can be more cheaply processed
now that its volume has been reduced. The water drawn into the draw
solution can be used once the amine and CO2 have been removed. First,
the CO2 is removed, leaving behind an aqueous solution of amine with
a greatly reduced osmotic pressure. The amine is then removed from
the water either by evaporation (if it is a gas), decantation (if the amine
is an SHS), filtration (if the neutral amine is an insoluble solid), or by
reverse osmosis. This idea was invented by our group and made the
subject of patent applications filed in 2010.41,42 The technology has been
further developed at GreenCentre Canada with a focus on polymeric
amines such as PDEAEMA and on small amines such as trimethylamine
(Me3N). A new company, Forward Water Technologies, was created
to commercialize the idea. The trimethylamine option has also been
explored by Ikeda and Miyamoto of Fujifilm in Japan.51 After this
flurry of initial reports, the various options began to be studied by many
groups. Elimelech’s group further studied the trimethylamine option,52
while Wilson’s group focused on the use of SHS as the ionogen,35,36,53
and Hu’s team concentrated on the filtration option using the polymeric
amine PDMAEMA.54 The theoretical osmotic pressure, assuming a
dilute ideal solution, is mRT in the absence of CO2 and (n+1)mRT in
its presence. Thus, if the amine is soluble when CO2 is absent, then
an increase in osmotic pressure of n+1 fold is expected when CO2 is
added. In practice, the solutions are neither dilute nor ideal, so the
ratio of osmotic pressures varies considerably. In the literature, the
osmotic pressures have generally not been observed directly, and have
been calculated from freezing point osmometry measurements.35,36,53
However, when direct measurements of osmotic pressure of such
solutions were carried out, the osmotic pressure increase for polymeric
amines varied from 1.2 - to over 15-fold.55
• Aqueous solutions of switchable viscosity can be created with SW
using either of two approaches: (i) In the first approach, a SW ionogen
is employed to effect the micelle formation of a non-switchable
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Figure 3. Forward Osmosis Using a CO2-Switchable Draw Solution (on the Right), with the
Natural Direction of Flow of Water from the Low-Osmotic-Pressure Side (The Seawater or
Wastewater) to the High-Osmotic-Pressure Side (- Draw Solution). (Ref. 55)

surfactant. The groups of Jessop and Cunningham have reported that
a solution of sodium octadecylsulfate surfactant in switchable water
(dimethylaminoethanol or a diamine as the ionogen) had a high viscosity
in the absence of CO2 due to the formation of worm-like micelles, which
were destroyed when CO2 was added.56 The result was a reversible
change in viscosity of 5 orders of magnitude. Feng’s group obtained
similar viscosity changes combining sodium dodecylsulfate and a
diamine.57 (ii) The second approach is the use of a SW polymer that
can self-associate when neutral but not when charged. By employing
this approach, Zhao’s group showed that aqueous solutions of polymeric
tertiary amines could reversibly transition from solutions to gels or the
reverse when exposed to CO2.58,59 Su et al. reported that a star polymer
containing tertiary amine functional groups formed a viscous solution in
the absence of CO2 and a nonviscous solution in the presence of CO2,
with the change in viscosity being 100-fold in water or 10,000-fold in
NaCl solution.60

Conclusions and Prospects

The concept of switchable solvents, which was introduced in 2005, has
now blossomed into a very active field of research. Of the references cited
in this review, 83% are from 2010 onwards. The field has changed during
that time from focusing on solvents for extractions or reactions to a far
more wide-ranging consideration of many possible applications as diverse
as mining (using SW for clay settling) or water purification (using SW for
forward osmosis). There has also been a shift from the early steps of making
the first switchable solvents actually work, to making far more practical,
inexpensive, and greener switchable solvents. The focus on greener
switchable solvents has progressed the furthest for SHS’s34,37 although it is
desirable that this effort progress further for all three classes of switchable
solvents.
An obvious question raised by all of this work is whether CO2 must be
the only trigger. There have been some examples of switchable solvents
using SO2 as a trigger,61–64 but there have not been, to my knowledge, any
examples in which a solvent can be reversibly switched using light or
voltage as a trigger. While many light-responsive molecules are so large
that they are necessarily solids, it is only a matter of time before someone
finds an example that is liquid at a usable temperature.
The first industrial application of switchable solvents has not yet
happened, probably because switchable solvents are so very new. At
present, it appears that the most promising application is forward osmosis,
but extractions using SHS’s and many of the other applications of SW have
great potential.
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Recent decades have seen a great reduction in the environmental footprint
of small-molecule pharmaceutical manufacturing. This shift has taken
place largely due to the incorporation of green chemistry principles and
practices by process chemists in designing more efficient chemical routes
that use sustainable components. Expanding on this success, Genentech is
applying sustainable-science paradigms to small-molecule drug discovery
(and other areas of development), as well as large-molecule discovery and
development to foster further innovation. Sustainability is a valuable
new dimension for improving R&D efficiency, but it requires a change in
mindset to reap the full rewards.
Genentech was founded as a large-molecule biotechnology company,
but has since developed a thriving small-molecule organization. In 2009,
the company became a member of the Roche Group in one of the largest
acquisitions in pharma history. Through the melding of organizations,
Genentech process chemists formalized Roche’s small-molecule Green
Chemistry approach to produce its clinical candidates more sustainably.1
This advance led to a growing interest in eco-friendly practices, and
became a catalyst for the formation of internal teams to expand these
concepts to other scientific areas.
In small-molecule drug discovery, the onus is on the chemist to rapidly
synthesize a large set of compounds for preliminary evaluation within a
limited timeframe. Historically, there has been little incentive to introduce
Green Chemistry at this stage as time-to-candidate was the most critical
factor. However, with the realization that the chemistry chosen at this
early stage can have a disproportionate impact on development timelines,
along with growing pressures to improve overall R&D efficiency, it has
become clear that prudent selection of the initial chemical route provides
long-term benefits. By integrating green principles and practices early in
the drug discovery process, efficiencies can be built into each program
and accelerate time-to-clinic.2 The Genentech program continues to
evolve through affiliation of internal teams with the medicinal chemistry
subgroup of the ACS Green Chemistry Institute® Pharmaceutical
Roundtable (GCIPR).
Of highest priority in the quest for sustainable drug discovery is a
general adoption of the 12 Principles of Green Chemistry.3 Beyond this
basic evolution in mindset, there are several practices that can help realize
innovation: (i) In terms of reaction setup and execution, the investigation
of atom-economy (C–H activation chemistry, protecting-group-free
syntheses, etc.) and step-economy (telescoping, flow chemistry, etc.); and
the consideration of reagent (amenable to scale-up, enantioselective, nonrare-earth–metal- and biocatalysis) and solvent guides (circumventing
toxic media, evaluating aqueous and surfactant chemistry, etc.) are
becoming more mainstream. (ii) The avoidance of chromatography
by utilizing precipitation or crystallization techniques and, when
chromatography is necessary, judicious choices in mobile phase (to avoid
dichloromethane and hexanes) can also greatly impact the environmental
footprint of drug discovery.4 (iii) Sharing best practices with partner
Contract Research Organizations (CROs), and (iv) collaborating with
academics to pursue both eco-friendlier methods and training of chemists
are helping ensure that the changes within drug discovery are felt even
further than the clinic.
Large molecules have traditionally been viewed as environmentally
benign since they are produced by organisms in aqueous systems, yet it
is now clear that these advanced therapeutics require vast amounts of raw

materials and leave a large ecological footprint.5 As the industry shifts
to a greater proportion6 of products in this realm (including bridging the
divide with small-molecule bioconjugates7), sustainability becomes a
critical consideration. Genentech established a Green BioPharma program
with the mission of leading our industry in innovations that minimize the
environmental impact of the research, development, and manufacturing.8
The program encourages adoption of eco-friendlier methods for biologics
through innovative, metric-based impact analyses, employee engagement,
and supplier relationships. Early successes have included partnering with
technical development to research innovative approaches to cell culture
methods and reuse of resins for the purification of multiple large molecules.9
To accelerate progress within the industry, Genentech worked
with the GCIPR to launch a biopharma focus group, a non-competitive
collaboration with other member companies. This group has set out to craft
widely applicable tools and techniques for biologics to complement what
has been achieved in the small-molecule space. Initial projects include
a biopharma process mass-intensity metric that will allow companies to
benchmark the amount of water, raw materials, and consumables used in a
typical production run. Member companies are also sharing best practices
in facilities management, cleaning techniques, and, where applicable,
unit operations—creating an atmosphere of collaboration to reduce the
environmental footprint of biopharma.
With its history of rigorous and groundbreaking science, Genentech
is focused on discovering and developing innovative new medicines to
treat serious unmet medical needs.10 This commitment to excellent science
includes the incorporation of sustainability practices and principles to
guide R&D productivity, and lessening the environmental impact of
our medicines. Genentech is expanding Green Chemistry beyond the
manufacture of small molecules to medicinal chemistry and to largemolecule discovery and development to boost overall efficiency.
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Green Chemistry in the Introductory Organic Laboratory
Working toward the Future of Organic Chemistry Labs: No Organic Solvents
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Today, and for as long as one is likely to remember, introductory organic
chemistry has been taught at the collegiate level. Textbooks, many being
practically works of art, present material using representative reactions that,
for the most part, are run in a variety of organic solvents. The corresponding
laboratory courses, oftentimes taken concurrently, likewise, tend to favor
experiments that correlate with theory taught in the lecture hall. Hence, both
the nature and practice of the chemistry of life are presented perhaps as
nothing more than a matter of record, as chemistry in organic media. This is
unfortunate, as Nature has opted since the beginning of time to provide the
wonders of life based on one reaction medium—water, in which chemistry
not only takes place but does so under milder conditions than many of those
reactions learned by students in lab or lecture. Thus, as part of our research
program in Green Chemistry, we are focused on providing experiments for
introductory organic laboratories that can be carried out in water at ambient
temperatures. These provide all the pedagogy characteristic of traditional
lab manuals, but offer a perspective that encourages students to consider
the impact of an equivalent reaction, performed in organic solvent, on the
environment. It is now recognized that 80+% of organic waste generated
by chemistry done worldwide is attributable to organic solvents.1 There is
every reason, therefore, to train our students to appreciate the importance
of getting organic solvents out of organic reactions. Realization of this goal
will be challenging and will take time, but we have the perfect model that
guarantees eventual success: Nature.
As was described in late 2013 in the Journal of Chemical Education, two
experiments involving “click” and olefin cross-metathesis chemistry were
developed and extensively tested with considerable success in the organic
labs at the Claremont Colleges in Los Angeles.2 A third experiment is now
offered herein that addresses a fundamental textbook reaction: reduction of
a nitroaromatic compound to the corresponding aniline derivative (eq 1).
According to most undergraduate texts, this conversion is performed in a
variety of ways including Sn/HCl or Zn/HOAc as reducing agents, or by
using H2 over Pd/C. While these time-honored processes accomplish the
intended transformation, from a Green Chemistry perspective it seems fair
to ask: at what cost to the environment?
To achieve the same net reduction at ambient temperature, but in a
fashion that entirely avoids organic solvents as the reaction medium, Zn
can be used as the source of electrons in an aqueous environment.3 The
omnipresent issue of substrate solubility is addressed—as in the case
of 4-nitroacetophenone (1) as a model substrate (eq 2), and as with the
“click” and olefin metathesis chemistry (vide supra)—by the presence of
nanoreactors composed of the “designer” surfactant TPGS-750-M.4 These
nanomicellar arrays form spontaneously when the surfactant is present above
its critical micelle concentration (CMC; ca. 10–3 M). In these reactions, as
with most involving this amphiphilic species, a mere two weight percent
is sufficient. The makeup of TPGS-750-M consists of three innocuous
components: racemic vitamin E, succinic acid, and MPEG-750. Each of
these ingredients is both safe for human consumption and environmentally
benign. The reduction is commenced by simply adding the substrate to this
aqueous solution containing either NH4Cl or TMEDA (Me2NCH2CH2NMe2),
followed by introduction of inexpensive Zn dust. With vigorous stirring,
complete reduction to the aniline occurs. Neither nitroso nor hydroxylamine
intermediates are found to complicate product workup. Such a process is
very clean, safe, and tolerant of a wide variety of functionality.
Product isolation is very simple: an “in-flask” extraction involving

gentle stirring requires a minimum amount of an organic solvent (e.g.,
EtOAc, ether, MTBE, hexanes, toluene). The aqueous medium retained in
the reaction vial can be reused.5 Since the overall process requires three of
five equivalents originally added of zinc, the amount of zinc needed for
each recycle can be adjusted to achieve full conversion.
The choice of experiment, i.e., ArNO2 to ArNH2, was predicated on the
importance of the –NH2 residue within the pharmaceutical arena. This is a
timely topic, in general, and one that requires at the process level a safe,
inexpensive, and green alternative to existing methodologies; and while
the technology illustrated herein may meet both goals of undergraduate
education with prospects for industrial use, it should also be noted that this
chemistry has an important limitation. That is, it may come as a surprise
to many practitioners that zinc is an “endangered” metal, meaning that
its global supply is dropping, and at a pace that even exceeds that of the
platinoids!6 With such a situation, however, comes a new opportunity, as
is true for many of the experiments employed in the introductory organic
labs, to develop alternatives that maximize adherence to the 12 Principles of
Green Chemistry,7 and in doing so, increase environmental awareness and
sustainability on planet Earth.

NO2
R

traditional textbook conditions
Sn, conc. HCl, ∆
or Zn, HOAc, reflux
or H2, Pd/C, EtOH, ∆

NH2
R

"greener" alternative
Zn dust, NH4Cl
TPGS-750-M, H2O, rt

TPGS-750-M = DL-α-tocopherol methoxypolyethylene glycol succinate
Traditional vs Green Conditions for the Reduction of
Nitroaromatic Compounds

eq 1
NO2
Me

Zn dust (5 equiv)
NH4Cl (1.2 equiv)
TPGS-750-M (2 wt %)
H2O, rt, 2 h

O
1

NH2
Me
O
97%

Zn-Mediated Reduction of 4-Nitroacetophenone
in Water at Room Temperature

eq 2

Reduction of 4-Nitroacetophenone by Zn in Aqueous
Nanoparticles (eq 2)

Finely ground 4-nitroacetophenone (0.826 g, 5 mmol) and ammonium
chloride (0.33 g, 6 mmol) were added to a 50 mL round-bottom recovery
flask equipped with a PTFE-coated egg-shaped magnetic stir bar (1 in × ½
in). This was followed by introduction via syringe of a solution of 2 wt %
TPGS-750-M in H2O (10 mL, 0.5 M) into the flask. The mixture was stirred
for ca. 1 min before adding zinc dust (1.63 g, 25 mmol) in a single batch.
The resulting mixture was stirred vigorously at rt for 2 h. It was then diluted
with EtOAc (20 mL), and filtered quickly through a 3 cm silica gel (230–
400 mesh size) plug in a sintered glass Büchner funnel (40 mm diameter)
to remove water and zinc solids. The plug was rinsed with a minimum
volume of EtOAc. The combined organic filtrates were concentrated in
vacuo, affording 4-aminoacetophenone as a faint yellow solid (0.655 g,
97%). Thin-layer chromatography (TLC): Rf = 0.32 (EtOAc–hexanes, 1:1;
UV254). 1H NMR (400 MHz, CDCl3): δ 7.81 (d, J = 7.2 Hz, 2H, aromatic
H’s), 6.65 (d, J = 7.2 Hz, 2H, aromatic H’s), 4.16 (br s, 2H, NH2), 2.51 (s,
3H, CH3). The spectral data matched those reported in the literature for
4-aminoacetophenone.8
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Basic Concepts

Perhaps you have been drawn to this issue of the Aldrichimica Acta by
an interest in Green Chemistry, and seek from this article a feel for what
fluorous chemistry can do to advance it. But first, what does this term
“fluorous”, now only twenty years old,1 mean? It can be defined as “of,
relating to, or having the characteristics of highly fluorinated saturated
organic materials, molecules or molecular fragments.”2 Stated differently,
think “perfluorinated sp3 segments” that consist of at least 4–5 carbon atoms.
However, sp2 systems such as hexafluorobenzene, which have a much
different polarity footprint, are not fluorous. In contrast, ether oxygen and
amine nitrogen atoms are “allowed”, as the lone pairs in –(CF2)nO(CF2)n–,
–(CF2)nN(CF3)(CF2)n–, or similar moieties are “sucked dry” by the highly
electronegative perfluoromethylene segments.
Fluorous chemistry offers a myriad of ways of recycling reagents and
catalysts,1,3 as detailed below, as well as many other useful applications such
as catalyst activation protocols4 and strategic separations (e.g., compound
libraries).5 At the same time, there are some well-defined categories of
fluorous compounds that are environmentally persistent and in some
cases bioaccumulative.6,7 Although space limitations preclude an in-depth
analysis, strides are being made in the design and synthesis of substitute
materials that remain fluorous, but are not sequestered into living tissue
or undergo facile biodegradation.8,9 It has furthermore been shown that
vitamin B12 can serve as a catalyst for the Ti(III)-citrate promoted reductive
defluorination of perfluorooctane sulfonate.10 This has raised hopes that
microorganisms will eventually be found that are capable of degrading
molecular species with -(CF2)8-, -(CF2)10-, and similar segments.
Three major classes of orthogonal phases are recognized: organic,
aqueous, and fluorous (Figure 1, left side). Fluorous phases are both
lipophobic and hydrophobic, per the proverbial expression about the
fluoropolymer Teflon® “not sticking to anything”. There is no significant
enthalpic attraction between fluorous molecules,11 but they are commonly
expelled from organic or aqueous phases into their own domain so that
the molecules in the non-fluorous phase can enthalpically interact more
effectively. In other words, the overall enthalpic interactions are stronger
when the fluorous molecules “get out of the way”.
Nonetheless, many fluorous–organic, liquid–liquid biphase systems
become monophasic upon warming (Figure 1, right side), with entropy
being the major driving force. Typical temperatures to effect this transition
range from 40 to 100 °C, but exact values are solute-dependent. Some
of the more common fluorous solvents in use include perfluorohexanes
(FC-72), perfluoromethylcyclohexane (CF3C6F11, PFMC), perfluoro-2butyltetrahydrofuran (FC-75), and perfluorotributylamine (FC-43). Many
reviews categorize these as green solvents.12
Compounds or materials can be made fluorophilic by adding sufficient
numbers of fluorous “tags” or phase labels of sufficient lengths (Figure 2).13
These are often termed “ponytails”, with groups of the type (CH2)m(CF2)n–1CF3
(abbreviated (CH2)mRfn) most often employed. The (CH2)m spacer serves
to modulate the electron-withdrawing effect of the perfluoroalkyl group.
This effect is still substantial when m = 2 or 3, which can be desirable
when enhanced Lewis acidity is sought.14 Some strategies for reducing the
environmental persistence of ponytails include alternating spacer/fluorous/
spacer/fluorous segments, and the use of multiple t-C4F9 substituents.8
When catalogs of vendors who specialize in fluorinated chemicals are

examined, many interesting future directions for ponytail design are apparent.
Some of the numerous potential building blocks that are commercially
available are (i) the branched terminal alkenes Rf3C(CF3)2CH=CH2 and
Rf3OCF(CF3)CF2OCF=CF2; (ii) the branched carboxylic acid chlorides
(CF3)3CC(CF3)2OCH2C(=O)Cl and Rf3OCF(CF3)C(=O)Cl; (iii) the
alcohols (CF3)3CCF2CF(CF3)CF2CH2OH, Rf4O(CF2)2OCF2CH2OH, and
Rf3O[CF(CF3)CF2O]4CF(CF3)CH2OH; and (iv) the a,w-diol HOCH2CF2O–
(CF2)2O(CF2)2OCF2CH2OH. These can be easily elaborated into a variety of
other functional groups.
The most common way of assaying the fluorophilicity of a molecule
is by a liquid–liquid biphase partition coefficient.15 These are most often
measured in mixtures of perfluoromethylcyclohexane and toluene, but a
variety of other fluorous–organic solvent combinations can be found in
the literature. However, one should keep in mind that many commercial
fluorous solvents are mixtures of isomers or stereoisomers. Computational
algorithms for predicting fluorophilicities have also been developed.16 A
so-called “heavy fluorous” solute has a partition coefficient of >90:<10,
and in general there is no particular difficulty attaining values of >99:<1.
Nonetheless, there are many applications, particularly in compound
libraries, for “light fluorous” molecules, with partition coefficients of
<50:>50.

Applications in Catalyst Recycling
Liquid–Liquid Biphase Systems

Per the seminal publication by Horvath and Rabai in 1994,1 the primary
motivation for the development of fluorous chemistry was for catalyst
recycling via liquid–liquid biphase protocols. Figure 3 depicts the general
procedure and one specific example. The idea is to synthesize a fluorous
analogue of an established catalyst with a very high fluorous–organic
partition coefficient. One begins with a fluorous solution of the catalyst and
an organic solution of the reactants (Figure 3, I). Typical organic reactants
and products partition almost exclusively into the organic phase (>98%).
The sample is warmed to establish one phase homogeneous conditions,
where the reaction can proceed at a convenient rate (Figure 3, II). The
lipophobic

aqueous

fluorous

aqueous

fluorous

lipophobic
fluorophobic

heat
organic

hydrophobicc

f
fluorophobic

hydrophobicc

organic

Figure 1. Left: orthogonal phases (room temperature); right: miscible fluorous/organic phases (heating).
Figure 1. Left:
Orthogonal Phases (Room Temperature); Right: Miscible Fluorous–
Organic Phases (Heating).
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Figure 2. Generation of Fluorous Compounds or Materials. (Ref. 13)
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Figure 3. Protocol 1: Fluorous/organic liquid/liquid biphase catalysis.

Figure 3. Protocol 1: Fluorous–Organic, Liquid–Liquid Biphase Catalysis. (Ref. 17)

sample is then cooled, re-establishing two-phase conditions (Figure 3,
III). Simple separation of the fluorous and organic phases yields a product
solution (organic) and a catalyst solution (fluorous). The latter, which
should be thought of more accurately as containing the catalyst resting state,
can be recycled.
A number of fluorous phosphines are readily available, and rhodium
catalysts of the formula ClRh[P((CH2)mRfn)3]3 (m = 2, 3; n = 6, 8) have been
used to effect olefin hydroborations and ketone hydrosilylations according
to Figure 3.17,18 Related rhodium catalysts have been employed for olefin
hydroformylations.1 Actually, the hydroborations usually proceed at
temperatures lower than those required to obtain one-phase conditions; and,
if reactions are sufficiently fast under two-phase conditions, all the better.
The hydrosilylations and hydroformylations are conducted under one-phase
conditions. Such protocols carry many of the caveats of biphase catalysis
such as catalyst leaching, catalyst decomposition, etc. However, these
problems can be minimized by careful attention to partition coefficients and
other design elements. In conclusion, this solvent-intensive procedure has
now largely been superseded, but remains a reader-friendly starting point.

Liquid–Solid Biphase Systems without Fluorous Solid Support
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Figure 4. Protocol 2: Fluorous–Organic, Solid–Liquid Biphase Catalysis without Fluorous
Solid Support. (Ref. 20,21)
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Figure 5. Protocol 3: Fluorous–Organic, Solid–Liquid Biphase Catalysis with Fluorous
Solid Support. (Ref. 20–24)

As researchers gained more and more experience with fluorous compounds,
they recognized that many such compounds had highly temperaturedependent solubilities.19 Of course, the solubility of small-molecule
solutes commonly increases with temperature. However, the concentration
gradient with fluorous molecules, in both organic and fluorous solvents, is
commonly much greater.20 Hence, a fluorous molecule may have very little
or no solubility in an organic solvent at room temperature, but appreciable
solubility at 100 °C. This was recognized as a way to do fluorous catalysis
without fluorous solvents.
Thus, one can take the protocol in Figure 3, and simply omit the fluorous
solvent; the temperature-dependent solubility of the fluorous catalyst is then
exploited (Figure 4). Given that catalysts are often employed at very low
loadings, only a relatively small mass of the catalyst must dissolve under
the higher-temperature homogeneous conditions (Figure 4, II). When the
reaction is complete and the mixture cooled (Figure 4, III), the product–
catalyst separation is effected by a simple liquid–solid phase separation.
The amount of catalyst leaching will be bounded by the residual solubility
under the separation conditions.
Some specific examples of such protocols, both involving phosphine
catalysts, are shown in Figure 4 (bottom).20,21 Many other examples
have been described by other research groups, as tabulated elsewhere.3,22
Interestingly, for liquid reactants and products, it is possible to conduct
some of these reactions in the absence of any solvent! Liquid–solid phase
separations are considered to have many advantages from an engineering
standpoint. However, in the cases of highly active transition-metal catalysts,
it can be difficult to efficiently recover a few milligrams from a gram-scale
reaction. This prompted the refinements described in the following section.

Liquid–Solid Biphase Systems with Fluorous Solid Support

Given the difficulties noted in recycling small quantities of solids by the
protocol shown in Figure 4, analogous experiments were conducted in the
presence of fluorous solid phases (Figure 5). As noted above, enthalpic
interactions involving fluorous molecules or molecules and surfaces are
very modest. Still, the precipitating catalyst or reagent only has two choices:
(1) solidify as its own phase, or (2) coat the support. Interestingly, the latter
almost always occurs. Supports that have been employed include various
forms of Teflon®, Gore-Tex® fibers, and fluorous silica gel.3,22 For the first
cycle, the catalyst can be added either in its supported or (as depicted in I)
unsupported state.
The vials (Figure 5, top) illustrate the use of Teflon® shavings to recycle
the phosphine catalyst in Figure 4 (bottom).20 The cyclization in Figure 4
was also studied using Gore-Tex® fibers, which can be viewed as a porous
version of Teflon®.21 In accord with their greater surface area, the fibers
gave superior results. The other examples in Figure 5 (bottom) employed
Teflon® tape for the support.23,24 The tapes could, if desired, be pre-coated
by allowing a solution of the catalyst to evaporate.

VOL. 48, NO. 1 • 2015

Of course, NaCl has no solubility in fluorous solvents. Thus, the
Finkelstein-type reaction in Figure 5 is noteworthy for being a rare example
of an ionic displacement reaction that proceeds in a very nonpolar fluorous
phase (perfluoromethyldecalin). The NaCl originates from an aqueous
solution, with the fluorous phosphonium salt serving as a phase-transfer
catalyst, the cation of which transports the chloride ion into the fluorous
phase. Since the fluorous phosphonium salt is white, there is not a dramatic
visual difference when it precipitates onto the tape upon cooling. However,
the rhodium catalyst used for the hydrosilylation reaction is orange, and coats
the tape yellow-orange. For both reactions, rates are reasonably constant
from cycle to cycle, which is the optimum measure of recyclability.25

Other Types of Application

Caution: Once one starts, it’s easy to get hooked on fluorous chemistry,
and a sampling of recent results from a collaboration of the authors with
Professor H. Bazzi (Texas A&M-Qatar) is highlighted in the following
figures. Catalyst activation was mentioned above. There are many metalbased catalysts from which a ligand must initially dissociate. With the
resulting intermediate, there is a competition between binding the substrate
and reattaching the ligand (except when the initial dissociation is ratedetermining). In many cases, if the ligand could somehow be trapped or
scavenged, faster rates would ensue. Thus, we have explored a strategy we
term “phase transfer activation”.4,26
Figure 6 shows an analogue of Grubbs’ third-generation metathesis
catalyst. The pyridine or 3-bromopyridine ligands have been replaced
by a fluorous pyridine ligand that is quite fluorophilic (CF3C6F11:PhMe,
93.9:6.1).27 However, the catalyst or catalyst precursor itself remains
predominantly lipophilic (CF3C6F11:PhMe, 39.8:60.2). Thus, under
fluorous–organic, liquid–liquid biphase conditions, the scenario in Figure 6
is realized. Ring-closing metatheses take place at rates much faster than in
organic monophase conditions that use analogous catalyst concentrations.
Figure 7 depicts exploratory research involving di-anionic, redox-active
Fe4S4 clusters that closely model Fe4S4 units found in many metalloenzyme
cofactors.28 Both the iron thiolate ligands and the accompanying cations can
be rendered fluorous. The idea here is to both phase-shift and redox-shift
(e.g., E° values) these systems. Indeed, with fluorous cations (QF+), these salts
become fluorophilic. One idea behind the phase shift is to take advantage
of the high solubility of small nonpolar gases in fluorous liquid phases,
apropos to their use as blood substitutes.29 The same factors responsible for
enhanced O2 solubility also lead to enhanced N2 and H2 solubility.30 Thus,
in view of the key role such Fe4S4 moieties play in nitrogenaese proteins,
fluorous solvents could present intriguing possibilities for abiological
nitrogen fixation.
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Figure 6. Catalyst Activation under Fluorous–Organic, Liquid–Liquid Biphase
Conditions. (Ref. 27)
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In an inverse sense, various types of hydrophilic or lipophilic polycations
such as [Co(en)3]3+ or [Ru(bpy)3]2+ can be rendered soluble in fluorous
solvents by using fluorophilic anions.31 The most accessible fluorophilic
anion would be “fluorous BArf–”, or [3,5-C6(Rf6)2H3]4B–.31

Prospective

This brief overview has attempted to capture some of the contemporary
excitement regarding fluorous chemistry, while at the same time treating
the key underlying principles and concepts in sufficient detail. Due
to length constraints, nearly all of the examples were taken from the
author’s laboratories. However, readers are referred to the reviews and
compendia cited for a broader range of specific applications.3,25,32 From
a Green Chemistry standpoint,12 fluorous chemistry provides protocols
extraordinaire for catalyst recycling. However, there remain a number
of frontiers for optimization. Probably the most critical is the design and
application of effective ponytails that do not persist in the environment, or
at least avoid bioaccumulation. These and other objectives are under active
investigation in a number of research groups worldwide.
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I am often asked to identify what I feel are the most important technologies
that need to be improved from a Green Chemistry perspective. I am sure that
I am not alone in receiving this type of question. One can understand why
this question is so prevalent. It is certainly no secret that today’s funding
resources for scientific research are scarce. It makes sense to want to make
progress in a fewer number of focused areas, rather than be spread too thin
making imperceptible headway across too many pathways. It is logical to
want to identify the technologies that have the most negative impact on
human health and the environment, and cross-reference them with the most
promising early-stage ideas. In so doing, the assumption follows that these
early successes will provide confidence and momentum to expand and take
on more difficult challenges.
My reaction to this question is to become quite uncomfortable: who am
I to be so presumptuous as to pick what is most important? In choosing the
focus areas, should we identify classes of materials: phthalates, brominated
flame retardants, parabens, or plastics? Perhaps we should identify negative
impacts: endocrine disruption, global climate change, carcinogenesis, or
fossil fuel consumption? Maybe we should focus on areas of research:
catalysis, solvents, nanotechnology, or feedstock? It seems like we need
help in every area. But there isn’t really any “one size fits all” winner. I
would imagine different industry sectors have different top priority needs.
What the petroleum industry needs is probably different from what the
pharmaceutical industry needs; and people working on the front lines of
patient care at a cancer hospital will likely see different needs than farmers
working in the fields of a vegetable farm.
And then there is the question of how innovation should be “caused
to happen” in any given area once it is selected. I often say that Green
Chemistry has three long-term requirements: (i) It must have less impact
on human health and the environment than some incumbent technology.
But this is not enough. (ii) It also must perform better than the incumbent
technology in order to be successful in replacing it. No one is going to use
a cleaner that doesn’t clean, just because it is greener. (iii) It also must
have appropriate costs. Society has not demonstrated an overwhelming
willingness to pay too much of a premium for a green technology. Reflecting
upon this, Green Chemistry really provides a “holy grail” of sorts: better
performance, better cost, and “Oh, by the way… it is better for human
health and the environment.” Given these criteria, what market barrier
exists for adopting a greener product save its invention in the first place?
So the question then becomes, how does identifying a focus area that
“needs improvement” catalyze innovation? How do scientists learn how
to “make better products”? The United States Environmental Protection
Agency has given out 5 Presidential Green Chemistry Challenge awards
every year since 1996. Other international organizations have various
award programs as well. Exemplifying and disseminating case studies
of successful discoveries and implementations of Green Chemistry is
critical. But is it enough? Does listening to a symphony teach someone
to play a musical instrument? Does watching the Boston Marathon train
someone how to run 26.2 miles? While illustrative examples are important,
something deeper is necessary.
We really need to get at the roots of how we train chemists in the first
place. We need to reflect upon the words and semantics we use in our
scientific “disciplines”. We have a body of knowledge called “organic
chemistry”. We have another body of knowledge called “physical

chemistry”. There is “analytical chemistry”, “inorganic chemistry”,
and several other subdisciplines. But, it is important to realize that these
subdisciplines are merely intellectual constructs. They allow us to apply the
reductionist approach while learning and growing the body of knowledge.
We place boundaries on a given subdiscipline for bureaucratic reasons: in
order to define the scope of a journal, the syllabus of a class, or the table
of contents of a textbook. But, at the end of the day, there really is no such
thing as an “organic chemist”. One cannot possibly function in the world
of chemistry doing “only” organic chemistry. Organic chemists function
simultaneously as analytical, physical, theoretical, and other types of
chemist. They choose to identify organic chemistry as their “specialty”; but,
in no way could they restrict themselves to doing “only” organic chemistry.
All of the other subdisciplines work in the same way. It is an illusion to
believe that any of these subdisciplines have any independent reality of
their own. In my opinion, Green Chemistry should work the same way;
and the field is growing as such. There now are many journals, classes, and
textbooks in Green Chemistry. The only problem is that Green Chemistry
is still seen as something of an “elective” in chemistry. Can you imagine
having a student graduate with a degree in chemistry after only being shown
“illustrative examples” of physical chemistry? It is inconceivable that a
chemistry degree program at a university suggest that, instead of having
several semester-long classes in organic chemistry, the initiated should look
at examples of papers in the Journal of Organic Chemistry. While these
hypothetical examples are laughable, we are still at a point in our evolution
where Green Chemistry is treated as such. This must change.
Of course, there are moral and ethical issues surrounding this. It is
an inescapable truth that the field of chemistry has a certain obligation
to society to make sure that future practitioners learn some fundamental
principles regarding the making of materials and products that have
reduced impact on human health and the environment. But, this is also
about innovation and economic competitiveness. Chemists need to treat
Green Chemistry as simply a part of the fundamentals of chemistry—
nothing more, and nothing less.
This is where the Green Chemistry Commitment program of the
nonprofit organization Beyond Benign (www.beyondbenign.org) comes
into play. Obviously, it is difficult to introduce Green Chemistry into the
basic chemistry curriculum. If no one has had these classes before, who
is going to teach them? Beyond Benign seeks to create a community of
chemistry departments to share best practices for what uniquely works
for them. If a chemistry department wants to develop a standalone class
in Green Chemistry, it should do so. If a department wants to integrate
it across various existing classes, it should do so. If a department wants
to address Green Chemistry in the labs, it should do so. By sharing best
practices, the community can grow and move from illustrative examples to
basic pedagogy.
So when I am asked to identify what I feel are the most important
technologies that need to be improved from a Green Chemistry perspective,
my answer is instantaneous: education. Imagine a world where all chemists
had fundamental training in how to design technologies that had reduced
impact in human health and the environment. Instead of merely picking
the technologies, materials, and endpoints that we need to improve upon,
let’s focus on how we train the scientists in the first place; and we can
consequently improve all.
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Since the discovery of the use of ambient-temperature 1-ethyl-3methylimidazolium chloroaluminate melts in Friedel–Crafts reactions,1
low-melting salts, which have come to be known as ionic liquids (ILs),
have attracted a lot of attention as replacements for traditional solvents
and catalysts in organic synthesis. This body of work, which is in fact so
large that entire books have been devoted to it,2–4 is far too broad to receive
anything close to a comprehensive treatment in this mini-review. The recent
IL literature is not only vast in terms of the number of publications, but also
the range of fields to which they are applied (even if one limits the area
to organic synthesis, where they can be employed in almost any class of
reaction).
The most recent and highly cited reviews in the area of organic reactions
and catalysis in ILs are on the properties of ILs as solvents or reaction
media.5,6 However, one finds in searching the literature that many reactions
are not conducted using the IL as the reaction medium, but rather as the
catalyst in the presence of some other supporting solvent. A major reason
for this is that many newly discovered ILs, particularly those with functional
moieties, are not actually liquid at convenient temperatures.7 Additionally,
the most commonly studied ILs that are liquid at room temperature are
considerably more expensive than common laboratory solvents and
incompatible with evaporation-based techniques for product isolation. For
many chemists working at the bench scale and seeking to incorporate ILs
into their research, the answer to these problems has been to adapt ILs to be
utilized with more typical techniques.
The real technological breakthroughs based on ILs, however, are likely
to stem from research that recognizes and uses all of the unique properties
of these materials. For instance, in the year 2000, major rate enhancements
were discovered for palladium-catalyzed Suzuki coupling reactions carried
out in a dialkylimidazolium-based IL,8 and were attributed to the unusual
ability of dialkylimidazolium ILs to act as reservoirs of N-heterocyclic
carbenes9,10 that ligate the Pd centers.11 This finding is considered to have
opened an entire subfield in cross-coupling reactions,12 and represents a
contribution by this particular class of ILs that could not have been possible
in any other solvent. However, with so much new work being generated
in so many directions, even using the literature as a guide is difficult for
researchers from other areas seeking to apply ILs to their fields. This minireview is therefore intended to serve as a short and practical overview of
what sort of problems organic chemists are facing in choosing which ILs
are suited to their needs and the options for using ILs as reaction media
despite—or better yet, taking advantage of—their unusual properties.
The key to using ILs is to recognize that they are neither universally
better nor worse than molecular solvents; they are different and have
corresponding advantages and disadvantages. For instance, a small
controversy erupted in the past over the heavy promotion of ILs as
green replacements for solvents. ILs were assumed by many authors to
be universally non-volatile, non-flammable, and non-hazardous, which
prompted a critical look at the life-cycle analysis of ILs,13,14 as well as reports
of hazards such as toxicity,15 explosiveness,16 and hazardous decomposition
products.17 Despite the existence of ILs that are hazardous (including many
that are commonly used), ILs can in fact have an intrinsic advantage over
molecular compounds for green chemical applications. There is a virtually
unlimited range of ion combinations with which to make ILs, and many
innocuous and renewable compounds have been incorporated into ILs.18,19
By contrast, there are only so many molecular liquids out there that have

suitable properties and are inexpensive enough to be used as solvents, and
many of these happen to be toxic or nonrenewable in origin.
In addition to this structural variability, ILs generally have sets of
properties that distinguish them from molecular liquids. The most important
of these from a synthetic standpoint is probably the wide liquid range, which
allows experimental excursions into conditions that cannot be obtained with
most molecular solvents. ILs can usually be heated to the decomposition
temperatures of their ions without boiling, and many ILs are liquid or can be
supercooled to temperatures below the freezing point of water. Unlike most
molecular solvents, ILs are intrinsic electrolytes and open new possibilities
for organic electrochemistry.20 The chemical effects of ILs as solvents tend
to vary depending on the ions, and are discussed thoroughly in a recent
review by Hallet and Welton.5 Many ILs also differ from organic solvents
in that a combination of charge ordering and segregation of polar and
nonpolar regions lead to nanoscale structuring and heterogeneity, which
are hypothesized to affect reaction rates by, for instance, decreasing the
activation energy of solvent reorganization.21
As mentioned earlier, many researchers are likely deterred from
employing commercially available ILs as solvents due to their high cost
compared to conventional solvents. The most common approach to cutting
down on the volume of the IL used is simply to do the reaction under
solventless conditions, using only as much IL as is needed to catalyze
the reaction. The use of ILs immobilized on solid supports (supported
ionic liquid phases, or SILPs) deserves special mention here due to its
widespread success in a number of applications.22,23 SILPs are often utilized
as heterogeneous catalysts in gas-phase reactions, but the actual chemical
reactions usually occur between chemicals dissolved in the thin film of
supported IL.24 In this sense, the IL affects the reaction as though it were
a bulk solvent even though it is used in catalytic amounts relative to the
feedstock. Solventless reactions in general, however, are not the same as
reactions conducted in solution in IL as the amount of IL is too small to truly
solvate the other components of the system. Furthermore, if control over the
thermodynamics of the system by controlling the volume concentration of
reactants is required, this is most easily done by using a bulk solvent.
Even if they are used in bulk, ILs do not have to be more expensive or
exotic than any other molecular solvents. Many common acids and bases
form salts that are liquid even at room temperature,25–27 and the range of
usable ions increases greatly if melting points up to the reflux temperatures
of higher boiling solvents are considered. Solvent replacement in the related
field of deep eutectic solvents (fluids which are similar to ILs and typically
form when combinations of a solid salt and a neutral compound form
very low-melting mixtures across a composition range)28 has been very
successful, and this is likely because the most commonly used deep eutectic
solvents are made from easily prepared and very inexpensive compounds.29
However, even dialkylimidazolium ILs can be prepared in bulk using simple
procedures and inexpensive starting materials.30 It should be cautioned
though that, while ILs are inexpensive to make, they are often difficult to
purify and can be strongly affected by trace impurities.31 Even those that are
made by combining a neat acid and base can have complex speciation.32 ILs
(synthesized or purchased) should be characterized thoroughly to ensure
reproducible results.
ILs cannot usually be removed effectively by distillation, and, while
organic solvents can be used in liquid–liquid extractions with ILs, this may
be contrary to their application as organic solvent replacements in some
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cases. Instead, the unusual solubility and dissolving power of ILs (which
have themselves fueled a thriving research area in IL-based separations33)
can be exploited in alternative product workups. Many ILs can dissolve
water-insoluble compounds yet dissolve in water themselves; so, water can
often be utilized as a viable alternative to organic solvents for recovering
both the product and the IL.34 Some ILs form liquid clathrates with organic
liquids, where the IL is not fully miscible with the organic solute but does
dissolve it in significant quantities.35 This strategy can be employed to allow
a liquid clathrate-forming product to be precipitated as the reaction proceeds.
Aqueous solutions of ILs also form immiscible phases with aqueous
solutions of chaotropic molecules such as poly(ethylene glycol), allowing
for strictly aqueous liquid–liquid extractions.36 The nonvolatility of ILs
can also be exploited to allow volatile products to simply be distilled out,
which is especially useful when working with nonvolatile starting materials
such as raw biomass.37 Crystallization from ILs is less well explored than
in molecular solvents, but it has been used for the crystallization of unusual
organic solutes.38
The field of ILs has at times been derided as a fad, where their application
was promoted in spite of their disadvantages, and tentative applications of
ILs to a known methodology was considered new science. However, ILs
are poised in many cases to live up to the claims made about them as green,
tunable, and effective solvents and reaction media when their unusual
properties are embraced and used instead to boldly change the usual
approach of a field. They are a complex and immense class of materials,
which will probably defy any generalizations beyond the one implied by
the name—liquids composed of ions—but if there is one property which
ties the field together, it is the adaptability of ILs to almost any problem.
The key is to avoid inappropriate preconceptions about particular ILs based
on their membership in a class and, instead, characterize their properties
individually to find out how each might be employed to one’s advantage.
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Introduction

Enzymes are Nature’s sustainable catalysts—biocompatible, biodegradable,
and derived from renewable resources—and enzymatic processes are
generally more step-economic, generate less waste, and are more energyefficient, cost-effective, and, ultimately, more sustainable than conventional
chemical processes.1,2 Conventional wisdom dictates that enzymes function
properly only in an aqueous environment, which is generally perceived as
an important benefit. However, it can be a serious shortcoming when the
organic substrate is only sparingly soluble in water. Sporadic reports of the
use of enzymes in organic media stem from the advent of the last century,3
but it was the seminal paper, published in 1984 by Zaks and Klibanov4 on
enzymatic catalysis in organic media at 100 oC, that heralded the era of
“nonaqueous enzymology”.5 Their observation that many enzymes were
actually more thermally stable in organic solvents, such as toluene, than
in water was nothing short of a revelation. It led, in the following decades,
to the adoption of biocatalysis as a mainstream synthetic tool, with a broad
industrial scope. The benefits of biocatalysis in nonaqueous media6 include
easier product recovery from low-boiling organic solvents and elimination
of microbial contamination. Furthermore, certain transformations, such as
esterification and amidation, which are difficult to perform in water owing
to equilibrium limitations and/or competing hydrolytic side reactions, are
readily conducted in organic media.
However, these benefits come at a cost: enzymes can function as
suspensions in organic solvents, but their catalytic efficiencies are two
or more orders of magnitude lower than those observed with the enzyme
dissolved in water. The activity of enzymes in organic solvents can be
increased, however, by lyophilization in the presence of relatively large
amounts of salts,7 such as potassium chloride. This led us to speculate that
a suspension of an enzyme in a room-temperature ionic liquid (IL), with its
salt- and water-like character, would afford significant rate enhancements
compared to organic solvents. Ionic liquids (ILs) are substances that
are composed entirely of ions and are liquid at, or close to, ambient
temperature. Interest in their use as reaction media,8 in particular for
catalytic processes,9 has increased exponentially over the last two decades.
Indeed, they have been widely advocated as green alternatives to volatile
organic solvents (VOCs) based on their negligible vapor pressure, coupled
with their good thermal stability and widely tunable properties such as
polarity, hydrophobicity, and solvent miscibility. One can distinguish
between whole-cell biotransformations—in which a water phase contains
the suspension of whole cells and the IL functions as a reservoir for the
substrate and/or product—and reactions with isolated enzymes. In the
latter case, the enzyme may be dissolved in a second, water phase or in
a one-phase mixture of a hydrophilic IL and a water-miscible solvent, or
it can be suspended in a water-free IL. Strictly speaking, only the latter
constitutes a biotransformation in an IL, since, in the presence of water, we
are dealing with an ionic solution, just as we would refer to a solution of
sodium chloride in water.

Biocatalysis in Ionic Liquids (ILs)

The first example of whole-cell biocatalysis in a two-phase system
comprising water and the hydrophobic IL, [bmim][PF6], involved a nitrile
hydrolysis catalyzed by whole cells of Rhodococcus sp. strain R312.10 The
system avoids the toxicity and flammability issues associated with the use
of the more conventional toluene–water. Moreover, the cells were better

dispersed and more stable toward disruption, and higher product yields
were observed. Similarly, Erbeldinger and co-workers11 reported an ester
amidation catalyzed by the protease thermolysin in [bmim][PF6] containing
5 vol % water. They observed excellent enzyme stabilities, as well as
activities and yields that are comparable to those achieved in conventional
water–organic solvent mixtures. We reported the same year the first
example of biocatalysis in an anhydrous IL, namely transesterifications
and amidations catalyzed by a suspension of Candida antarctica lipase B
(CALB) in anhydrous [bmim][PF6] or [bmim][BF4] (Scheme 1).12 Both
the IL and the enzyme were dried over phosphorus pentoxide prior to use
to eliminate any traces of water. Following these initial reports in 2000,
biocatalysis in ionic liquids has been widely studied over the last decade.13
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Scheme 1. CALB-Catalyzed Reactions in Anhydrous ILs. (Ref. 12)

First- and Second-Generation ILs: How Green Are They?

In order to have practical utility there must be definite economic and/or
environmental benefits associated with the use of enzymes in ILs. Our
original motivation was based on the expectation that it would lead to
higher activities, but the rates observed in ILs were at best slightly better
than those observed in the best organic solvents such as toluene or tertbutanol. Conformational changes of enzymes in IL media might be
expected to lead to changes in their selectivity and/or stability, and there
have been many reports of enhanced enantioselectivities14 and remarkable
increases in storage and operational stabilities in ILs containing noncoordinating anions.15 However, a major driver for conducting biocatalysis
in ILs is the possibility of replacing volatile, environmentally undesirable
organic solvents with nonvolatile and greener ILs. Initial studies were
conducted mostly in water-miscible [bmim][BF4] or water-immiscible
[bmim][PF6], but these anions are not completely stable toward hydrolysis.
Hence, other weakly coordinating anions, such as trifluoroacetate, triflate
bis-triflamide, and methylsulfate, have been introduced. In the context of
biotransformations, we refer to such salts as first-generation ILs (Figure
1). The use of simple, less expensive anions such as chloride and acetate
is not feasible, because such coordinating anions cause dissolution and
accompanying deactivation of the enzymes.
As noted above, the use of ILs was motivated by the possibility of
replacing volatile organic solvents with nonvolatile, low flammability ILs,
thereby reducing air pollution. However, ILs have significant solubility in
water, and first-generation dialkylimidazolium ILs, such as [bmim][BF4]
and [bmim][PF6], and tetraalkylammonium ILs are poorly biodegradable16
and exhibit aquatic ecotoxicity.17 Furthermore, their preparation
involves circuitous, high E-factor processes, making them prohibitively
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missing link in understanding cellular metabolism and physiology, and play
a role in phenomena such as cryoprotection and drought tolerance. It was
further suggested that DES’s and ILs formed from primary metabolites may
serve as reaction media for the intracellular biosynthesis of sparingly water
soluble compounds such as flavonoids and steroids.32 Indeed, NADES are
being touted as solvents for the 21st century.33 Hydrolases such as CALB34
and Penicillium expansum lipase (PEL)35 show good catalytic activity in
DES’s, and choline-based DES’s have been used as solvents for lipasecatalyzed biodiesel production.36
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Maintaining Activity of Enzymes Dissolving in ILs
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n = 5–15

Figure 1. First- and Second-Generation ILs.

expensive.18 Consequently, second-generation ILs have been developed
that contain more biocompatible cations and anions—often derived from
relatively inexpensive and more eco-friendly natural products19 such
as carbohydrates20,21 and amino acids22,23 (Figure 1). For example, ILs
containing the cholinium cation [HO(CH2)2(Me)3N+], are prepared by
reaction of inexpensive choline hydroxide with a (naturally occurring)
carboxylic acid affording the corresponding carboxylate salt and water
as the only byproduct.24,25 Similarly, 2-hydroxyethylammonium lactate
consists of a cation closely resembling that of the natural cation choline,
and a natural, readily biodegradable anion.26 Indeed, ILs lend themselves to
fine-tuning of their properties by appropriate selection of cation and anion,
and the current trend is toward the rational design of task-specific ILs that
can be employed for particular biotransformations while maintaining a low
environmental footprint.
The search for inexpensive ILs that exhibit reduced ecotoxicity
and biodegradability and are compatible with enzymes recently led to
the use of protic ionic liquids (PILs) as solvents for CALB-catalyzed
transesterifcations.27 PILs are exquisitely simple to prepare by mixing a
tertiary amine with an acid, such as a carboxylic acid, and are known28,29
to exhibit better biodegradability and lower toxicity than the corresponding
quaternary ammonium salts. Moreover, they have suitable H-bond donating
properties for interaction with, and stabilization of, enzymes, and are selfbuffering when combined with alkanoate anions.

Deep Eutectic Solvents (DES’s): An Alternative to ILs

In addition to the second-generation ILs, another class of interesting
neoteric solvents has emerged in recent years: the so-called deep eutectic
solvents (DES’s),30 which are formed by mixing certain solid salts with a
hydrogen-bond donor such as urea and glycerol (Table 1). For example,
combining choline chloride (mp 302 oC) with urea (mp 132 oC) in a 1:2
molar ratio affords a DES that is liquid at room temperature (mp 12 oC).
Although DES’s are, strictly speaking, not ILs since they contain uncharged
moieties, they have properties resembling those of ILs.
Table 1. Deep Eutectic Solvents (DES's)
H-Bond Donor

Molar Ratio

Result

[HO(CH2)2NMe3]+Cl–

Salt

(H2N)2C=O

1:2

DES

[HO(CH2)2NMe3]+Cl–

(HOCH2)2CHOH

1:2

DES

[HO(CH2)2NMe3]+Cl–

MeCH(OH)CO2H

1:1

DES

[HO(CH2)2NMe3]+Cl–

MeCH(OH)CO2–

1:1

IL

Interestingly, many primary metabolites can form DES’s, and it is
known from NMR-based metabolomics studies31 that certain relatively
simple molecules—some sugars, amino acids, choline, and organic
acids (e.g., malic, citric, lactic, and succinic)—are always present in
high concentrations in all living cells. This suggests that these molecules
serve some basic function in cellular metabolism, and it was shown that
various combinations of these molecules can form DES’s. This led to the
postulation that such natural deep eutectic solvents (NADES) constitute a

Hydrophilic ILs containing anions such as chloride, acetate, and nitrate, are
able to dissolve polysaccharides and proteins by breaking the intermolecular
hydrogen bonds. However, this can lead to inactivation of enzymes by
disrupting intramolecular hydrogen bonds that are essential for their
activity.37 There are basically two strategies for maintaining the activity
of the enzyme: (i) designing enzyme-compatible ILs, or (ii) modifying
the enzyme to make it more resistant to denaturation by the IL. The first
example of the former approach was reported by Walker and Bruce,38
who studied the enzymatic oxidation of codeine catalyzed by the NADPdependent morphine dehydrogenase. The low solubility of the substrate in
both water and common organic solvents led the authors to the idea of using
an IL as the reaction medium. To this end, they designed an IL containing
a hydroxyl functionality in both the cation and the anion, based on the
assumption that the enzyme would be stable in an IL that more closely
resembled an aqueous environment. This proved to be the case. An IL
consisting of 1-(3-hydroxypropyl)-3-methylimidazolium cation ([hpmim])
and glyoxylate anion (HOCH2CO2–) dissolved the substrate, product,
enzyme, and cofactor; and the dissolved enzyme was more active, even at
a water content of 100 ppm, than as a suspension in other ILs. An example
of the second approach is the reported transesterifications catalyzed by
suspensions of cross-linked enzyme aggregates (CLEA†) of CALB39 in ILs
that completely deactivated the free enzyme. Similarly, feruloyl esterase
CLEAs were active and stable in the enzymatic esterification of glycerol
in ILs,40 and various lipase CLEAs displayed better activities than the
corresponding free enzymes in transesterifications,41,42 including biodiesel
production.43

Biomass Conversion in ILs and DES’s

Water is the first choice of solvent for carbohydrate conversions, but some
reactions such as (trans)esterifications cannot be performed in water, and
conducting such reactions in common organic solvents is challenging owing
to the very low solubility of carbohydrates in these solvents. Polar aprotic
solvents; e.g., dimethyl formamide (DMF), dimethyl sulfoxide (DMSO),
and pyridine; can be used, but they are environmentally unacceptable and/
or are incompatible with enzymes. Consequently, increasing attention
has been focused on the design of ILs that can dissolve large amounts
of carbohydrates and are suitable as nonaqueous media for biocatalytic
reactions of carbohydrates.44–47 Fatty acid esters of sugars, such as sucrose,
are commercially important products with a wide variety of applications
in food, cosmetics, and pharmaceutical formulations. In addition to being
derived from renewable raw materials, they are tasteless, odorless, nontoxic,
non-irritating, biodegradable, and have a hydrophilic–lipophilic balance
(HLB) that is tunable by a suitable choice of fatty acid and carbohydrate.
They are currently manufactured by chemical processes at elevated
temperatures, resulting in low selectivities and the formation of colored
impurities. Hence, there is increased interest48 in enzymatic alternatives
that can be conducted under milder conditions with higher selectivities
and higher product qualities. Zhao and co-workers49 have designed a series
of ILs consisting of acetate anions and an imidazolium cation containing
an oligoethylene glycol side chain, that are both enzyme-compatible and
dissolve more than 10 wt % cellulose and up to 80 wt % glucose. Free
CALB dissolved in these ILs with retention of activity, thus providing the
possibility of conducting homogeneous enzymatic reactions such as the
acylation of glucose and the steroid betulinic acid.50
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The emergence of the bio-based economy that is founded on the use
of renewable biomass as raw material, particularly lignocellulose, for the
production of biofuels and commodity chemicals, has drawn attention to the
utilization of ILs and DES’s as reaction media for enzymatic conversions
of polysaccharides such as starch,51 chitin,52 and cellulose.53,54 Currently,
much attention is focused on the use of ILs and DES’s as reaction media for
lignocellulose pretreatment55,56 in combination with enzymatic hydrolysis
of the cellulose to fermentable sugars.57 In order to be economically and
ecologically viable, the ILs or DES’s should be very inexpensive, efficiently
recyclable, and environmentally attractive. What could be better than
employing biomass-derived solvents58 and choline-based ILs and DES’s?59
Choline chloride is a feed additive, and glycerol is a byproduct of biodiesel
production, both costing < $1/kg, which leads one to conclude that the
DES formed by mixing them in a 1:2 molar ratio would cost $1/kg or less.
Similarly, an IL containing a cholinium cation and a lactate anion is likely
to be inexpensive and to have a small environmental footprint.

Conclusions and Prospects

In the last decade, considerable research has focused on biocatalysis in ILs.
For example, second-generation ILs based on renewable raw materials and
protic ionic liquids (PILs) have been developed that are less expensive,
more environmentally benign, and more compatible with enzymes. The
use of immobilized enzymes in the form of insoluble cross-linked enzyme
aggregates (CLEAs) can provide for their efficient separation and reuse.
Conducting biotransformations in ILs is particularly beneficial with highly
polar substrates, such as carbohydrates, that are sparingly soluble in common
organic solvents. Furthermore, the current interest in the production of fuels
and platform chemicals from renewable biomass has stimulated interest in
the development of biotransformations of polysaccharides in ILs or DES’s.
In short, we believe that biocatalysis in ILs has much untapped potential to
be exploited in industrial-scale applications in the future.
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