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Creating one-pot synthetic routes is a challenge that is already spawning new chemistry, enzymes, materials, and
mechanistic insight. Through one-pot reactions, the chemical products that add value to our lives can be produced
with less waste and greater economic benefits. Within this Emerging Area, we describe models for designing one-pot
reactions as well as advanced catalysts created to facilitate their realization.

Introduction

Chemistry has made an impact on almost every aspect of
daily life from toothpaste to life-saving medicines. The es-
sential feature of this central science is synthesis. In partic-
ular, organic synthetic methods have progressed dramatically
since the initial synthesis of urea by Woéhler.! The top-selling
pharmaceutical agent Lipitor™, for example, is an optically
pure, entirely synthetic product.? This progress has prompted
some to declare synthetic chemistry a mature field. What is
neglected in this myopic analysis, however, is the resource-
intensive nature of the synthetic enterprise. In order to continue
meeting the world’s demands, new approaches, methods, and
tools are needed to make synthetic chemistry a more sustainable
process.?

Iterative organic synthesis: an infinite resources
model

Effective organic synthesis is predicated on site-isolation, the
physical separation of reagents or catalysts from each other.
Synthetic organic chemists typically achieve site-isolation by
using separate flasks or reactors. Separate vessels prevent
incompatible catalysts or reagents from fouling or yielding
intractable mixtures. This reliance on ‘multiple pots’ is both
a triumph and a curse. [terative transformation and purification
has been an enormously successful model, but it is plagued by
waste, mostly manifested in the form of solvents. Solvents are
often incinerated and if the precursors to solvents are a finite
resource, current chemical synthesis will only be possible for a
limited amount of time. Beyond solvent, high-yielding reactions
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often produce salts and other impurities that must be removed to
avoid deleterious effects on downstream transformations. Serial
reactions and purifications require massive amounts of solvents
and materials. The average pharmaceutical synthesis yields 25—
100 kg (including solvent) of waste per kilogram of product,
according to Sheldon.*S Inputs used by the pharmaceutical
industry are highly purified, processed, and refined fine/bulk
chemicals that are also wasteful to produce. Currently, inputs
for pharmaceuticals and fine chemical synthesis are plentiful,
allowing synthesis to proceed at a reasonable price. As resources
become more scarce and expensive, however, synthesis will
become increasingly cost-prohibitive unless made sustainable.

Biosynthesis offers an alternative to the organic chemist’s
current model of synthesis. In a cell, myriad incompatible
reactions occur in each organelle and the cytosol. By using
enzymes, all of the catalysts in a given compartment are site-
isolated and substrate-selective, preventing fouling and cross-
reactivity. Cells use both reversible and irreversible reactions
along with recyclable reagents to create millions of tons of
complex materials in ‘one-pot’ systems each year. Polyketide
antibiotics such as Zithromax® are produced in ton quantities
by fermentation.® Metabolic engineering, the field dedicated to
understanding and applying fermentation, maintains a venera-
ble place in both industrial and academic research.’

Metabolic engineering is limited, however, to natural sub-
strates and structural motifs because it relies on cellular machin-
ery. A brief survey of the top 25 highest grossing drugs reveals
that only 30% are natural products or their derivatives while the
remaining 70% are made using synthetic chemistry. In rare cases
where non-natural elements are incorporated into biosynthe-
sized products, the non-natural elements must be synthetically
charged onto proteins or cofactors, thus limiting the scale on
which these abiotic products can be produced.® Biosynthesis
can be far more efficient and environmentally benign than
traditional organic synthesis, which begs the question, ‘How can
we merge the best of organic synthesis and metabolic engineering
to create synthetic routes with excellent atom efficiency® or E-
factor?’'*'% One way is to increase the number of reactions
performed per pot in the same way that metabolic pathways
run many reactions in the same environment.

Examining two models for one-pot synthesis!’-!8

The value of one-pot reactions was recognized early in the
history of organic synthesis." Since inception, one-pot reactions
have grown in two directions.’”!® In one case, multiple orthog-
onal, irreversible steps are combined. In the other, multiple
reversible steps are coupled to one irreversible step using an
enzymatic catalyst. Scheme 1 depicts minimal versions of these
two models for one-pot reactions.

Ideally k\>k>>k and rates of side
reactions are slow.

Ideally K, = K, >> [ E][F],
ks[E][F] => ks[A][B].ks[C][ D] etc.. .

Scheme 1 Two potential approaches to complex one-pot reactions: (a)
coupled irreversible reactions, and (b) cascade of equilibria coupled to
an irreversible step.

Coupled irreversible reactions

Scheme 1a depicts the coupling of irreversible reactions. A single
product is realized from orthogonal reactions by controlling
the order of addition and tuning the relative rates. Leckta’s
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‘Sequentially-Linked Columns’ represents one example of cou-
pled irreversible reactions.® Scheme 2 illustrates Leckta’s B-
lactam synthesis where reagents are flowed over a series of solid
phase reagents and catalysts. The use of flow reactors is gaining
ground, and issues of reagent recycling and reaction linking are
areas of active research.?
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Scheme 2 Leckta’s flow through approach.

Cascade of equilibria coupled to an irreversible step

Scheme 1b illustrates an equilibria cascade coupled to one
irreversible step. If each of the pre-equilibria is fast and the
by-products do not react with starting materials, intermediates
will be guided by the substrate-selectivity of the irreversible
step. The Baylis—Hillman (BH) reaction is a reaction that
illustrates this cascade of equilibria concept, Scheme 3. The
BH reaction is a series of three reversible equilibria coupled
to an irreversible elimination step.?> The BH reaction suggests
that with appropriate design, many equilibrating reactions can
be coupled in the same way. Multicomponent condensations
(e.g. Ugi, Passerini, etc.) are a class of reactions that use a single
catalyst and transition through a series of complex equilibria.'**

Me\o
(0]
N K, - H
D e —— o
N
1 2 N/\\/) 3
Me\o Me\o 0®
U H (0]
Q0 K O Ar
‘/\?\I + Ar)J\H ‘—; l/\%
4 5
e N
Ar
Me\o " ) 5 Me\o u 0)\09
O@ A Ar)LH = //O\(B p N
N N
e &
Ar Ar
Me\o " O)\Oe . Me\o O)\OH
4
O)j/kAr T‘ O)\H/KAT
® 7

I

Scheme 3 The Baylis—Hillman mechanism.



A more complex example of multiple equilibria coupled to
an irreversible reaction is illustrated by Zimmermann’s one-pot
synthesis of D-xylulose 5-phosphate from hydroxypyruvate and
D-fructose 1,6-biphosphate.* The route begins with a D-fructose
1,6-bisphosphate aldolase (FruA, EC 4.1.2.13) catalyzed
retro-aldolization of D-fructose 1,6-bisphosphate followed by a
triosephosphate isomerase (TPI, EC 5.3.1.1) catalyzed isomer-
ization (Scheme 4). Both of these initial steps are reversible and
these equilibria are coupled to an irreversible transketolation
catalyzed by transketolase A (TK, EC 2.2.1.1).>® The specificity
of the TK step, which prevents decarboxylation of the starting
material, allows this equilibria cascade to function and be driven
to a single product.
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Scheme 4 A coupled equilibria reaction: Zimmermann’s D-xylulose
S-phosphate synthesis.

A handful of non-enzymatic coupled equilibria have been
reported, but many of these reactions are either simple proof
of concept experiments or a series of reactions catalyzed by the
same catalyst.!” To move to the next level, organic chemists must
develop tools allowing more reactions to be linked in both the
irreversible and equilibrium-coupled models.

Creating tools to facilitate a broader range of
one-pot syntheses

Nature has shown that reactions can be coupled to synthesize
complex products. Many natural product chemists model their
key steps within a total synthesis after analogous biosynthetic
reactions. In the same way, organic chemists can borrow ideas
from coupled reactions in nature. Nature has two tools that
are essential for coupled reactions: site-isolation and substrate-
selectivity. The remainder of this Emerging Area discussion will
focus on these two tools.

Site-isolation is the first tool that we will discuss. As mentioned
earlier, site-isolation is a crucial element that enables biosynthe-
sis. Enzymes effectively shield their active sites allowing for vastly
different polarities, pHs, metals, oxidation states, and a variety
of other properties.”® Site-isolation of non-natural catalysts is
a relatively new area that is growing out of the august field
of catalyst immobilization, where homogeneous catalysts are
attached to organic or inorganic solid supports.?”?® Immobiliza-
tion does not necessarily site-isolate. Many immobilized metal
catalysts, for example, serve as reservoirs that release small
amounts of highly active homogeneous catalysts.?** For a one-
pot multi-catalyst system to function well, catalysts must remain
completely site-isolated to prevent catalyst—catalyst fouling and
reagent—catalyst fouling. Before moving forward, methods to
determine site-isolation should be examined.

A variety of techniques are available to determine if a catalyst
is site-isolated. The three-phase test is one of the most thorough

methods.*" This technique involves anchoring one reaction
partner to a solid support while the other remains homogeneous.
The resulting ‘macromolecular reagent’ cannot diffuse and can
no longer interact with a site-isolated catalyst. The catalyst could
be bound to a solid support, encapsulated within a polymer or
encased in inorganic material. If the reaction proceeds with the
macromolecular reagent, the catalyst has become homogeneous
during the reaction and is therefore not site-isolated.

Kinetic evaluation is also a powerful tool in the identification
of site-isolated catalysts.?3**** QObservation of a sigmoidal
kinetic profile is a strong indication of in situ catalyst formation.
An example of this phenomenon was recently reported indepen-
dently by Bergbreiter ez al.** and Jones, Weck and co-workers,*+¢
where both groups concluded that immobilized Pd—SCS pincer
complexes decomposed during the course of the reaction to
form soluble, catalytically active species. In addition to these
two techniques, a host of other tools exist, including catalyst
poisoning,*-52 TEM™*53 and the Maitlis filtration test.>*

Only a few groups have articulated the value of catalyst site-
isolation in the context of one-pot synthesis.*** Avnir and Blum
have reported several seminal examples of exploiting sol-gel-
based catalyst isolation for one-pot multi-step reactions.’¢
Frechet and co-workers have demonstrated the use of site-
isolation to improve the photophysical properties of dye
mixtures.***! The most prominent use of site-isolated catalysts
and reagents has been demonstrated in an increasing body of
work from the Ley laboratory. Ley and co-workers use site-
isolation not for one-pot synthesis but for purification, and have
used site-isolated catalysts and reagents sequentially, in many
pots, to yield complex natural products.®*** Since no one material
or site-isolation approach has emerged as ideal for one-pot
synthesis, we will discuss a few broad classes including soluble
and bead-based polymeric supports, polymer incarceration,
dendrimers, polymer encapsulation, and inorganic supported
catalysts.

Soluble and bead-based polymeric supports

A common method of catalyst immobilization involves the use
of soluble or insoluble polymeric supports.®’> The simplest
polymeric organic catalysts are linear polymers whose side
chains or end groups are modified to contain catalytic groups,
Scheme Sa. Since these polymers are not cross-linked, they are
soluble in many organic solvents. Soluble polymer catalysts
have been built off of a number of backbones including
poly(ethylene glycol) and polystyrene.”®”” Soluble catalysts tend
to be more active than their heterogenized counterparts, but
often suffer from the need for a precipitation step to separate
them from product. Thermomorphic and thermoregulated
catalysts are systems that are soluble at one temperature and not
at another. These interesting advances allow easy recovery of
soluble, polymer-supported catalysts, taking advantage of their
temperature-dependent solubility properties.”*” Linear polymer

a.

Scheme 5 (a) Coupling a catalyst to a soluble support; (b) functional-
ization of a macroporous bead with a catalyst.
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catalysts show high reaction rates and turnover numbers in
many reactions, including the Staudinger reaction,”® the
Mitsonobu reaction,” and the aza-Baylis—Hillman reaction.®
Soluble polymer catalysts can also be made by modifying the
backbone to be a ligand for a transition metal, creating an
organometallic catalyst.” Although soluble polymers can be
removed completely from the reaction mixture, they cannot
protect their catalyst cargo from other catalysts in solution.

The most popular polymer-based heterogenization approach
is covalent attachment of a ligand or catalyst to polystyrene
beads, Scheme S5b. Polymer bead-supported catalysts have
received attention due to ease of recovery and recycling.
Catalyst heterogenization, however, often results in low catalyst
activity. Cross-linked polystyrene beads can be modified with a
variety of catalytic units, including phosphines, chiral boranes,
chicona alkaloids and a variety of small molecules that serve
as ligands for organometallic catalysts.’ Beyond polystyrene
and poly(ethylene glycol), techniques that rely on gels formed
by ring opening metathesis polymerizations have also recently
been introduced, allowing for more porous polymer beads and
higher catalyst loading to mitigate the decrease in rate due to
the heterogenization.®? Although catalyst sites on a single bead
interact,®3 catalysts on separate beads have been shown to be
site-isolated.®

Polymer encapsulation and polymer incarceration

Kobayashi and co-workers have used coacervation, another
polymer-based heterogenization method, to create insoluble
precipitates. This approach was used to encapsulate active Os, Sc,
Pd and Ru catalysts.®* Kobayashi and co-workers expanded on
this technology by performing the coacervation step with poly-
mers containing pendant epoxide and alcohol functionalities.
These coacervates were then thermally cross-linked to produce
polymer incarcerated (PI) catalysts, Scheme 6. This method
was used to prepare active Pd and Pt catalysts.®**° Many of
the catalytic systems described are easily recovered and reused
without substantial loss in activity. Evidence exists, however, that
these catalysts are not actually site-isolated. Use of coordinating
solvents results in a substantial increase in leaching.* In
addition, many of the Pd-catalyzed transformations require
excess phosphine ligands in the reaction mixture in order to
achieve good reactivity.”® These observations, along with the
high catalyst loading required in PI-mediated reactions, suggest
that PI catalysts are serving as reservoirs for homogeneous,
catalytically active species. These catalysts have a great deal of
promise, but no experiments have been reported that directly
establish site-isolation.”

Non-solvent

Polymer
Solution

Core
Material

Non-solvent

Coacervate

o

Catalyst

Thermal
Cross-linking

Coacervation
(Phase Separation)

Scheme 6 Polymer incarceration procedure: a powdered core material
is added to a polymer solution with stirring. Non-solvent addition
affords coacervated capsules that are cured to cross-link.
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Dendrimers

Dendrimers and star polymers represent a middle ground
between the soluble and insoluble polymer supports.”*** Den-
drimers are soluble polymers consisting of a small molecule
core connected to repetitively branching arms. Star polymers,
in contrast, consist of a small molecule core connected to
linear polymer arms. By modifying the core units, the macro-
molecule can be converted into a site-isolated catalyst, Fig. 1a.
Dendrimeric catalysts can also be created by modifying the
branches to include catalytic species, though this limits the
site-isolation because the periphery of a dendrimer is solvent-
exposed, Fig. 1b,c. The site-isolation provided by the branches
of dendrimers and star polymers has been established and
compared to linear analogues using photophysical studies.®>*
Catalyst site-isolation, however, has not been established.

Fig. 1 Metal species located (a) in the core, (b) the internal dendritic
structure, and (c) at the periphery of dendritic catalysts.

There have been examples of organocatalysts attached to
dendrimers including phosphines that catalyze various con-
densation reactions and amine bases for substrate-selective
alkylations.”””® Recent applications of catalytically active
dendrimer-supported metals include Rh-catalyzed hydroformy-
lation® and asymmetric hydrogenation,'> Pd-catalyzed
cabonylation,'*®** oxidation,'”® Sonogashira coupling,'*6*’
Heck coupling,'® Suzuki coupling,'® ethylene polymerization''®
and allylic amination,"""* Cu-mediated addition of Et,Zn
to aldehydes,"* Os-catalyzed dihydroxylation,'* Ni-catalyzed
ethylene oligomerization,'s Mn-catalyzed epoxidation''*!'7 and
Ti-catalyzed Diels—Alder reactions.'® A major drawback of
using these catalysts is the lengthy synthesis required to build
the dendrimer, although this can be somewhat lessened by
substituting a star polymer.**

Catalyst encapsulation

An alternative approach to site-isolation is the encapsulation of
a catalyst in liquid-filled capsules via emulsion polymerization,
Scheme 7. Immobilization of the catalyst can be accomplished by
attachment within the shell, attachment on the interior surface of

Disp. Phase
+ Emulsion

Monomer A

Cont. Phase
+

Surfactant

O
oO

Isolation by
Filtration or
Centrifugation

Interfacial
Polymerization
Scheme 7 Catalyst encapsulation procedure: an emulsion containing a

catalyst and a monomer in the dispersed phase is established. A second
monomer is then added to the continuous phase to create capsules.



the shell, or by entrapping a macromolecular catalyst (polymer-
bound or enzymatic) in the core, Fig. 2.'” Our group has
reported the use of nanocapsules™'?' and Ley has reported
the use of micron size capsules.®*® Using microemulsion-
templated polymerization, Ley and co-workers have created
polyurea matrices containing OsQO,'? for use in olefin dihydroxy-
lation and Pd(OAc),”'*% for use in carbonylations, Heck
couplings, Suzuki couplings, Stille couplings and olefin and
imine hydrogenation. In addition, formic acid reduction of
PdEnCat™ produced encapsulated Pd(0) (Pd’EnCat™) capable
of performing transfer hydrogenation of aryl ketones'?” and
hydrogenolysis of epoxides.’ These heterogeneous materials
are easily recovered from reaction mixtures by filtration or
centrifugation, allowing for repeated use. The materials are
reported to be low leaching and highly recyclable, making them
attractive catalysts for one-pot, multi-step reactions. Despite the
promise of these capsule-based methods, no demonstration of
site-isolation has been reported.

Fig.2 Various catalyst attachment points in a microcapsule: (a) within
the shell, (b) attached to the shell, and (c) confined within the shell.

Sol-gel encapsulation

Inorganic supports are widely used to heterogenize catalysts. The
most popular supports are composed of silicates and aluminates.
The work of Avnir and Blum is the most developed with respect
to site-isolation. Avnir, Blum and co-workers have applied sol-
gel technology to create a series of encapsulated catalysts.'?!%
Of particular interest are the examples where sol-gels have been
shown to effectively site-isolate incompatible catalysts, allowing
them to be used in the same reaction mixture. Examples that
have been used in one-pot reactions include an enzyme and a
transition metal,”” an oxidant and a reductant,’ and an acid
and a base.”® These ‘mutually destructive’ materials were able
to function in the same reaction without deactivation of either
species. The use of inorganic supports has a number of advan-
tages including stability towards harsh conditions, low swelling,
and consistent binding sites for the catalyst.”®! Despite these
advantages, inorganic supports, as a rule, lack the synthetic flex-
ibility of organic shells. This deficiency may limit their broad use.

Although a number of viable site-isolation methods exist,
currently the sol-gel supports are the only materials studied
in context of one-pot synthesis. To realize the full potential of
one-pot multiple catalyst reactions, new synthetic methods using
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the site-isolation methods need to be developed and examined
in detail. Given the variety of methods for site-isolation, why do
so few examples of one-pot multi-catalyst reactions exist? The
problem is substrate-selectivity. Many of the catalysts mentioned
can perform reversible or irreversible reactions but few can
discriminate between two molecules with similar functionality.
Consider a tandem BH-Heck reaction, as shown in Scheme 8,
where the BH reaction would be catalyzed by an isolated Lewis
base and the Heck reaction by an isolated palladium catalyst.
The relative reaction rates would dictate the product distribution
and since the BH reaction is slow, the expected product would
be the Heck coupling of 13 and 16 and not the Heck coupling
between 15 and 16. The reaction outcome, therefore, would be a
mixture of both products. This lack of substrate-selectivity is a
major obstacle to realizing efficient reactions and to realizing
reactions with new product outcomes. The next section will
discuss methods of including biosynthetic substrate-selectivity
within a synthetic one-pot reaction.'®

Substrate-selectivity. One of nature’s most elusive assets is
selectivity. Cellular metabolism relies on enzymes having finely
tuned substrate-, regio-, chemo-, and stereo-selectivity. The D-
xylulose 5-phosphate example discussed earlier is a perfect
example (Scheme 4). In this case, the enzymes prevent premature
decarboxylation of hydroxypyruvate and prevent unwanted
cross-reactions. This level of substrate-selectivity will be crucial
to realize complex one-pot synthesis. Beyond specificity, bio-
catalysts function under milder conditions, provide an overall
reduction in waste and can enable chemistry not accessible to
traditional organic synthesis.'** If the proposed vision for general
one-pot synthesis is to be realized, bond-forming enzymes
with altered substrate- and product regio-, chemo-, and stereo-
selectivity and physical properties could provide the necessary
specificity for both natural and non-natural substrates. This
section will connect recent strategies of enzyme manipulation
to one-pot synthesis.

Many commercial products are currently produced in biocat-
alytic processes, including fructose, acrylamide, aspartame and
L-DOPA."* The vast majority of the enzymes used in industry
are mutated to improve properties over wild-type enzymes.'*?
Directed evolution has been used recently to make enzymes more
suitable for use in industrial processes, including the synthesis
of fine chemicals.’**** Substantial progress has been made in
the directed evolution of bond-breaking enzymes, and many
mutants have found their way into industrial processes.'** Bond-
forming enzymes also have a wide variety of applications, but
are difficult to evolve.’®>!** Several main classes of bond-forming
enzymes have found success as industrial biocatalysts, including
lipases/esterases,*” % aldolases,"**! and glycosynthases!*4
using both natural and non-natural substrates.'*?

Directed evolution is a process in which the properties
of an enzyme can be manipulated.’ Directed evolution can
change substrate specificity, stability, enantioselectivity,'#¢"4®
and reaction rate." The first step in directed evolution is to

Ar-X
16 Ar 17
Product distribution
kpmh A
palh kpulh B

Scheme 8 Competition between a Baylis—Hillman—Heck reaction and a Heck reaction.
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identify a starting protein. The gene for the initial protein is then
randomized. Several mutagenesis methods have been developed,
falling into three general categories: mutator strains, polymerase
chain reaction (PCR)-based, and oligonucleotide-based.*® After
mutagenesis has been used to create a library of genes, it can
be expressed as a library of proteins. The expression method
must connect each genotype (DNA) and its phenotype (protein),
allowing the experimenter to access the nucleic acid sequence of
a selected protein. This linkage can be formed in several ways for
both in vivo and in vitro protein expression systems.'3? After the
protein has been expressed, a screening or selection step must
be performed. This step allows separation of improved enzymes
from other members of the library.'*!

For evolved enzymes to be integrated into one-pot syntheses,
they must be rendered more robust and more compatible with
the one-pot conditions. Strategies for evolving enzymes that are
more thermally and solvent-stable have been developed and
a number of successes are reported.’”>'s* In general, enzyme
stability must be reinforced by some alternate means like
chemical cross-linking. Directed evolution and cross-linking are
means to render enzymes stable towards organic solvent, but
activities are typically sacrificed.’*'* A method is needed to
allow enzymes to be trapped in an ideal environment while still
functioning within an organic medium. Enzymes in emulsions
and encapsulated enzymes have come close, but neither has been
perfected.

The future of one-pot multi-step synthesis

We have emphasized the valuable role that one-pot synthesis
plays in creating more sustainable synthetic routes to small
molecules. Two elements that can enable one-pot reactions are
catalyst site-isolation and substrate-selective catalysis. Current
site-isolation procedures have been presented but none are
ideally suited for one-pot syntheses. The field of substrate-
selective catalysts, in terms of practical reactions, is limited to
enzymes. The field of enzyme engineering is relatively new and
has a great deal of growth potential.

Challenges for the future with respect to site-isolation are the
realization of a general method that immobilizes a catalyst in
a protective, optimized microenvironment that allows indefinite
recycling. On the selectivity side, highly active bond-forming
enzymes that can withstand a variety of solvents and reaction
temperatures are needed. Beyond site-isolation and substrate-
selective catalysts, other missing elements that have received
little attention are new reactor designs and recyclable reagents
specifically designed for one-pot reactions.

The justification for complex natural product synthesis has
long been that new reaction methods and mechanisms would
be discovered en route. In the same vein, the challenge of one-
pot synthesis will spawn new chemistry, enzymes, materials, and
mechanistic insight. Thanks to the efforts of synthetic chemists
before us, we can begin to create methods that mimic the
efficient processes that nature uses. In the end, to throw away
finite natural resources needlessly by not creating new efficient
synthetic methods is hubris.
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