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1. Introduction

Although water is Nature's solvent, it has long been regarded by
most organic chemists, at least until recently, as their worst
enemy. From the halls of academia specializing in courses on
introductory organic chemistry to multi-kilo labs still the
domain of process chemists worldwide, all are taught that the
presence of water in so many fundamental organic reactions
should be avoided. Historically, the paradigm that “like
dissolves like”, implying that dissolution is a prerequisite for
high reaction conversion, led to the obvious conclusion that
water is a “no-go”. This notion may have arisen from the
observation that for some catalysts, reagents, and/or reaction
conditions, there is a definite element of moisture sensitivity.
Thus, organic solvents, and when necessary, very dry organic
solvents, have always been the norm, with most subsequent
developments made with this in mind. However, toxicity issues
such as mutagenicity, teratogenicity, carcinogenicity, and/or
reprotoxicity can be ascribed to many of these same solvents.
The risk to operators in the plant due to flammability, explo-
sivity, and exposure, in general, is not trivial, whether arising
from their industrial applications, transportation, and/or
storage. Their impact on the environment must not be over-
looked either. Volatile organic compounds (VOCs) such as
solvents can contribute to smog, air pollution, ground-level
ozone production and yes, climate change. The persistence of
chlorinated solvents in soils and aquatic environments repre-
sents yet another non-negligible environmental threat.* For
these reasons, regulations are becoming increasingly severe
regarding production and use of organic solvents, forcing
chemists to find greener and safer alternatives. While the
Montreal Protocol®> has aimed to control usage of nearly 100
man-made ozone-depleting substances since 1987, the
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Water as the reaction medium in organic chemistry:
from our worst enemy to our best friend
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A review presenting water as the logical reaction medium for the future of organic chemistry. A discussion is
offered that covers both the “on water” and “in water” phenomena, and how water is playing unique roles in
each, specifically with regard to its use in organic synthesis.

Registration, Evaluation, Authorization and Restriction of
Chemicals (REACH)’ regulation has more recently been adopted
in Europe, looking to protect both human health and the
environment from the risks posed by chemicals. Even big oil
companies (e.g., British Petroleum), otherwise the foundation of
our petroleum-based economy and suppliers of so many of our
chemicals and especially, organic solvents, have made it clear
that “oil has peaked”; that it will be on the decline for the next
several decades. As Bernard Looney, CEO of BP recently stated:
“We're pivoting from being an international oil company to an
integrated energy company”.* Isn't the “handwriting on the
wall”?

On the other hand, water as the main, if not exclusive reac-
tion medium for organic transformations represents a safe,
non-toxic, cheap, and environmentally friendly alternative.
Since the seminal work of Breslow in 1980, and despite
previous and current dogma to the contrary, a large variety of
organic reactions have been proven to take place in aqueous
media, sometimes with outstanding enhancements, such as
faster reaction rates and greater selectivities compared to
results obtained using classic organic solvent-based systems.
Indeed, water possesses unique physical and chemical proper-
ties; it is the medium chosen by Nature in which all of life
operates, playing by rules determined over billions of years. Is it,
therefore, surprising that new and unexpected experimental
results are being discovered in this medium, a medium that has
been essentially overlooked throughout the 150-200 years of
modern organic chemistry?

This review is not meant to be an exhaustive cataloging of
existing literature on chemistry in water; rather, the intent is to
cover selected mechanistic aspects that involve, and may even
favor, use of water in organic transformations. Depending on
the conditions, water can be regarded as a medium, where, for
example, no solvation of the reaction components takes place
(i.e., processes “on water”). Alternatively, water can be present
within the medium (ie., “with water”), or as the medium in
which there are additives that help solubilize the otherwise
“in water”).® Given
the accent on water as reaction medium, neither phase transfer

water-insoluble educts, catalysts, etc. (ie.,
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catalysis nor aqueous biphasic catalysis is discussed herein. The
former relies, by definition, on the use of a non-miscible organic
solvent. One underlying theme throughout this review is that of
using water in place of organic solvents, which is the case with
both “on water” and “in water” descriptors; there is only a single
example herein showcasing “in water with organic solvents”.
Indeed, perhaps subliminally, the notion of replacing these
traditional, waste-generating solvents will appeal to the reader
for further consideration. The latter area involving water-
soluble catalysts and slightly soluble educts, so commonly
used in the chemical industry on huge scales, is also over-
looked. This review targets industries that have been hesitant to
consider water as the reaction medium, especially the phar-
maceutical area where the organic solvents used routinely lead
to the majority of organic waste produced by the entire chemical
enterprise. Moreover, the scales and time frame under which
those in the fine chemical area operate are notably different;
here, the accent must be not only on sustainability, but also on
efficiency, and a switch to this “new” medium, water, offers
both. Admittedly, there are aspects to this evolving area of
chemistry in water that are poorly understood, if understood at
all; but these, hopefully, will be recognized as providing
opportunities for discovery while simultaneously assisting the
practitioner to contribute to our inevitable move away from
a petroleum-based discipline, following Nature's lead.

We shall focus particularly on the properties of water that
make it special; indeed, a unique reaction medium with clas-
sifications of reactions such as those “on water”, and those “in
water” featuring soft and dispersed interface-rich aqueous
systems” (e.g., soft matter associated with “micellar catalysis”).
A selection of applications illustrating the mechanistic impli-
cations of, and roles played by, water and its benefits on the
reactivity and selectivity associated with various reactions will
also be presented.

2. Classification of reactions using
water as the reaction medium
(a) Early work

The definition of “on water” reactions has been a topic of
discussion over the last 15 years. The term, introduced by
Sharpless in 2005, was first described as leading to “substantial
rate acceleration when insoluble reactants are stirred in
aqueous suspension”.® This statement highlighted two param-
eters: the rate of the reaction and lack of substrate solubility in
water. In this study, a number of reactions were presented,
including a [26 + 20 + 27] cycloaddition performed “on water”
at molar concentrations. All were accelerated when only water
was used as the “solvent”, as opposed to polar and non-polar
organic solvents, illustrated by the reaction of quadricyclane
with dimethyl azodicarboxylate (Fig. 1).

The “on water” reaction reached completion after 10 min,
while 48 h and more than 18 h were required using neat condi-
tions and in organic solvents, respectively. The gradual addition
of methanol to water was of no consequence, as long as reaction
heterogeneity was conserved. Above a critical concentration of
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Solvent Time to completion
toluene >120 h
EtOAc >120 h
DMSO 36 h
MeOH 18 h
neat 48 h
on D,O 45 min
on C6F14 36 h
on H,O 10 min
MeOH/H,0 (3:1, homogeneous) 4h
MeOH/H,0 (1:1, heterogeneous) 10 min
MeOH/H,0 (1:3, heterogeneous) 10 min

Fig. 1 Cycloaddition reaction accelerated “on water” (Sharpless,
2005).2

methanol leading to a homogeneous environment, the reaction
time was extended to 4 h. While heterogeneity seems to play
a role, it is important to notice that the reaction performed in
perfluorohexane was not faster than in other organic solvents
(reaction time: 36 h). Other parameters need to be considered;
e.g., results under homogeneous conditions highlighted that
hydrogen bonding and polarity might play a role as well (MeOH >
DMSO > toluene). Most cases of intermolecular reactions studied
involve liquids or oils, since solids present additional issues of
“mixing” during “on water” reactions.

Those results provided foreshadowing as to the as yet poorly
understood but synthetically advantageous use of water as
areaction medium in organic chemistry. Despite running at low
concentrations (mM or less), Rideout and Breslow postulated
that the acceleration of the Diels-Alder reaction between
cyclopentadiene and butenone, in water, was due to the
hydrophobic effect. Indeed, the reaction rate, in water, was 58-
fold and more than 700-fold higher than in methanol and
hydrophobic solvents, respectively (Fig. 2).> By contrast, the
reaction between anthracene-9-carbinol and ethyl maleimide
showed higher rates in non-polar hydrocarbon solvents than in
methanol. Water, however, remained the best medium, leading
the authors to conclude that the polarity of the medium was not
the explanation here, but rather due to a hydrophobic effect.
Moreover, the salting-out effect of LiCl, by further decreasing
the solubility of the organic partners in water, led to even faster
rates. Moreover, the presence of guanidinium chloride served to
reduce hydrophobic interactions leading to slower reactions,
thereby ruling out the theory that dissolution of the organic
reactants was essential.

These early examples performed with water as the sole
medium differ insofar as several reaction parameters are
concerned:

(1) Sharpless reported a [20 + 20 + 27| cycloaddition under
heterogeneous conditions.®

(2) Breslow reported a Diels-Alder cycloaddition using
homogeneous conditions.”

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Diels—Alder reactions accelerated by “on water” conditions (Breslow).®

(3) Breslow also reported a different behavior depending on
the nature of the substrates.?
(4) Both highlighted the hydrophobic effect.

(b) Classification: what does the literature say?

In order to explain reaction rate enhancements obtained “on
water”, most models assume involvement of purely water-
insoluble, hydrophobic solutes, whether liquids, gases, or
solid spheres. Experimentally, the actual polarity of substrates
can be more difficult to assess. In some cases, the presence of H-
bond donor or acceptor functional groups such as ketones,
amines, or alcohols, can all follow different rules. Additionally,
the type of reaction and the geometry of the associated transi-
tion state for these can lead to varying mechanisms, as well as
varying reaction outcomes.

Thus, while important, a clear distinction between “on water”
and “in water” is not easy to draw. While reactants seem
macroscopically suspended in so-called “on water” reactions,
reports indicate that the reaction might actually be happening
“in water”, where limited amounts of dissolved starting mate-
rials may be present. Butler and Coyle enriched the initial defi-
nition of “on water” conditions from Sharpless as follows:
“...applies to organic reactions that occur between water insol-
uble reactants at the interface of the bulk liquid water phase that
contains no additives. It does not apply to reactions in the
presence of very small quantities of water, such as hydrated salts,
or involving catalysts”.” Part of this definition, however, was

Table 1 Parameters defining the reaction mode in water

recently disputed by Kobayashi (vide supra).® Nonetheless,
Butler and Coyle nuanced this claim by introducing a classifica-
tion based on substrate solubility and the location in which the
transition state occurs. The reaction is considered to take place
“in water” if the solubility of substrates is >0.01 mol L', and the
transition state is in bulk water. “On water” conditions apply to
substrates with solubility lower than 107> mol L™ and with
a transition state occurring on the organic side of the interface.
Finally, for reactants with intermediate solubilities, both modes
of reaction are likely to occur simultaneously. For the “in water”
scenario, the hydrophobic effect and the cohesive energy density
are the key factors leading to a tighter transition state, thus
a faster reaction rate. In the “on water” scenario, trans H-
bonding, or even acid catalysis, at the interface is most likely
the predominant parameter that accelerates reactions. These
situations are summarized in Table 1.

The following examples illustrate how macroscopic appear-
ance can be misleading (Fig. 3). While both reactions are
heterogeneous, the first involves a slightly soluble 2-
cyclopentadien-1-one, that is able to carry the insoluble dipole
reactant into water. The mechanism led to a higher endo : exo
ratio “in water” (42:1) than in acetonitrile (5:1) due to
a smaller transition state volume. The second example involves
two very sparingly soluble reactants, resulting in an “on water”
reaction mechanism. In this case, trans hydrogen bonding
accelerates cycloaddition, which has no impact on both ster-
eoselectivity and the endo : exo ratio.

1072

Nanometer (nm)

Mainly “in water”
Some “on water”

Solubility range (mol L")
Droplet size
Reaction mode

Water solubility Slightly soluble
Operating mechanism Hydrophobic normal
H-bonding

trans H-bonding

© 2021 The Author(s). Published by the Royal Society of Chemistry

107%-107° <10~°
Millimeter (mm)
Mainly “on water” “on water”
Some “in water”
Sparingly soluble Very sparingly soluble

Hydrophobic ¢trans H-bonding trans H-bonding
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Fig. 3 Substrate solubility dependence guiding the reaction mode in water (CED = Cohesive Energy Density).

In their latest review, Kitanosono and Kobayashi proposed to
collectively categorize all reactions using water as the reaction
medium, with or without use of catalysts, as “in water”.*® They
classified each into three types, with seven sub-categories (Table
2). “Type I” is an aqueous-phase reaction, where all reactants are
soluble in water. Depending on the solubility of the catalyst (if
any), the reaction is considered to be “type Ia” (soluble) or “type
Ib” (insoluble). In “type III” reactions, the lipophilic reactants
aggregate to form a suspension. If the catalyst is soluble in
water, the reaction is a “type IIIa”, while the reaction is a “type
I1Ib” if the catalyst is soluble in the lipophilic reactants phase. If
the catalyst is soluble in neither, the reaction is a “type IIlc”.
Lastly, “type II” reactions characterize reactions in water in the
presence of surfactants to form a micellar environment. In “type
I1a”, the catalyst is soluble in water, while in type IIb it is water-
insoluble. The pros and cons of using one method over another
are summarized in Table 3.

Clearly, notwithstanding a positive outcome, different
mechanisms are involved. A tremendous amount of research
has been directed towards explaining the origins of such
accelerations. While the hydrophobic effect and enforced
hydrophobic interactions may both be important factors,
rationalizing this phenomenon solely by considering the
hydrophobic component between substrate(s) and water,
without consideration as to how water molecules respond to
“intruders” may be an over-simplification. Water is hardly

a simple “solvent”; rather, it is a non-inert medium with
extraordinary properties. It has both a high cohesive energy
density and dielectric constant, and yet remains liquid at
ambient pressure; truly unique features. Identification of these
multi-faceted parameters and their impact on both the aqueous
and lipophilic phases will lead to an enhanced understanding
as to which of these, or both, can be used to synthetic advantage
on a case-by-case basis.

3. Mechanistic aspects

This section aims to review the different mechanical aspects at
the origin of acceleration of organic transformations in water.

(a) The hydrophobic effect

The hydrophobic effect plays an important role in many
processes, including protein folding, substrate-enzyme
binding, and micelle and bilayer formation; its origin at the
fundamental level has been a topic of intense research and
debate for many years.

When two large hydrophobic objects in high local concen-
tration are close to each other, separated by a thin layer of water
(thinner than the nanometer-scale critical distance, D.), the
hydrogen-bond deficiency for the merged hydration shells
induces a drying effect,'>'* causing water to migrate from this
energetically unfavored state to the bulk water. The unbalanced

Table 2 Kobayashi's classification of catalytic reactions performed in water depending on substrate/catalyst solubilities

Substrates soluble

Catalyst soluble

Type Surfactant in water in water Interfacial reaction site
Ia No Yes Yes —

1b No Yes No Catalyst-water

JIE:] Yes — Yes Micelle surface

1Ib Yes — No Micelle surface

IIa No No Yes Substrates-water

IIIb No No No Substrates-water

IlIc No No No Catalyst-substrates-water
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Table 3 Summary of pros and cons of reactions using water as the medium

“In water” “On water” Micellar catalysis
Volume variation of the transition Negative Negative Negative or positive
state
Substrate solubility in water Yes No Better conversion if insoluble
Pros High stereoselectivities e Direct filtration as only work-up; e Option to extract or to precipitate
washings to remove potential excess product
of chemicals and side-products e Versatile in terms of reactions and
substrates
e High local concentration leading
to higher yields
e Low expected catalyst loading
required
e Mild conditions limiting by-
product impurities
Cons e Limitations on size and solubility e Nature of the functional groups e Residual surfactant

of substrates

e Limited scope of transformations
and scope of reactants

e Extractive work-up required

pressure created by this vacant area causes the hydrophobic
entities to converge (Fig. 4). The energy of the aggregate is then
lower than the energy of the separated starting materials, as the
surface of contact with water is greatly reduced. This phenom-
enon can be seen as an internal cohesive pressure effect.

By altering the nature of starting materials participating in
Diels-Alder cycloadditions, Engberts et al. postulated that the
hydrophobic effect was more pronounced due to hydrophobic
interactions occurring closer to the reaction center.*® They also
claimed that the hydrophobic effect on rate acceleration is not
due to interfacial surface reduction, but to the loss of hydro-
phobic character near the activated complex. While the hydro-
phobic effect itself is important, it cannot solely account for the
impressive rate accelerations observed. Otherwise, it would be
comparable to running reactions under neat conditions.

While the strength of the interactions between water mole-
cules (as opposed to interactions with the solute) is an intuitive
physical explanation for hydrophobicity, the entropy cost to
open a cavity in bulk water, due to its small size, can also be at
the origin of this phenomenon.**

—
D> Dc D <Dc
. bulk water . hydrophobic object . hydration shell

G : Water moving away from interface : surface attraction

Fig.4 Hydrophobic effect leading to the merging of two hydrophobic
entities.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(trans H-bonding needed) contamination

e Potential oiling, gumming
(difficulties to scale-down, -up)

e High temperature likely to be
required to favor exchanges, leading
to reduced selectivities

o Likely very slow reactions

(b) Cohesive energy density

Among solvents, water possesses one of the highest cohesive
energy densities (550.2 cal mL™"). Cohesive energy density is
defined as the amount of energy needed to completely remove
a unit volume of molecules from their neighbors to infinite
separation. Along these lines, a theory introduced by Lucas and
Lee stipulates that it requires more energy to form a cavity for
areactant in water than in any other solvent, leading to a loss of
entropy when a lipophilic substrate is added to water.">*®
Indeed, opening a cavity is entropically disfavored in any
solvent, and this energetic loss is exacerbated due to the small
size of water. This theory has only been validated by the “Mer-
cedes-Benz” or MB model (a two-dimensional statistical
mechanical model in which water molecules are represented as
Lennard-Jones disks having Gaussian hydrogen-bonding
arms),"” introduced by Silverstein in 1998, when small solutes
are involved. Therefore, any reaction leading to a transition-
state or product of smaller volume than that occupied by the
reactants should be strongly accelerated, in order to occupy the
smallest possible cavity. In the case of pathways leading to
multiple isomers, the most compact transition state should be
favored. This could have an impact on the stereoselectivity
associated with, e.g., Diels-Alder or Huisgen cycloaddition
reactions, as the endo transition state occupies a smaller volume
than the one leading to the exo product. This property is the
direct consequence of the network of hydrogen-bonding
between water molecules.

(c) Hydrogen bonding

The addition of a non-polar molecule to water is characterized
by a negative enthalpy AH, but a strongly positive overall free
energy AG due to an unfavorable (ie., negative) entropic
contribution, AS (eqn (1)).

Chem. Sci., 2021, 12, 4237-4266 | 4241
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AG = AH — TAS (1)

Two potential situations in water must be distinguished,
involving either: (1) homogeneous (“in water”), or (2) hetero-
geneous (“on water”) conditions (Fig. 5)."®* While the internal
pressure reflects the cost of creating a cavity by reorientation of
interfacial water molecules, the cohesive energy density is
related to the cost of creating a cavity with complete disruption
of water-water interactions. The former is the dominant
parameter for small solutes (vide supra), while the latter
becomes more important in the case of large solutes. Rear-
rangement of the water structure at the “oil”/H,O interface is
illustrated in Fig. 5.

With small, dilute solutes, the aqueous interface is barely
disturbed, as water molecules can reorganize themselves to
avoid the loss of H-bonds towards the hydrophobic entity. In
1945, Frank and Evans explained the high entropic cost of
adding a hydrophobic molecule to water by introducing the
“iceberg model”. That is, around small, non-polar solutes, the
first layers of water create a clathrate or hydrogen-bonded
cluster to avoid “wasting” hydrogen bonds to the solute.*
Thus, the entropic cost can be explained by the “ordering” of
water at the solute-water interface, and the enthalpy gain by the
stronger bonds created around the solutes, compared to bulk
water. This phenomenon has also been confirmed by the MB
model."” The iceberg case does not exist at higher temperatures,
where the hydrophobic solvation is dominated by enthalpy. As
the temperature increases, this “icy” shell structure disassem-
bles before that of the bulk water structure. At a certain
temperature, the sign of the transfer entropy AS becomes
positive, as the strength and number of hydrogen bonds
become predominant in bulk rather than at the interface. This
behavior, by switching from entropy to enthalpy-driven,
explains the high hydration heat capacity of water. To
a smaller extent, multiple van der Waals water-solute and
solute-solute interactions account for the enthalpy value.

In the case of large concentrated hydrophobic assemblies,
leading to a heterogeneous system, the hydrogen-bonding
compensation at the interface is geometrically impossible.
Thus, a loss of hydrogen-bonding between adjacent molecules
of H,O is observed. Sum-frequency generation spectroscopy
(SFG)*® showed that the structure of water at the “oil”/water
interface was characterized by the presence of free “dangling”

on-water

Marcus-Jung model

H: dangling hydrogen

View Article Online
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hydroxyl groups accounting for ~25% of the molecules at the
aqueous interfacial layer. Those “dangling” OH-groups have
been shown to protrude into the lipophilic area.”*>*

Jung and Marcus also postulated that the explanation for the
kinetic acceleration of “on water” Diels-Alder reactions lies at
the boundary between the oil droplets and water, while the
hydrophobic “bulk” behaves as a neat environment.”® The
formation of hydrogen bonding between the dangling -OH and
the lipophilic substrates plays a role in catalyzing reactions.
Through DFT calculations derived from experimental rate
constants, they showed that the activation energy is lowered by
about 7 keal mol™" “on water” compared to neat conditions, if
the transition state is “activated” by three H-bonds. Those
hydrogen bonds are stronger in the transition state than
towards the initial reactants. Based on their results, they
postulated that the mechanism of the Diels-Alder reactions
goes by a biradical intermediate under neat conditions, and by
a concerted pathway in the presence of water. When water
surrounds small hydrophobic solutes, the structure of the
existing hydrogen bonds in the clathrate need to be broken to
activate the substrates, thereby requiring more energy. Thus, as
for large entities, a “H-bonding catalyst” effect is also postu-
lated, but to a smaller extent due to this energy cost. This
explains why the reaction is slower compared to its heteroge-
neous counterpart. The reaction is still accelerated because the
energy required to break the interfacial H-bonding is lower than
that in the bulk water.>*

Additional proof that hydrogen-bonded water molecules
orient themselves toward the hydrophobic layer (here made of
CCl, or hydrocarbons) has been provided by Richmond et al.,
through vibrational studies.”” Kunieda et al. investigated the
repartition of lipophilic mixtures in the presence of water.*®
They showed that, while hydrocarbons were uniformly distrib-
uted in the oil phase, aromatic compounds were concentrated
at the interfacial region. This phenomenon was attributed to
weak hydrogen bonding between the aromatic rings and the
water protons, which lowered the interfacial tension to a greater
extent than with hydrocarbons. This study highlights the
complexity of identifying a clear mechanism of action by water,
due to the case-by-case nature of the partners involved.

Manna and Kumar studied the reaction between cyclo-
pentadiene and alkyl acrylates and the impact of substrate
concentration, either below their solubility limit (and therefore,

Kobayashi model

in water
H
O--H
Inner Helmholtz H y” \
o’ O~-H
/ ‘H 1
Outer Helmholtz A + H B ] (AB)
H\“O\ ‘,H/
Bulk water h“H/OI\H

Fig. 5 Hydrogen bonding under heterogeneous (left) and homogeneous (right) conditions, at the oil-water interface, and Kobayashi's partial

polarization approach (center).
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remaining homogeneous), or above (and hence, heteroge-
neous).” In dilute aqueous media, the activation enthalpy to the
transition state is not affected by the reduction in hydrogen
bonding capability of the acrylate. Under concentrated condi-
tions (i.e., “on water”), the activation enthalpy increased with
decreased hydrogen bonding capability, indicating that less
energy is being used to form hydrogen bonds. This suggests that
hydrogen bonding is more involved in stabilizing the transition
state in the case of heterogeneous conditions.

When hydrogen bonding plays a role as catalyst, favoring
a particular transition state, then increasing the number of H-
bonds by increasing the interfacial surface area should
further enhance the reaction rate. Indeed, the same authors
demonstrated, via optical measurements, the correlation
between stirring speed and interfacial area of the reaction
between cyclopentadiene and methyl acrylate in water. They
demonstrated that the higher these values, the higher the rates
of conversion.”

Whether the rate acceleration of the Diels-Alder reaction
between quadricyclane and DEAD (diethyl azodicarboxylate)
took its origin at the interface with the dangling ~-OH groups, or
because of hydrodynamic effects (e.g., vigorous stirring, ultra-
sonication) was unclear. To address this point, Zheng et al.
developed a microfluidic device able to produce statically
confined droplets in a glass capillary tube.?* Because DEAD is
colored (orange-yellow), direct observation of the microdroplets
containing the reactants could be performed via bright-field
microscopy through the capillary tube in the absence of stir-
ring. The conversion was also monitored by Raman spectroscopy
from the intensity change at the characteristic peak of 1769 cm ™"
for DEAD. Three distinct steps were identified throughout the
sequence. In the first several minutes, the reaction begins, fol-
lowed by a slower linear increase in conversion before finally
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leveling off at 65% conversion. The authors explained these
observations as illustrated in Fig. 6. The slower rate in step 2 is
due to an equilibrium between catalytic activation and the
inhibition by adsorption and desorption of the molecules at the
interface, although the majority of product (P) is formed under
these conditions. In step 3, DEAD, being the limiting reagent, is
present at insufficient quantities at the interface to be “acti-
vated” by the dangling -OH groups, in essence, shutting down
product formation. They also noticed that smaller droplets gave
rise to faster rates. While this report clearly reveals that activa-
tion at the interface is the predominant factor in the acceleration
of this “on water” Diels-Alder reaction, it is important to
consider the role of stirring to minimize the adsorption/
desorption effect and surface saturation. Thus, steps 2 and 3
might not be observed under dynamic conditions.

Early work attempting to explain the role of water in accel-
erating “on water” reactions was all based on non-catalyzed
reactions. Thus, literature was lacking explanations regarding
the role of hydrogen bonding to lower the energy of catalyst-
substrate-derived transition-states. Recently, Kitanosono and
Kobayashi addressed this gap by considering partial polariza-
tion resulting from unbalanced H-bonding at the interface.'®
They suggested a new “on water” model, where three layers of
water, with different orientations, can be found at the interface
(Fig. 5, center). This model aims to take catalysts into account,
whether located in the aqueous or lipophilic phase. The first
layer, where water molecules orient protons toward the hydro-
phobic phase (inner Helmholtz layer), is surrounded by
a second layer (outer Helmholtz layer), and finally, by the bulk
layer. The partial polarization of water at the interface would
facilitate the formation of weak interactions with highly
oriented transition states.
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Fig. 6 Interface adsorption/desorption in micro-droplets.
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(d) Solvent isotope effect

To further demonstrate the role of hydrogen bonds at the
interface, the deuterium kinetic isotope effect has been studied
by replacing H,O by D,O in “on water” reactions. While faster
reaction rates are reported in H,O, although sometimes to
a small extent, this phenomenon is not fully understood. Jung
and Marcus highlighted the idea that physical factors, such as
the higher viscosity of D,0, might affect shearing and could
lead to bigger droplets resulting in smaller contact surface areas
and thus, slower reaction rates. Grazziano demonstrated that,
despite a larger cohesive density, D,O is a slightly better solvent
for non-polar solutes than is its lighter counterpart. He
explained that such results arise due to the formation of slightly
larger cavities in heavy water.*

Beattie et al. first postulated that rapid “on water” reactions
resulted from the protonation of the substrate S; by water,
stabilized by the resulting adsorbed hydroxide ion at the
interface.*” Thus, the strong “on water effect” would be due to
proton transfer, which, after reaction with the substrate S,, lead
to the product P (eqn (2)).

S +H,O0= S]HJr + OH,qs~

SH' +S, — P )

Later, McErlean et al. suggested that the mode of activation
by water was reactant-dependent. They postulated that, in the
case of basic reactants, an acid-base mechanism at the water/
organic interface was involved, leading to significant “on
water” catalysis owing to a large ky/kp isotope effect.>® When the
substrate basicity is weaker, a hydrogen bond is responsible for
substrate activation, leading to a small ky/kp isotope effect and
weak “on water” catalysis. This theory was illustrated by the aza-
Claisen rearrangement, which usually requires high tempera-
tures (200-300 °C) or acidic catalysis to render this process more
practical. By contrast, total conversion could be achieved in
water after 24 h at 80 °C, while the reaction failed in organic
solvents or under neat conditions. The conversion in D,O only
reached 40% over the same period of time. By changing the
nature of the substituent R (in green in Fig. 7), the authors also
noticed that the rate of reaction increased as did the basicity of
the starting material. They also performed a direct comparison
with the Claisen rearrangement described by Sharpless in
2005.8 With use of the less basic ether, the “on water” effect was

R=H

entry solvent
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only moderate (100% vs. 73% conversion neat). McErlean et al.
also confirmed that, due to the higher basicity of the forming
product over the starting material, an autocatalytic mechanism
was involved (Fig. 8). Indeed, the rate plots show an induction
period, followed by a rapid increase in rate. The involvement of
the product in the catalysis was confirmed after the suppression
of this induction period by doping the reaction with the final
product, naphthylamine.

(e) Soft and dispersed interface-rich aqueous systems

Due to water's unique properties, amphiphilic compounds
often take on interesting organizational aspects in aqueous
solution. When dissolved in water, amphiphiles such as
surfactants self-aggregate into micelles wherein the hydrophilic
head interacts with the aqueous phase and the hydrophobic
tails collapse to form an inner section, commonly termed the
“lipophilic core”, based on the hydrophobic effect. Researchers
have leveraged these nanometer-sized particles as nanoreactors,
housing organic substrates (due to their otherwise water-
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Fig. 7 Correlation between “on water” effect and substrate basicity in an aza-Claisen rearrangement.
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Fig. 9 Structure of TPGS-750-M.

insolubility) leading to higher local substrate concentrations
and hence, faster reaction rates.*® The designer surfactant
TPGS-750-M (Fig. 9) has been found to display an apparently
unique organizational arrangement of smaller micelles within
a larger particle, providing sufficient lipophilicity to accom-
modate organic substrates and catalysts.*

The average diameter of TPGS-750-M nanoparticles in
aqueous solution was determined to be ca. 50 nm by dynamic
light scattering (DLS) analysis; however, this size cannot be
achieved by aligning surfactant molecules end-to-end; thus,
nanoparticles observed via DLS cannot be individual micelles.
DFT calculations performed by Andersson et al. suggested that
these nanoparticles were comprised of 30-40 smaller micelles
with diameters of 10-15 nm each, and with considerable
amounts (estimated to be around 40% when using a co-solvent)
of water in the PEG region.** Cryo-TEM images support the
existence of these micellar aggregates, also shown to exist in the
presence of either 15 v/v% co-solvent, or triethylamine (Fig. 10).

100 nm
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Because the individual micelles are within such close proximity
to one another inside each aggregate, substrates and catalysts
(as well as the products formed) can readily exchange through
the surrounding water between them, thus accounting for the
high efficiency observed under standard micellar catalysis
conditions. The study also suggested that the micelle structures
were stabilized by varying amounts of residual (0.1-10%)
impurities (e.g., vitamin E succinate), left behind from the
synthesis of this surfactant, thereby reducing surface tension
between the phases.

Interestingly, these calculations also indicated that zinc dust
added to micellar solutions interacts with the lipophilic inner
cores of the micelles and protects moisture-sensitive organozinc
species, generated in situ, from water (Fig. 10, right). This
explains why water-sensitive Negishi-like couplings are possible
in aqueous surfactant solutions.?

To gain maximum entry and residence within the hydro-
phobic inner cores of these nanoreactors, a ligand should
possess high lipophilic character, and thus a higher log P value
(calculated n-octanol/water partition coefficient) in aqueous
micellar media. The design of HandaPhos relied on a branched
and lipophilic triisopropylbenzyl moiety affixed to the oxa-
phosphine portion of the BI-DIME biaryl array (Fig. 11a). Ligand
lipophilicity, electronic structure, and associated steric effects
work synergistically leading to lower levels of required chelated
Pd; only 1000 ppm (0.1 mol%) of this 1 : 1 complex is needed to
catalyze Suzuki-Miyaura couplings.®® Incorporating isopropyl
groups on ligands has been found, with some generality, to have
a positive impact on the overall effectiveness of the derived

Fig. 10 Observed vs. calculated arrangement for micelles derived from TPGS-750-M (left: cryo-TEM analysis; center: image based on calcu-
lations; right: image based on calculations in presence of zinc dust) (credit: Prof. Martin Andersson).
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Fig. 11 Structure of lipophilic ligands and pre-catalysts for micellar catalysis.
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Table 4 Effect of carbazole substituents on palladacycle-catalyzed Suzuki—Miyaura cross-coupling reactions
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transition metal-based catalyst. Hence, following the Handa-
Phos model, inclusion of isopropyl residues resulting in more
highly lipophilic biaryl-based palladacycle pre-catalysts led,
remarkably, to a generalized procedure in recyclable water
(containing 2 weight percent TPGS-750-M) for Suzuki-Miyaura
couplings® at 300 ppm (0.03 mol%) Pd or lower (Fig. 11b). In
addition, a more readily prepared ligand, EvanPhos (Fig. 11c),
as part of a new palladacycle that, yet again, included isopropyl
group substitutions at both carbon and nitrogen (Fig. 11d) was
also developed for Suzuki-Miyaura, Heck, and Sonogashira
couplings that involve 1500-3000 ppm (0.15-0.30 mol%) levels
of this Pd catalyst.*

Beyond the hydrophobic effect, another feature worthy of
note regarding the newly inserted isopropyl groups was also
observed in the case of the same palladacycle. The N-iso-
propylcarbazole, formed from in situ decomposition of the
palladacycle, competes less effectively for ligation of palladium.
Direct comparison between N-isopropyl, N-methyl, and N-H
carbazoles showed that the presence of the N-isopropyl group
had little impact on the level of conversion, while both the N-
methyl and N-H carbazoles clearly inhibit the coupling reaction
to a greater extent (Table 4).*

Similar aqueous micellar conditions have been used to form
C-N bonds via amination reactions where a m-allylpalladium
precursor was found to be the most effective catalyst. The allylic
moiety initially on palladium and bearing the more lipophilic
substituent (i.e., phenyl > methyl > hydrogen) led to the most
successful coupling (Fig. 11e). This approach enabled the
preparation of a variety of key intermediates associated with
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several active pharmaceutical ingredients (APIs) using pre-
catalyst loadings as low as 1000 ppm of Pd.**

Unlike reactions “on water” (i.e., reactions run in the
complete absence of any organic solvent), those carried out in
micellar media tend to be responsive to the presence of co-
solvents, typically used in the 1-10 v/v% range, although
greater amounts have, on occasion, proven to be very effective as
well.** Here, solvents such as acetone, THF, PEG-200, and even
EtOAc and toluene, have proven useful especially when one (or
both) reaction partner is a water-insoluble solid. The co-solvent
“trick” plays multiple roles, including (1) softening or,
depending upon the amount used, dissolving the solute, aiding
in its accessibility to the micellar cores, and thereby, usually
increasing reaction rates; (2) expanding the micellar inner core
size and thus, volume for accommodating substrates and
catalyst by occupation; (3) enhancing the nature of the emul-
sion, in many cases ensuring good stirring of the reaction
mixture (preventing agglomeration). The choice of a co-solvent
is substrate(s) dependent, and a few are usually tested to ach-
ieve the desired reaction mixture properties (Fig. 12).

(f) Lower metal loadings + milder reaction temperatures: the
nano-to-nano effect

The “nano-to-nano” effect is one among several “new rules”*

that are at play when dealing with chemistry where water is the
sole “solvent”, typically constituting 98% of the reaction
medium by weight. It is the key element behind successful
heterogeneous catalysis used un