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Abstract: About a decade ago, prompted by regulatory pressure, we at Novartis entered the field of micellar
catalysis. We were fortunate to discover some enabling techniques that rapidly allowed for application and deep
impact of the technology within our development portfolio. In parallel, we endeavored to push the boundaries of
science, building a powerful toolbox of chemistry, and gaining in the understanding of such systems. Of particular
importance is the compartmentalization effect that needs to be well understood and mastered to access all the
benefits of the technology. The following review article will illustrate our journey more specifically for Suzuki-
Miyaura cross-couplings, with some detours that will further highlight the impact of the technology.

Keywords: Catalysis · Micelles · Nano-particles · Surfactant · Sustainability

Fabrice Gallou received his PhD from
The Ohio State University (2001) in the
field of natural products total synthesis.
He then joined Chemical Development at
Boehringer Ingelheim, USA, working as a
process chemist responsible for route scout-
ing and supply of early phase programs.
He subsequently moved in 2006 to the
Chemical Development group at Novartis,
Switzerland, as a process development

chemist, and became in 2008 responsible for global scientific ac-
tivities, overseeing development and implementation of practical
and economical chemical processes for large scale production of
APIs. His research interests rely in the research and development
of sustainable synthetic methodologies intended for large scale
implementation. He has published more than 150 peer-reviewed
papers, book chapters, and patents, and won multiple awards,
most recently the 2019 Swiss Chemical Society Senior Industrial
Science Award, and the 2019 Yves Chauvin Award from the
French Chemical Society.

Introduction
There is not a single day without alarming news about cli-

mate change, or the unsustainable pace at which the world is
growing. It is our responsibility, of each of us scientists espe-
cially, and collectively within our respective organizations, to
change the culture, to offer disruptive options to dramatically
revert the unsustainable practices, and to inspire these coura-
geous changes. Around the end of 2010, we at Novartis actively
started to tackle the environmental issues rightly raised by the
legislation. Of paramount importance to us was the improper
usage of toxic substances, and more specifically of the highly
common polar aprotic solvents flagged to be reprotoxic. The
REACH legislation and its Substance of Very High Concern
arm especially prompted us to act in a strategic way.[1] About
a dozen projects of various levels of ambition and scope were
started, either internally, or externally with chemical suppliers
and vendors, along with academic collaborators.We investigated
the potential of supercritical media,[2] evaluated various ampho-

teric solvents in an unbiased manner (collaboration Fribourg),
promoted the development of more desirable alternatives,[3] and
more generally, as will be explained in the following, developed
a toolbox of chemistry in bulk water. For this latter approach, we
were obviously strengthening our arsenal of biocatalytic tools,
and complemented this aspect with a de novo toolbox of surfac-
tant-mediated chemistry.

Discussion
While chemistry onwater had been documented for decades,[4]

wewere fortunate to evaluate its latest development introduced by
Professor Lipshutz[5] around 2006–2008 as early as 2010. The
spectacular selectivities and yields resulting from the mild micel-
lar conditions sparked our interest. Such systems were also per-
fectly designed, with high permitted daily exposure, and suitable
biodegradability of a green-by-design vitamin E-derived TPGS-
750-M surfactant especially,[6] making it a remarkable fit to phar-
ma applications. Early extensive understanding and evaluation
of the scope of the technology had indeed demonstrated that the
approach could advantageously lead to the substitution of reprot-
oxic polar aprotic solvents such as NMP, DMF, or DMAc, in such
frequently encountered transformations as nucleophilic aromatic
substitutions, amide bond formation, or various kind of cross-
couplings (unpublished, 2010–2011), something that we later on
more thoroughly evaluated and reported.[7] Not only could an im-
portant switch to more desirable solvents be envisioned,[8] but also
significant environmental, productivity and cost savings could be
achieved. With the field entirely novel at the industrial scale, we
had a large number of development activities to complete such as
to establish a supply chain, to complete the environmental study
and waste management activities... We therefore decided to focus
our attention on TPGS-750-M as we saw in it a very versatile
surfactant. The benign-by-design TPGS-750-M surfactant, when
used above its critical micelle concentration (CMC), in our case
at 2 wt% in water, rearranges itself in a supramolecular way into
round micelles, based on the hydrophobicity concept, the amphi-
philes ‘protecting’ themselves from the aqueous environment by
forming thermodynamically more stable micelles of round shape
in this case (Fig. 1).
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Encouraged by these results obtained very early on in our
efforts (2012–13),[9b,13] we aimed at expanding the toolbox to
tackle as many chemical transformations as possible utilizing this
streamlined strategy. We engaged in what became phenomenally
productive collaborations with two brilliant partners, Professors
Bruce Lipshutz (UCSB) and Sachin Handa (University of
Louisville). Within our partnership, several synthetic meth-
odologies were reported encompassing the use of the technol-
ogy on critical transformations such as SNAr,[14] amide bond
formation,[7a,9b,15] Click chemistry,[16] nitro aromatic[17] and alkyl
reductions,[18] nitro alkyl alpha-functionalization,[19] photo-redox
catalysis,[20] asymmetric gold catalysis,[21] Sonogashira[22] or
Suzuki-Miyaura[23] or Buchwald-Hartwig[24] or Negishi[25] cross-
couplings, biocatalysis,[26] and various other specific types of
chemistry (Fig. 3).[27] During the development of these synthetic
methodologies, we not only intended to provide experimental
options to address a synthetic need, but also to understand our
micellar systems better. Fundamental understanding of the dy-
namic process associated with micelle formation, along with the
compartmentalization effect were from the start seen as essential
to ultimately solve the bigger problems. We therefore tackled
each of these projects as an opportunity to push the boundaries
and to learn more about the physical phenomena associated with
micellar chemistry, as we will illustrate in the following section.

Case Study on Suzuki-Miyaura Cross-couplings
Our first experience on multi-kilogram scale relied on very

preliminary reports around Suzuki-Miyaura cross-couplings.[7b]

In the process of our preliminary evaluation, we were very
early fortunate to discover the enabling technique of organic co-
solvent that greatly minimized the impact of physical effects on
the reactions.[7d,9] Such emulsion transformations were indeed
very finicky and prone to scale and mixing dependency. With
the mere addition of an additional organic co-solvent in a few
percent, typically 5 to 20%, one could significantly reduce the
challenges associated with mixing, and other physical changes
of the various components of the system (Fig. 2). We knew at
this point that the goal was not to remove organic solvents en-
tirely, but rather to phase out undesirable ones and to minimize
the usage of better suited ones. We showed numerous times for
example that ethyl acetate, or acetone in less than 20% volume in
bulk water could be used instead of the hazardous polar aprotic
solvents.[10]

Despite concrete and solid experimental data, it took several
publications to start convincing the skeptical readership of the
impact of the technology. The first landmark came from the as-
sembly of theAPI in Scheme 1where we demonstrated the full as-
sembly of the target in bulk water on kg-scale, utilizing an SNAr,
Suzuki-Miyaura cross-coupling, amidation and deprotection.[11]
Comparative analysis from an environmental, cost, and productiv-
ity perspective showed about thirty percent environmental foot-
print reduction, about seventy percent productivity increase and
thirty percent cost improvement. Furthermore, we could demon-
strate on an analogous compound that the mild conditions of the
micellar approach could prevent the need for a THP protective
group on the pyrazole, when using MIDA boronate.[12]

Fig. 2. Illustration of the co-solvent
effect.

Fig. 1. Overview of micellar
phenomenon.
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Continued optimization and screening revealed the lipophilic li-
gand dtbpf to be even superior to the originally reported dppf
ligand (see Fig. 4). Under these conditions, we could enable the
cross-coupling at room temperature in almost quantitative yield.
Slight amounts of protodeboronation (only 3% of the boronate
ester would protodeboronate under such conditions after 6 h, and
much less was observed thanks to a slow controlled addition) and
protodebromination were the main impurities observed. Very in-
terestingly, we could also greatly facilitate the process as lower
amount of catalyst was used that required simple washing with
cysteine prior to the crystallization to result to well below 100
ppm in the isolated crystalline product (Fig. 5).

The process described above turned out to function very reli-
ably and predictably on multi-tens of kilogram scale, and to be
fairly general and amenable to a wide range of difficult hetero-
cycles.[23h] This first large scale process conducted on multi-tens
of kilograms was also an eye-opener as to the necessity to un-
derstand and match the partitioning of the various reaction com-
ponents. Both coupling partners and the catalytic system indeed
have to be in the same compartment of the system. We were, and
are still to a large extent, however unable to reliably predict and
design the proper compartmentalization effect of the various reac-
tion components. Besides, while we originally thought the chem-
istry should occur within the core micelles to benefit from the full
advantages associated with the nano-reactors that they constitute,
this was definitely not the only option as the chemistry could also
occur at the PEGylated interface. Only water would turn out to
be an unfavorable compartment for reactivity. Nevertheless, this
project had showed the necessity to not only screen for ligands,
or source of transition-metal catalyst, but also to best design the
nature of the coupling partners for the medium itself.

Based on these findings, we therefore included computational
evaluation whenever possible to shed insight into the chemical

We were attracted by a micellar approach as we encountered sta-
bility issues around the use of both the boronate ester and the
2-bromo-pyridine. The technology indeed seemed like an obvious
choice as it could enable such cross-couplings under mild condi-
tions.We had observed rapid protodebromination especially upon
even gentle heating, which implied the use of a large excess of
this expensive moiety. Besides, the boronate ester would also be
rather unstable, being prone to the well-known protodeboronation
of 2-substituted heteroaryl species. An additional issue was the
high basicity of the two coupling partners and of the product itself.
This resulted in making all these chemicals good ligands for the
metal catalyst, thus requiring high loading, and hence into pains-
taking and overall low yielding work-up to ensure their removal in
the final drug substance. Switching to the surfactant technology,
we identified TPGS-750-M as being the optimal surfactant, along
with acetone and triethylamine as the optimal co-solvent and base.

Scheme 1. The first scaled-up assembly of an API with the surfactant technology.

Fig. 3. Current chemistry toolbox with the surfactant technology.



SCS LaureateS and awardS & FaLL Meeting 2020 CHIMIA 2020, 74, No. 7/8 541

as little as ca. 300 ppm palladium for Suzuki-Miyaura cross-
coupling. The nano-particles are easily prepared by reduction of
iron trichloride by Grignard reagent in THF and doped in situ
with either ca. 80 ppm of palladium acetate, if required for nitro
reduction, or ca. 300 ppm of the same palladium acetate and a
suitable ligand in equimolar amount, SPhos or XPhos respectively
for Suzuki-Miyaura or Sonogashira cross-couplings (Fig. 6). The
nano-particles can be isolated after removal of the solvent and
gentle drying, stored under inert atmosphere or used as such in the
transformation. Excellent yields of coupling products, and broad
substrate scope were demonstrated, along with easy recycling of
the catalyst and of the reaction medium due to the heterogeneous
nature of the chemistry.

The impact of the technology can be demonstrated on the fol-
lowing consecutive cross-coupling that results very simply in 87%

transformation. Synthetically, we also tried to ‘regain control’ and
dictate the compartment where the chemistry was to occur. In
order to do so, we designed two approaches for the PEGylated
region and the core of the micelles.

For the PEGylated region, we envisioned a ‘nano-to-nano’
effect, whereby nano-particles containing the suitable catalytic
species would be entrapped into the PEG side-chains. Such a het-
erogeneous catalysis approach has been exemplified in the past,
but never in the context of micellar chemistry.[23k] After tremen-
dous work to identify the optimal nano-particles for the system,
we identified reduced iron chloride as being a suitable support
of e.g. palladium and S-Phos to catalyze Suzuki-Miyaura cross-
coupling. Very interestingly, a remarkable activity of the nano-
particles was observed, much improved compared to all other
precious metals with full conversion under mild conditions with

Fig. 4. Evolution of the reaction
conditions for a challenging
Suzuki-Miyaura cross-coupling.

Fig. 5. Brief overview of the
chemical process.

Fig. 6. Preparation of palladium-
doped iron nano-particles.
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isolated of the desired product after consecutive selective cross-
coupling onto the symmetrical dichloropyridine (Scheme 2). Only
a pinch of 300 ppm of palladium-doped iron nano-particle is re-
quired for the first transformation, which is complemented with a
second pinch for the second coupling (unpublished results).

The concept was exemplified on other types of transforma-
tions, Sonogashira cross-couplings,[22c] nitro reduction[17a,b,d] and
proved extremely powerful when reaction partners have high af-
finity for the PEGylated region. However, despite most of the
technical challenges solved, we are still today struggling to im-
plement the technology on scale for lack of a proper supply chain
for the iron nano-particles and their sufficient characterization.

We knew upfront that such an approach using an heteroge-
neous catalyst would not be the easiest one and had in the mean-
time started evaluating the complementary option where the cata-
lytic system would sit within the core of the micelles.[28] This was
made possible via fine-tuning of the phosphine scaffold of choice
and the introduction of three isopropyl groups appended onto a
benzyl substituent. The so-called Handaphos ligand with dramat-
ically enhanced lipophilicity compared to BIDime for example
was demonstrated computationally to stay much longer within
the micelle core, and thus providing much better catalytic activity.

This was again demonstrated on a variety of scaffolds and resulted
routinely in complete conversion under mild conditions with 500
to 1000 ppm of palladium (Scheme 3).

While we had here a readily implementable option, the com-
plex nature of the HandaPhos ligand itself made it impractical for
large scale use due to the intrinsic complexity of the ligand.

We therefore went back to the drawing board and designed a
de novo class of ligand that would achieve the similar goals. We
came up with a much simpler biphenyl phosphine series readily
available and tunable in 2 steps from commercially available com-
pounds (Scheme 4). With the lead ligand EvanPhos, we demon-
strated that such cross-coupling as the one encountered in theAPI
Anacetrapib for example could proceed smoothly and reliably in
91% yield with as little as 0.05 mol% of palladium.[29]

Multiple other APIs were prepared using this strategy with
typical loadings of 0.1 to 0.3 mol% for standard targets with rela-
tive basicity (Scheme 5).

Pushing the concept further, we realized the opportunity cre-
ated by the well-recognized palladacycle pre-catalyst proposed by
Colacot et al.[30] Indeed, we envisioned that such a palladacycle
pre-catalyst approach could be utilized to channel the pre-catalyst
in the proper region of the reactionmixture, namely the core of the

Scheme 2. One application of the
nano-particle technology.

Scheme 3. Some examples of the HandaPhos technology.
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Scheme 4. Design of the
EvanPhos ligand and one example
of its application.

Scheme 5. Some recent examples of the pre-catalyst concept.
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While we have learned a lot through these various projects
and their developments, we are to a large extent still unable to
understand entirely where the chemistry really occurs, and hence
to control this via proper design of the various reaction compo-
nents.We can at best offer a decent rationale as to how and where
some of the reaction component(s) sit(s) and partition(s), but still
fail in really ensuring truly micellar catalysis. Only then would
we get the full benefits of the technology! In order to get there,
and to further enrich the scope of the technology, we therefore
wanted to revisit the choice of the surfactant itself, as a means
to more genuinely ‘template’ the chemistry. Looking back at the
problem at stake, we envisioned proline to be a suitable isostere
of the tertiary amide functionality present in the main solvents
we were trying to replace. Our brilliant collaborator Professor
Sachin Handa complemented the analysis by making a series of
analogs and revealed PS-750-M to be such a surfactant of choice
(Fig. 8).[34] The candidate correctly exhibited the properties of a
surfactant that would rearrange supramolecularly above its CMC
into micelles. These micelles were demonstrated to be spherical
of ca. 110 nm diameter size, with the proline core being the most
polar part of the molecule. This latter point was of particular in-
terest to us as we wanted, by design, to utilize an anchor within
the surfactant to template the other reaction components. I was
personally thrilled with the idea as I recognized template ele-
ments that I came across a few years earlier in my career when
working on the HCV protease inhibitor BILN2061,[35] where the
proline sub-unit had been demonstrated to be a strongly chelating
moiety within the compound, able to very tightly bond metals
when the macrocycle had not yet been formed (Fig. 9, unpub-
lished results). We could not at the time demonstrate whether
or not micelles were formed but I felt that we were on the right
track.

micelles, when the lipophilicity could be properly upgraded. This
is actually an easily tunable property of the pre-catalyst in virtue
of the derivatization of the amino biphenyl moiety. Exhaustive
screening revealed that the bis-isopropyl mesylate derivative was
most effective.[31] Combined with the HandaPhos, it could for
example promote the Suzuki-Miyaura cross-coupling as shown
in Scheme 6 in almost quantitative yields using as little as 0.03
mol% of active catalyst. We are currently looking and applying
the concept with the more readily accessible EvanPhos ligand.

Concomitantly, we investigated the use of the Vitamin
E-derived surfactants in biocatalysis to follow up on early leads
identified within our laboratories.[13b]We rapidly confirmed a dra-
matic reservoir effect that would push further the substrate inhibi-
tion and thus enable the biocatalysis at lower solubility enhancers.
There was to the best of our knowledge no report of such an effect
at the time of our finding. Only shortly afterwards Wallace and
Balskus reported similar observations in beautiful experimental
work that was utilized to greatly improve the titer of a biocata-
lytic step.[32] Such a reservoir effect was not unexpected but its
amplitude came as a very nice surprise. Indeed, when tuning the
lipophilicity properly, we saw substantial improvement with as
much as 5-fold improvement when using a greasy ester in place
of a standard methyl ester (Fig. 7).

More interestingly, we had demonstrated the compatibility of
successive bio/chemo-catalysis which enabled the construction of
more and more complex synthetic sequences.

For example, we could easily conduct a 1,4-addition of boro-
nate species onto a Michael acceptor, in an asymmetric fashion or
not, and continue with a keto-reductase (Scheme 7).[33]We are ex-
tremely excited at these developments that we see as real enablers
for our long-term sustainability strategy, and will share more on
our progress in the very near future.

Scheme 6. The pre-catalyst
concept pushed to its limit with
the lipophilic HandaPhos.
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ies further confirmed the microscopic measurements and served
as good basis for our initial studies (Fig. 10). Cryo-TEM imag-
ing showed for example the presence of palladium nano-particles
exclusively in multi-walled micelles, while free energies calcu-
lated via COSMO-RS on various PS-750-M adsorption sites had

With the surfactant in our hands, we tried to demonstrate that
the proline core would indeed serve as a strongly binding sub-
unit within the construct, and to our delight, we could show via
cryo-TEM that palladium nano-particles would be exclusively
contained within the core of micelles. Further computational stud-

Fig. 7. The impact of TPGS-750-M
on the kinetic of a biocatalytic
ketone reduction.

Scheme 7. Recent application of
tandem bio-/chemo-catalysis with
the surfactant technology.

Fig. 8. Design of the highly polar
PS-750-M surfactant.
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each metal ensuring the catalysis via linkage with a phosphine
ligand as revealed by 31P NMR.[38] These conditions resulted in a
broad substrate scope in a series of highly selective and sustain-
able cross-couplings transformations, such as Buchwald-Hartwig,
Sonogashira or Suzuki-Miyaura (Scheme 9).[39]

Conclusion
Our journey has led us from the mere substitution of an un-

desirable solvent by a more appropriate medium, to an entirely
different world with water as the bulk medium, and governed by
novel rules.We started tailoring the systems, whether the synthet-
ic sequences, or the nature of the experimental conditions, which
resulted in tremendous learnings about the profound impact of the
compartmentalization effect especially. These results have further
raised expectations, as we now target even more active heteroge-
neous catalytic systems to take further advantage of our increased
understanding of the compartmentalization, and start entering
new technological fields.[40] We strongly believe that leveraging
genuine micellar phenomena will enable highly selective and ef-
fective chemistry, with a wide scope of transformations enabled,
as Nature does!
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indicated the proline linker to be the site of complexation,[10] as
demonstrated by our remarkable collaborators Professor Martin
Andersson, from DTU, expert in computational studies, and Dr.
Maarten Nachtegaal, from the Paul Scherrer Institute, expert in
the characterization of complex objects via state-of-the-art ana-
lytical techniques (Fig. 11).

With such a surfactant in our hands, we first investigated the
alpha-arylation of nitro alkyl systems.[36] Such transformations
are known to require highly polar media, typically NMP or DMF,
and failed with the less polar TPGS-750-M. We could here pro-
mote such challenging coupling with a substituted pyridine and
nitro ethane in 65% isolated yield utilizing [t-BuXPhos)Pd(allyl)]
OTf as the catalytic system (Scheme 8).

The next step consisted in further optimization of the catalytic
system, relying here on the propensity of nano-particles to sit in
the most polar region of such micellar systems. To our delight,
our newly formed mixed copper-palladium nano-particles sup-
ported on charcoal[37] were proven to exhibit suitable behavior,
sitting within the proline template, and promoting the chemis-
try in this part of the compartment of the system (Fig. 12). A
remarkable synergy between the bimetallic nano-particles and
the charcoal support was demonstrated, by XAS analysis, with

Fig. 9. Early precedents of templating effect around a proline core.

Fig. 10. Molecular structures of
the various adsorption geometries
of the short model PS-750-M
surfactant to the Cu(i) nanoparticle
and calculated free energies.
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